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Are nanoscopic scale particles of different materials and shapes, with
sizes ranging from 1 to 100 nanometres (nm) (Zuhrotun et al., 2023).

Is the eco-friendly production of nanoparticles using natural sources like
plants and microorganisms, avoiding hazardous chemicals and toxic
solvents (Alvarez-Chimal and Arenas-Alatorre, 2023).

A type of plant that possesses compounds within its different parts, which
can be utilised for their therapeutic properties or serve as starting
materials for the production of beneficial medications (Sofowora et al.,
2013).

Are compounds, whether synthetically produced or occurring naturally,
that function to either kill bacteria (bactericidal) or inhibit their growth
(bacteriostatic) (Guitor and Wright, 2018).

Occurs when microorganisms, including bacteria, viruses, fungi, and
parasites, develop resistance to antimicrobial agents like antibiotics
(Moiketsi et al., 2023).

Infections caused by bacteria that affect the upper respiratory tract
(rhinitis, sinusitis, pharyngitis, or tracheitis) and/or lower respiratory tract
(mostly bronchitis and pneumonia) (Oliva and Terrier, 2021).

The lowest concentration of drug that inhibit the visible growth of a

microorganism after overnight incubation (Andrews, 2001).

The lowest amount of drug that leads kills 99.9 % of the bacteria being
evaluated (Misra and Sah00,2013).
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Abstract

Background: The rise of antibiotic-resistant (ABR) bacterial pathogens is a major global
health concern, especially in the case of respiratory tract infections (RTIs), which can make
treatment more difficult. According to statistics, more than 2 million lives were lost due to
ABR bacterial infections in 2019, highlighting the seriousness of the situation. This study aims
to propose a novel approach to combating ABR bacteria by synthesising metallic nanoparticles
(MNPs) from medicinal plants. Integrating nanoparticle-based strategies with medicinal plants

demonstrates considerable promise in addressing RT1Is.

Methodology: The present study investigated the extracts of Spirostachys africana (8.
africana), a medicinal plant traditionally used by healers to treat various infections. Extracts
were prepared using methanol, ethanol, acetone, and distilled water. A comprehensive
approach was employed to synthesise and characterise silver (SA-AgNPs) and gold (SA-
AuNPs) nanoparticles from S. africana extracts. Methods of characterisation included
Ultraviolet-Visible spectrophotometry (UV-Vis), X-ray diffraction (XRD), Dynamic light
scattering (DLS), Transmission electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FT-IR), and Liquid chromatography and mass spectroscopy (LC-MS). The
antimicrobial activity of the nanoparticles and extracts was tested against the World Health
Organization (WHO) ABR priority pathogens using agar well diffusion and microdilution
assays. We further, assessed the cytotoxicity, anti-inflammatory, and antioxidant activities
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Griess assays,

and 2,2-diphenyl-1-picrylhydrazyl (DPPH) method, respectively.

Results: The UV-Vis analysis revealed surface plasmon resonance (SPR) peaks at 480 nm and
541 nm, indicating the formation of SA-AgNPs and SA-AuNPs, respectively. XRD showed

face-centred cubic structures with crystalline sizes ranging from 9-19 nm for SA-AgNPs and
Xvii
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9—-10 nm for SA-AuNPs. The DLS measurements displayed a polydisperse distribution for SA-
AgNPs, while a monodisperse distribution was observed for SA-AuNPs. Most NPs aggregated
over time, except for bark-methanol conjugated SA-AgNPs, which exhibited more stability
with a zeta potential value of -27 mV. The TEM images showed particle core sizes of 5-49.5
nm for SA-AgNPs, predominantly spherical, and 6-32 nm for SA-AuNPs, mainly spheroidal.
The FTIR analysis identified functional groups including hydroxyl, carboxyl, and amine
groups in both plant extracts and SA-AgNPs/SA-AuNPs. These fuctional groups are involved
in the reduction and capping of Ag" and Au’ ions to form SA-AgNPs and SA-AuNPs,
respectively. The LCMS technique identified 23 bioactive compounds from S. africana
extracts, with flavonoids being the most dominant. Antimicrobial assays using agar well
diffusion and microdilution methods showed SA-AgNPs were more effective than crude
extracts and SA-AuNPs against tested ABR bacteria. Acetone-conjugated SA-AgNPs having
the highest zone of inhibition (22 mm) against P. aeruginosa. In contrast, methanol/ethanol-
conjugated SA-AgNPs displayed potent antimicrobial activity (MIC = 0.05 mg/mL) against E.
coli, P. aeruginosa, and A. baumannii, respectively. Additionally, Acetone extracts exhibited
selective toxicity against MCF-7 cancer cells, while stimulating MCF-10 cells and RAW 264.7
macrophage cells at concentrations of 0.078 mg/mL. Furthermore, ethanol extracts and
ethanol-conjugated SA-AgNPs/SA-AuNPs significantly decreased NO production, indicating
their potential as anti-inflammatory agents. Acetone extract exhibited excellent antioxidant

activity (IC50 = 0.000335 mg/mL).

Conclusions: The MNPs synthesised from S. africana extracts offer a promising solution to
combat ABR bacterial pathogens, particularly those causing RTIs. The S. africana extracts and

MNPs show significant cytotoxic, anti-inflammatory, and antioxidant activities.

Xviii
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Chapter 1: General Introduction

1.1 Background

The escalating global crisis of antibiotic resistant (ABR) bacterial infections has sparked
intense research efforts to explore alternative therapeutic strategies. In this context,
synthesising, and characterising nanoparticles (NPs) derived from medicinal plant extracts
have emerged as a promising avenue. Nanoparticles (NPs) are tiny particles composed of
various materials and shapes, typically measuring between 1 and 100 (nm) in size (Zuhrotun
et al., 2023). Nanoparticles (NPs) exhibit unique properties that hold the potential to combat
antibiotic-resistant pathogens effectively. Noble MNPs, such as silver nanoparticles (AgNPs)
or gold nanoparticles (AuNPs), have attracted considerable interest in recent years due to their
distinctive properties. These MNPs possess high stability, biocompatibility, low toxicity, and
the capacity to efficiently absorb intense electromagnetic waves through surface plasmon
resonance (SPR) within the visible spectrum. Their versatility is further enhanced by the ease
of modification, rendering them ideal candidates for various applications (Zuhrotun et al.,

2023; Banerjee et al., 2011).

Silver nanoparticles (AgNPs) have demonstrated potent antimicrobial activity, showing
multiple modes of inhibitory action against microorganisms (Saratale et al., 2018; Moradi et
al., 2020). Notably, their non-toxic nature and heightened potency against viruses and bacteria
at lower concentrations without adverse effects make them particularly promising (Adam and
Khan, 2021). In parallel, gold nanoparticles (AuNPs) play a pivotal role in nanometal research,
particularly regarding antimicrobial properties (Arya et al., 2019). Their determinants of
antimicrobial effects, like shape, size, concentration, and coating agent, are extensively studied
(Rabiee et al., 2022). Furthermore, AuNPs are more considered due to their electrical and

optical properties, with their localised surface plasmon resonance (LSPR) finding utility in
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various applications, notably biosensors. They are ideally suited for LSPR biosensors due to
their unique property to exhibit a spectral response based on nanoparticle surface location. The
LSPR arises from the interaction between electromagnetic radiation and surface electrons of
MNPs, leading to strong extinction effects that prove valuable across multiple uses (Venditti,
2019). Both AgNPs and AuNPs find widespread use in various sectors, including medicine and
other industries, functioning as antimicrobial agents, carriers for drug delivery, catalysts,
sensors, cosmetic components, agents for environmental cleanup, and more. As a result, AgNPs
and AuNPs offer promising solutions to addressing the issue of antimicrobial resistance (Pulit-

Prociak et al., 2019; Wang et al., 2016).

Various methods used to synthesise AgNPs or AuNPs include chemical, physical, and
biological processes. However, chemically synthesised MNPs are toxic. Meanwhile, physical
methods are time-consuming and limited to specific requirements, including high temperatures
or pressures, making the process more expensive (Samuggam et al., 2021). Nonetheless, a
safer, simple, rapid, inexpensive, eco-friendly, and reliable alternative way to synthesise MNPs
is via biological methods also known as green synthesis. The green synthesis method includes
the production of MNPs using microorganisms and plants. However, the plant-based
production method is considered more advantageous due to its wide range of benefits (Patil et

al., 2021).

Green synthesis has diverse reducing phytochemicals and is a single-step process for the large-
scale synthesis of nanoparticles (Ghaffari-Moghaddam et al., 2014). Green synthesis of AgNPs
and AuNPs using medicinal plants has been used successfully in a variety of pharmaceutical
and biomedical fields as antimicrobial agents, anticancer agents, anti-inflammatory agents,
drug delivery systems, gene therapy, and bio-imaging (Bharadwaj et al., 2021; Muddapur et
al., 2022). Moreover, medicinal plants are utilised traditionally to treat infections, including
respiratory tract infections (RTIs). Plants are rich in phytochemical compounds with

2
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advantageous therapeutic effects. Among these compounds are coumarins, terpenoids,
glycosides, flavonoids, phenols, insecticides, polyphenols, vitamins, and steroids (Al-Snafi,
2015; Dhanasekaran et al., 2019; Shaikh et al., 2022). They play a crucial role in the synthesis
of MNPs from metallic ions, functioning as both capping or stabilizing agents and reducing
agents (Dada et al., 2019). The current study tested the medicinal plant Spirostachys africana
(S. africana) which contains phytochemical constituents believed to cure many illnesses,
including dysentery, diarrhoea, colds, flu, fever, headaches, and nose or gum bleeding
infections (Mabogo, 1990; Lennox and Bamford, 2015). Traditional healers also use this plant

for the treatment of respiratory diseases (Mabogo, 1990; Singh, 2017).

In 2017, the World Health Organization (WHO) released a list of priority pathogens of
antibiotic resistant (ABR) bacteria to guide the development of effective treatments (WHO,
2017). The listed bacteria are Carbapenem-resistant (CR) Acinetobacter baumannii, CR
Pseudomonas aeruginosa, CR Escherichia coli, and Methicillin-resistant Staphylococcus
aureus (MRSA). These bacteria are often implicated in RTIs (Guitor and Wright, 2018).
Respiratory tract infections (RTIs) are infections of body parts involved in breathing, such as
the sinuses, throat, airways, or lungs (Oliva and Terrier, 2021). Transmission of RTIs is often
through the coughs and sneezes of someone with an infection (Alsayari et al., 2021).
Antibiotics treat many infections, and they are the most important due to their phenomenal
impact on reducing human morbidity, mortality, and economic losses (Yayehrad et al., 2022).
However, treating RTIs using antibiotics has become challenging because of the unprecedented

rise of ABR bacteria (Huang, et al., 2023).

Medicinal plants and MNPs recently gained attention and emerged as promising candidates for
antibacterial agents due to their ability to kill bacteria by targeting various cellular components
such as cell walls, DNA, membranes, and proteins. Also, with the power of NPs to transport
therapeutic agents to a specific site and reduce damage to healthy cells, their synergy may

3
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provide alternative strategies to counter ABR of pathogenic bacteria. To the best of our
knowledge, there is no study done on the synthesis of AgNPs and AuNPs using the extracts of
the S. africana. Therefore, the present study focuses on the eco-friendly green synthesis of
MNPs using medicinal plant extracts, characterisation, and evaluating their antimicrobial
activities against ABR bacterial pathogens, antioxidant, cytotoxic, and anti-inflammatory
effects. The impact of combining medicinal plant extracts with AgNPs and AuNPs on the WHO
priority pathogenic bacteria accountable for RTIs is not fully known. Hence, this will help with

further investigation of their impact on the pathogenic bacteria.

1.2 Rationale

Respiratory tract infections (RTIs) remain the deadliest communicable diseases in the world,
and most people get infected once a year (Cock and Van Vuuren, 2020). Lower respiratory
tract infections (LRTIs) continue to be the leading cause of death globally (Van Hecke et al.,
2017; Ikuta et al., 2022). The population at risk of acquiring these infections are the elderly,
immunocompromised, and children (Guitor and Wright, 2018). Antibiotics are preferred and
used to treat bacterial respiratory tract illnesses because of their powerful outcomes (Wang et
al., 2017; Duan et al., 2020). However, inappropriate, and excessive use of antibiotics has led
to the development of ABR bacterial pathogens (Yang et al., 2020). The rise in ABR
significantly contributes to worldwide morbidity and mortality, approximately 700,000 deaths
occur annually due to antimicrobial resistance. The WHO estimates that by 2050 this number
could increase to 10 million (Qing et al. 2019; Mancuso et al., 2021). In 2019, statistics also
indicated that more than 1.2 million deaths occurred due to ABR bacterial infections,
particularly bacterial RTIs (Tang et al., 2023; Murray et al., 2022) which highlights a serious

concern to public health.

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

Hence, there is an urgent need to develop new strategies for treating ABR bacterial infections
(Yang et al., 2020). Metallic nanoparticles (MNPs) have drawn attention due to their ability to
transport therapeutic agents to a specific site and reduce damage to healthy cells (Gallo and
Schillaci, 2021; Yayehrad et al., 2022). Moreover, the cost-effectiveness and environmentally
friendly green synthesised nanoparticles have been considered an alternative way to combat
antimicrobial resistance (Wintachai et al., 2019). There are several studies that have reported
on the green synthesis of nanoparticles using medicinal plants (Yadav and Mendhulkar, 2018;
Salayova et al., 2021), but no studies have been reported on medicinal plants conjugated
nanoparticles to combat the challenge of antimicrobial resistance bacteria responsible for RTIs.
Therefore, the present study aims to synthesise and characterise medicinal plant extracts-based

MNPs and evaluate their activity against ABR bacterial pathogens causing RTIs.

1.3 Research questions

* Does the synthesis of NPs based on the S. Africana extracts increase the antibacterial

efficacy against selected ABR bacterial pathogens?

* Does the combination of the different plant extracts increase their activity against

highly resistant pathogens?

*  What are the characteristics of NPs synthesized from silver and gold using S. africana

extracts?

*  What medicinal plant extracts and NP combinations would give better activity against

selected bacterial pathogens?

* Do the synthesised NPs and crude extracts exhibit toxic effects against normal or cancer

cells, and what does this mean for their potential use in medicine?

* Do the synthesised NPs and plant extracts exhibit any anti-inflammatory properties?
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1.4 Objectives of the study

1.4.1 Primary objective

To synthesise and characterise nanoparticles mediated by Spirostachys africana

extracts, and subsequently investigate their biological activities.

1.4.2 Secondary objectives

To synthesise AgNPs and AuNPs using the green synthesis method.

To characterise the AgNPs and AuNPs using UV-Vis, XRD, DLS, and TEM.

To characterise Spirostachys africana extracts using FTIR and LC/MS techniques.

To determine the antimicrobial activity of Spirostachys afiicana extracts and its
conjugated AgNPs and AuNPs against four selected bacterial strains.

To test the cytotoxic activity of both plant extracts and nanoparticles on human breast
cancer cell line (MCF7), normal human mammary epithelial cells (MCF10), and RAW
264.7 murine macrophage cells.

To investigate the anti-inflammatory activity of plant extracts and nanoparticles by
assessing their inhibition of nitric oxide production in lipopolysaccharide (LPS)-
induced on stimulated macrophages (RAW 264.7).

To evaluate the antioxidant activity of the plant extracts and nanoparticles by DPPH

assay.
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Chapter 2: Literature Review

2.1 Respiratory Tract Infections (RTIs)

Bacterial respiratory tract infections (RTIs) can affect the upper respiratory tract (rhinitis,
sinusitis, pharyngitis, or tracheitis) and/or lower respiratory tract (mostly bronchitis and
pneumonia) (Oliva and Terrier, 2021). The spread of RTIs often occurs through coughing and
sneezing of an infected person (Alsayari et al., 2021). Children and adults with weakened

immune systems are at higher risk of acquiring bacterial RTIs (Briaud et al., 2019).

A study by Duan et al. (2020) indicated that Gram-negative bacteria are more likely to cause
RTIs than Gram-positive bacteria. According to Briaud et al. (2019), Pseudomonas aeruginosa
(P. aeruginosa) was the most common bacteria found in adults hospitalised due to RTIs, while
Staphylococcus aureus (S. aureus) was the most prevalent among children. Figure 2.1 provides
a visual representation of the bacterial RTIs affecting the lower and upper respiratory tracts,
illustrating the different types of infections that can occur in each region (Oliva and Terrier,

2021).
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Figure 2.1: The diagram illustrates infections that target the respiratory tract system (Yana,

2014).

2.1.1 Carbapenem-resistant (CR) Acinetobacter baumannii

Acinetobacter spp. are glucose non-fermentative Gram-negative coccobacilli that have
emerged as a major cause of healthcare-associated infections in critically ill patients and
hospital outbreaks since the 1970s (Zarrilli et al., 2020). Among these, Acinetobacter
baumannii (A. baumannii) is particularly responsible for causing RTIs, such as pneumonia, as
well as other serious diseases like urinary tract infections (UTIs), septicaemia, and severe cases
of necrotising fasciitis (Wintachai et al., 2019). It is one of the priority pathogens of urgent

drug-resistant threats, listed by the World Health Organization to be the most dangerous
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resistant bacteria (WHO, 2017). It has become resistant to multiple antibiotics, particularly

carbapenems. Hence, it has turned into a human health threat (Ramirez et al., 2020).
2.1.2 Carbapenem-resistant (CR) Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative bacteria, aerobic, non-spore-forming rod capable of causing
a variety of infections in both immunocompetent and immunocompromised people (Wilson
and Pandey, 2022). It is commonly found in water, plants, and soil (Alsayari et al., 2021). P.
aeruginosa is the most common to infect humans and it causes many hospital-acquired
infections, especially pneumonia (Igbal and Rhee, 2020). It is very dangerous for patients
suffering from chronic lung diseases. Additionally, P. aeruginosa has developed resistance

to antibiotics that are used for treatment (Kim and Yang, 2018).
2.1.3 Carbapenem-resistant (CR) CR Escherichia coli

Escherichia coli (E. coli) are Gram-negative bacilli bacteria in the Enterobacteriaceae family
(Makvana and Krilov, 2015). They are facultative anaerobes and nonsporulating organisms
which are frequently present as pathogens in the gastrointestinal tracts of humans and animals.
However, E. coli can also colonise to cause community and nosocomial-acquired infections
leading to diseases such as meningitis, sepsis, UTIs, and pneumonia (Liang et al., 2018). It was
recently reported that carbapenem-resistant E. coli has been a serious problem globally,
generating a lot of interest and attention. To date, few cases of CR E. coli responsible for RTIs

have been documented (Gong et al., 2020).
2.1.4 Methicillin-resistant Staphylococcus aureus (MRSA)

S. aureus are Gram-positive spherical (coccus) bacteria responsible for 1/3 of healthcare-
acquired infectious diseases. They are the most common pathogens causing community-
acquired pneumonia (Huang et al., 2021). S. aureus strains have shown resistance against one

or more antibiotics and are becoming more and more difficult to treat with conventional

9
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antibiotics. In the early 1940s, it was discovered that S. aureus bacteria had become resistant
to penicillin. By the 1960s, over 80% of these bacteria had developed resistance. This growing
issue of ABR led to the creation of semi-synthetic antibiotics like methicillin and
cephalosporin, which were effective against the B-lactamase enzyme. However, over time, S.
aureus bacteria also developed resistance to methicillin. A study in the United States found
that approximately half of all identified methicillin-resistant S. aureus strains had also become

resistant to other antibiotics (IDSA, 2004).

2.2 Treatment status of respiratory tract infections

Pathogens have developed new mechanisms that make them resistant to drugs, which is known
as antimicrobial resistance (ABR). This poses a serious threat to our ability to treat common
infections like RTIs (Sansone et al., 2022). Gram-negative bacteria that produce extended-
spectrum P-lactamase enzymes have developed resistance to antibiotics like penicillin,

cephalosporins, and monobactam (Trecarichi and Tumbarello, 2017).

Carbapenems are B-lactam antibiotics that are highly effective against severe and high-risk
bacterial RTIs. They are typically used for Multi-Drug-Resistant (MDR) bacterial infections
(Sansone et al., 2022). These antibiotics bind to penicillin-binding proteins, which prevents
bacterial cell wall synthesis. Unfortunately, shortly after carbapenems were administered, the
Gram-negative bacteria rapidly developed resistance to these antibiotics and spread throughout

the world (Leylabadlo et al., 2015).

Carbapenem-resistant Enterobacteriaceae (CREs) and Carbapenemase-Producing Organisms
(CPOs) are examples of these. Other CPOs include opportunistic bacteria like P. aeruginosa
and A. baumannii, which can produce carbapenemase enzymes. Figure 2.2 illustrates the

generic chemical structure of carbapenems (Ramirez et al., 2020).
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Figure 2.2: The generic chemical structure of carbapenems. The R1 and R2 groups for

imipenem and meropenem (Ramirez et al., 2020).

An antibiotic known as Cefiderocol has been designed to treat carbapenem-resistant bacteria.
In 2020, it was recommended that a certain treatment be used for Gram-negative bacteria that
cause hospital-acquired bacterial pneumonia (HABP) and ventilator-associated bacterial
pneumonia (VABP). This treatment has been shown to have significant in vitro activity against
carbapenem-resistant bacteria. However, there is still a need for antibacterial agents that are

both safe and effective against carbapenem-resistant organisms (Sansone et al., 2022).

Methicillin is a semisynthetic penicillinase-resistant f-lactam that was developed in response
to the emergence and spread of penicillin-resistant S. aureus (Peacock and Paterson, 2015).
However, by 1960, methicillin resistance emerged, leading to resistance against virtually all B-
lactams, except for the latest generation of cephalosporins. Methicillin-resistant S. aureus
(MRSA) can also develop resistance to a variety of antimicrobials, complicating treatment

further. Vancomycin was introduced and used to treat MRS A pneumonia but has become less

11
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effective over time, resulting in increased mortality rates (about 50 % and 47 % of deaths)
(Gonzalez et al., 1999). Linezolid is another antibiotic approved by the US Food and Drug
Administration for the treatment of MRSA pneumonia and is a better treatment than

vancomycin (Rubinstein et al., 2008).

2.3 Antibiotic resistance and plant-based nanoparticles

Antibiotics are substances that can either kill bacteria (bactericidal) or inhibit their growth
(bacteriostatic) (Guitor and Wright, 2018). They can be produced synthetically in laboratories
or obtained from natural sources like fungi and bacteria. Antibiotics primarily target essential
cellular processes, including cell envelope synthesis, protein synthesis, DNA replication, and
RNA production. However, their effectiveness is increasingly challenged by bacteria that have
developed various resistance mechanisms. This issue is known as ABR, which poses a
significant global health threat affecting both developed and developing countries (Littmann et
al., 2015). The rising levels of ABR have raised concerns about entering a 'post-antibiotic era'

where bacterial infections could become untreatable.

Antibiotic resistance (ABR) occurs when microorganisms such as bacteria, viruses, fungi, and
parasites, develop resistance to antimicrobial agents like antibiotics (Moiketsi et al., 2023).
Unfortunately, nearly all current antibiotics are no longer effective against many pathogenic
bacteria, and even recently developed ones are likely to lose efficacy against the constantly
evolving multidrug-resistant (MDR) bacterial strains. Clinically significant MDR bacteria
include Vancomycin-resistant FEnterococci (VRE), carbapenem-resistant A. baumannii
(CRAB), carbapenem-resistant Enterobacteriales (CRE), extensively drug-resistant (XDR) P.
aeruginosa, Enterobacteriales producing extended-spectrum [-lactamase (ESBL), and
methicillin-resistant S. aureus (MRSA) (Jubair et al., 2021). Highly virulent MDR pathogens
are termed ESKAPEE, which stands for Enterococcus faecium (E. faecium), S. aureus,

Klebsiella pneumoniae (K. pneumoniae), A. baumannii, P. aeruginosa, Enterobacter species,

12

© University of Venda



()

o
- A
University of Venda

and E. coli. These bacteria are capable of escaping treatment from multiple antibiotics and
traditional therapies (Bhatia et al., 2021). The World Health Organization (WHO) has

identified these MDR strains as priority pathogens to guide the development of new drugs.

Multidrug-resistant (MDR) bacteria pose a serious One-Health threat, impacting people,
animals, and the environment due to their rapid development and spread (Moiketsi et al., 2023).
Control efforts are complicated by the potential for MDR bacteria and associated AMR genes
to spread across various habitats. Projections suggest that antimicrobial resistance (AMR)
could cause over 24 million people to live in poverty and result in 10 million deaths worldwide
by the year 2050 (Kongkham et al., 2020). In Europe, AMR already accounts for approximately
25,000 deaths and €1.5 billion in medical costs each year, with even greater impacts anticipated
in Africa due to limited data availability (Littmann et al., 2015). To reduce the overuse of
antibiotics, the Africa Centers for Disease Control and Prevention (CDC) has advocated for
collective action (Moiketsi et al., 2023). The widespread use of antibiotics in medicine and

human activities like recycling wastewater accelerates the spread of these bacteria.

2.4 Mechanism of antibacterial resistance

Antibacterial resistance mechanisms are diverse and include various strategies, such as (i)
altering the structure of bacterial porins to reduce permeability to antibiotic influx, (ii)
hydrolysing antibacterial agents with hydrolytic enzymes, (iii) changing antibiotic binding
sites, and (iv) accelerating antibiotic efflux through bacterial efflux pumps, which shortens the
time it takes for medication to diffuse into bacteria. Understanding these resistance mechanisms
is crucial for identifying potential targets for effective medication in the future (Jubair et al.,

2021).
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2.4.1 Alteration in the permeability of the membrane

The permeability of bacterial membranes plays a significant role in ABR, particularly in Gram-
negative bacteria that have an outer membrane acting as an additional protective layer (Choi
and Lee, 2019). Porins are proteins found in the outer membrane of bacteria that regulate the
passage of various minerals and nutrients (Khameneh et al., 2019). Porins can be classified into
two types based on their activity: specific and nonspecific. Specific porins are selective for
certain compounds, such as LamB which is selective for maltose and maltodextrin. On the
other hand, nonspecific porins are involved in membrane permeability and are linked to
resistance against antimicrobial agents (Fernandez and Hancock, 2012).

Porins can also be categorized based on their structure into monomeric, dimeric, and trimeric
forms and based on their functions into specific porins for antibiotic transport (e.g., LamB,
YddB), porins specific for membrane integrity (e.g., OmpA), and nonspecific porins that act
on both antibiotic transport and membrane safety (e.g., OmpC, OmpF) (Khameneh et al.,
2019). Changes in the structure of porins are associated with an increase in ABR bacteria. For
example, a mutation in the OmpF porin leads to resistance in E. coli (see Figure 2.3) and P.
aeruginosa. Additionally, bacteria like A. baumannii can resist carbapenems by reducing porin
expression and changing outer membrane integrity (Breijyeh et al., 2020). P. aeruginosa
employs mechanisms such as altering the structure of liposaccharides in its outer membrane to

resist various antibiotics.
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Figure 2.3: The impact of porins on membrane permeability in Escherichia coli (Jubair et al.,

2021).

2.4.2 Destruction of Antibiotics by Enzymes

Bacterial enzymes play a crucial role in ABR by modifying or hydrolyzing antibiotic
molecules, rendering them inactive. Some enzymes are involved in defence mechanisms
against antibiotics, such as altering structural elements or changing the way drugs affect certain
structural elements (Egorov et al., 2018). Methyltransferases, for example, can change the
structure of ribosomes. Enzymes released by both Gram-positive and Gram-negative bacteria
can hydrolyse or modify antibiotic molecules, making them inactive (Khameneh et al., 2019).
By blocking the synthesis of bacterial proteins, most antibiotics are rendered inactive through

this mechanism.

There are three main types of enzymes that contribute to ABR. First, B-lactamases hydrolyze
the lactam ring found in penicillin, cephalosporins, and carbapenems, thus inactivating these

antibiotics. Second, chloramphenicol acetyltransferase acetylates the hydroxyl group in
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chloramphenicol, preventing it from binding effectively to its target site. Lastly, some enzymes
modify antibiotic molecules to reduce their affinity for binding to the 30S ribosomal subunits
(Jubair et al., 2021). Figure 2.4 below illustrates the bacterial enzymes involved in these

mechanisms that enable bacteria to resist antibiotics.
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Figure 2.4: Enzymes produced by bacteria that are involved in different microbial resistance

mechanisms (Jubair et al., 2021).

2.4.3 Alteration of bacterial binding site

Bacteria can develop resistance to antibiotics by modifying the antibiotic target site, which
reduces the ability of the antimicrobial agent to bind effectively (Khameneh et al., 2019). For
example, Methylation of the enzyme peptidyl transferase, which is responsible for
erythromycin binding, significantly reduces binding interactions. Moreover, Staphylococci

have developed resistance to methicillin and oxacillin by making mutational changes in the
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penicillin-binding protein (PBP) (Goudarzi and Navidinia, 2019). Vancomycin-resistant
Enterococci (VRE) resist antibiotics by changing the amide bond of the target enzyme to an
ester bond, which results in a 1,000-fold lower binding affinity for the antibiotic (Akpaka et
al., 2017). These mutations reduce the antibiotic's binding affinity for the bacterial target.
Gram-positive bacteria can modify the ribosomal targets which causes antibiotics to be
ineffective. This alteration of binding sites results in resistance to macrolides, lincosamides,
streptogramins, tetracyclines, and aminoglycosides (Oliphant and Eroschenko, 2015). Figure

2.5 illustrates the mechanism of ABR by altering the binding site on the bacteria.
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Figure 2.5: Diagrammatic depiction of antibiotic resistance (Jubair et al., 2021).

2.4.4 Efflux pump
Multidrug resistance (MDR) among bacteria is a critical issue that often occurs due to the efflux
mechanism. This mechanism is facilitated by protein transporters known as efflux pumps. For
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antibiotics to work effectively and combat bacterial infections, they must penetrate bacterial
cells at sufficient concentrations and remain active for some time (Khameneh et al., 2019).
However, efflux pumps expel antibiotics and toxins from the bacterial cell, rendering these
drugs ineffective (Khameneh et al., 2019). A study highlighted the role of efflux pumps as a
primary contributor to ABR, particularly in E. coli resistance to tetracycline (Blanco et al.,

2016).

Bacterial efflux transporters are categorized into five main families, with the Resistance-
nodulation-division (RND) family being prominent in Gram-negative bacteria. Other families,
such as the ATP-binding cassette (ABC) superfamily, are found in both Gram-positive and
Gram-negative bacteria. Approximately 20 genes encoding bacterial efflux pumps have been
identified, many located within mobile genetic elements (MGEs) and bacterial chromosomes.
These efflux pump genes significantly contribute to bacterial resistance, particularly in diverse

Gram-positive bacteria (Sultan et al., 2018).

The MDR efflux pumps in Enterobacteriaceae and P. aeruginosa, which are categorized
within the RND family, effectively expel tetracyclines and confer resistance to various
antibiotics, including chloramphenicol, beta-lactams, fluoroquinolones, and fusidic acid.
Additionally, efflux pumps, particularly those encoded in chromosomes belonging to the ABC
family, are responsible for macrolide resistance in certain Gram-positive bacteria, with initial
observations made in Staphylococcus epidermidis (Schroeder et al., 2016). Furthermore, 4.
baumannii demonstrates antibiotic resistance through efflux pumps like ABC and RND, which
release antibiotics such as aminoglycosides, tetracyclines, beta-lactams, chloramphenicol,
erythromycin, and cyclines from cells. This process leads to decreased drug accumulation at
the target site, resulting in elevated MICs of antibiotics and rendering them ineffective. The
image below depicts major categories of efflux pump families identified in bacteria (Figure
2.6).
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Figure 2.6: An illustration showing the primary types of efflux pump families discovered in
bacteria. Gram-negative bacteria are characterised by the resistance-nodulation family (RND),
while the small multidrug resistance (SMR), major facilitator superfamily (MFS), multidrug
and toxin extrusion (MATE), and adenosine triphosphate-binding cassette (ABC) superfamily
are all present in the inner membrane. These efflux pumps work together to move toxins and

antibiotics using energy.

2.5 Background on medicinal plants

Medicinal plants have played a crucial role in healthcare across ancient civilizations for
thousands of years. Their use in treating various diseases and promoting health is well-
documented, with evidence dating back to 60,000 years ago (Fabricant and Farnsworth, 2001).
These plants are highly valued for their numerous benefits to humans (Waylen, 2006). They

have been integral to traditional medical practices, shaped by empirical knowledge inherited
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from ancestors, passed down through healer-to-healer transfer, or developed through personal

experiences over time (Khan, 2014).

Currently, the use of medicinal plants for disease treatment has become common worldwide,
with developing countries employing them more extensively than developed countries (Singh
etal., 2020). In South Africa, approximately 27 million people rely on medicinal plants to meet
their primary healthcare needs (Kale, 1995; Mander, 1998; Richter, 2003; Mavundza and
Mudau, 2010). The affordability, availability, and accessibility of traditional medicine, as well
as the belief that it has no side effects, are some of the reasons why most Africans still depend

on and prefer traditional medicine for managing their health.

Different solvents are utilized in the extraction of medicinal plants, with polar solvents like
water and alcohols, intermediate polar solvents like acetone and dichloromethane, and non-
polar solvents like n-hexane, ether, and chloroform being the most common (Abubakar and
Haque, 2020). The selection of solvent is influenced by factors such as the type of plant, the
specific plant part being extracted, the properties of the bioactive compounds, and the
availability of the solvent. The use of plant extracts has been gaining considerable interest as a
promising approach to combat the emergence of antibacterial resistance (Abbas et al., 2020;
Safdar et al., 2021). Additionally, crude plant extracts have shown significant potential for
antibacterial activity, which has prompted extensive research by scientists into purifying plant

bioactive compounds (Romano et al., 2021).

2.6 Phyto-bioactive compounds in medicinal plants

Phyto-bioactive compounds are plant-derived substances that offer protection against various
diseases but are not essential for dietary purposes (Riaz et al., 2023). Phyto-bioactive
compounds are also referred to as secondary metabolites and phytochemicals of the plant

(Fatima et al., 2021). These compounds are typically categorized into six major groups:
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phenolics, terpenes, alkaloids, saponins, glycosides, and polysaccharides. Their classification

is shown in a flow diagram (Figure 2.7).

These phytochemical compounds are part of the plant's defence mechanism, but they also
exhibit remarkable potential for treating various diseases (Aanouz et al., 2021; Anjum et al.,
2020). Phytochemical compounds of the plant encompass a wide range of effects, including
anti-inflammatory, antimicrobial, antioxidant, analgesic, antipyretic, and immunomodulatory

properties (Riaz et al., 2023).

Phytobioactive compounds

Saponins || Terpenoid | | Polysaccharides Polyphenolics Glycosides Alkaloids

& Sterols
Non-Flavonoids Flavonoids .
Stilbenes

Ellagic Lignans
Acids

Phenolic acids
Flavonols Isoflavones || Flavones | | Flavanols Flavanones

Condensed tannins
Procyanidins Monomers

Figure 2.7: Schematic flow diagram illustrating the classification of phyto-bioactive

compounds (Riaz et al., 2023).
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2.6.1 Polyphenols

Polyphenols are natural compounds found in fruits, seeds, and vegetables, derived from
secondary metabolism pathways in plants, particularly the phenylpropanoid pathway (Pandey
and Rizvi, 2009). They exhibit diverse structures and include groups such as flavonoids,
phenolic acids, lignans, stilbenes, tannins, and coumarins. These compounds contribute to the
colour, aroma, and antioxidant properties of foods. Their importance is growing due to their
numerous health benefits, such as preventing and treating diseases like cancer, cardiovascular
diseases, inflammation, neurodegenerative disorders, and age-related degenerative diseases

(Riaz et al., 2023).

Polyphenols play a crucial role in preventing carcinogenesis by interfering with cellular
processes involved in tumour development, making them valuable chemo-preventive agents
(Riaz et al., 2023). They mitigate damage caused by carcinogens and promote cell cycle
regulation and apoptosis to inhibit cancer progression. Additionally, polyphenols combat
oxidative stress by scavenging free radicals and regulating key cellular signalling pathways
related to cancer development (Shen et al., 2017). Polyphenols combat oxidative stress by
scavenging excess free radicals, thereby regulating key cellular signalling pathways involved
in cancer development. Specific polyphenols, such as epigallocatechin gallate (EGCQG),
quercetin, curcumin, caffeic acid, and resveratrol, exhibit antioxidant effects and inhibit the

activation of NF-kB, reducing the expression of inflammatory mediators.

2.6.1.1 Phenolic acids

Phenolic acids are a subset of polyphenols characterized by the presence of OH groups linked
to benzene or aromatic rings. They play vital roles in plant colour development, pollination,
and defence against pathogens (Riaz et al., 2023). Abundant in vegetables, fruits, wine, coffee,

and tea. They are a key class of dietary polyphenols and natural antioxidants. They are
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precursors to significant bioactive molecules regularly used in the therapeutic, cosmetics, and

food industries.

Phenolic acids are mainly divided into two sub-groups: hydroxybenzoic acid (HBA) and
hydroxycinnamic acid (HCA) (Zhang et al., 2022). They exhibit tremendous antioxidant
activity and are recognized for their biological and pharmacological benefits, including
anticancer, antimicrobial, antiallergic, antithrombotic, and hepatoprotective properties (Sharif

et al., 2018)

2.6.1.2 Flavonoids

Flavonoids are a group of polyphenolic compounds widely distributed in plants, fruits, and
beverages, with more than 8000 identified (Riaz et al., 2023). These compounds are subdivided
into several subgroups, including anthocyanins and anthoxanthins (such as flavones,
isoflavones, flavanols, and flavanones). Anthocyanins are responsible for plant and fruit colour,
while anthoxanthins are colourless molecules. Numerous biological activities, including anti-
inflammatory, anti-cancer, anti-allergic, and immunomodulatory qualities, are exhibited by
flavonoids. Some of the most important flavonoids include kaempferol, hesperidin, naringenin,
myricetin, and quercetin, which have significant impacts on human health due to their

biological activities (Khairan et al., 2021).

2.6.2 Alkaloids

Alkaloids are a group of natural compounds that have at least one nitrogen atom. These
nonpeptidic and nonnucleosidic compounds are primarily derived from amino acids and are
classified into various groups based on their molecular precursors, structures, and origins
(Hafiz et al., 2018, Fatima et al., 2020). Major classifications include diterpenoid, steroidal,
quinazoline, indole, isoquinoline, quinoline, pyridine, and pyrrolidine (Hafiz et al., 2018;

Fatima et al., 2020).
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With around 5,500 known alkaloids, they represent the largest group of phyto-bioactive
compounds and have a long history of medicinal use, serving as laxatives, astringents, and

sedatives for various conditions, including snake bites and fever (Mehmood et al., 2012).

Alkaloids are known for their toxicity and bitterness, which help defend plants against pests
and pathogens (Khadka et al., 2021). They exhibit a wide range of therapeutic effects, including
cytotoxic, antifungal, antiviral, and antibacterial properties. For example, compounds like
berberine are used in traditional medicine for their antiseptic and analgesic effects. Alkaloids
such as songorine and berberine also show promise in treating neurodegenerative disorders and
cancer due to their anti-inflammatory and neuroprotective properties (Fielding et al., 2020).
Furthermore, approximately 40% of modern drugs are derived from natural sources,

highlighting the significant role of alkaloids in drug development (Afzal et al., 2018).

2.6.3 Terpenoids

Terpenoids are the largest class of natural products, comprising over 55,000 known compounds
(Noreen et al., 2020). They are formed as a result of the secondary metabolism of plant and
animal species, which involves the connection of C5 isoprene units via mevalonic acid
intermediates in a head-to-tail fashion (Yang, 2020). Terpenes are used extensively in the
industrial sector, serving as spices, fragrances, flavours, scents, cosmetic products, and food

additives. They are also active components in pharmaceutical drugs (Shahid et al., 2020).

Terpenes have numerous therapeutic applications, and some of the well-known terpene-based
drugs are employed for antimalarial and anticancer purposes. Essential oils, which contain
monoterpenes, have been found to possess the ability to damage microbial cells and inhibit
microbial growth. Terpenes also exhibit remarkable antitumor, anti-inflammatory,
antibacterial, and antiviral effects, promote transdermal absorption, and can prevent and treat

cardiovascular diseases. They also have hypoglycemic activities (Yang, 2020).
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Certain types of terpenoids have been shown to manage disorders caused by obesity by
inhibiting the apoptosis of hepatic cells. Their antioxidant properties are linked to
hepatoprotective activity, making them a safe and promising agent for treating diabetes
(Chatterjee et al., 2019, Ielciu et al., 2021). Terpenes and terpenoids have a wide range of
therapeutic applications, making them valuable compounds in various fields, including

medicine, cosmetics, and food production.

2.6.4 Saponins

Saponins are natural compounds known for their surface-active properties and are widely
distributed in the plant kingdom. They consist of both five-ring triterpene saponins and four-
ring triterpene saponins, which have potential cardioprotective effects. These benefits are
achieved through mechanisms such as regulation of calcium levels, modulation of energy

metabolism, and suppression of inflammation and oxidative stress (Chen et al., 2017).

Polyphyllin I (PPI) is a steroidal saponin that can be extracted from Paris polyphylla roots and
has been found to possess both anticancer and cardioprotective properties. It works by
inhibiting tumour cell growth and activating NF-«kB to mitigate oxidative stress and
inflammation (Huang et al., 2020). Platycodin D is another saponin found in Platycodon
grandiflorus that exhibits antioxidant, anti-inflammatory, and anti-atherosclerotic effects
(Wang et al., 2018). Gypenoside A is derived from Gynostemma pentaphyllum and has been
found to demonstrate anti-inflammatory, antioxidant, and antitumor activities (Chang et al.,
2020). Ginsenoside Rb3, which is primarily found in Panax ginseng C. A. Meyer plants, has
been found to exert antiapoptotic effects by inhibiting apoptosis through the activation of the

NK/NF-kB signalling pathway (Ma et al., 2014).
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2.6.5 Polysaccharides

Polysaccharides, commonly found in vegetables and fruits, exhibit significant cardioprotective
potential. They operate through multiple mechanisms, including anticancer, antioxidative
stress, anti-inflammatory, immunomodulatory, and metabolic regulation effects (Chen et al.,
2021). Biologically important polysaccharides like gums and fucoidan, have garnered attention
for their diverse health benefits. Gums, derived from plants, are classified into exudate and
nonexudate gums (Naqvi et al., 2011; Hussain, Ali, et al., 2015; Hussain, Bakalis, et al., 2015).
Exudate gums are synthesized by plants for protection against microbial attacks or in response
to mechanical injury (a process known as gummosis), while nonexudate gums are artificially

obtained from plants through suitable extraction methods (Munir et al., 2015).

These gums have extensive commercial applications, particularly in the food industry, where
they enhance product quality (Munir et al., 2016). In addition to their functional roles, gums
are recognized for their health benefits as dietary fibres with bioactive properties. Guar gum, a
widely used natural gum, has applications in the pharmaceutical, textile, and food industries,
with its utility enhanced through surface modification techniques. Modified guar gum exhibits
improved thermal stability and crystallinity, making it valuable in various industrial

applications (Anjum et al., 2014; Bukhari et al., 2014).

2.7 Description of Spirostachys africana plant

Spirostachys africana (S. africana) is a medicinal plant known as "Muonze" in Venda, within
the Euphorbiaceae family (Singh et al., 2020). It is a deciduous tree of medium size,
characterised by hardwood, and capable of reaching heights of up to 18 meters (Lennox and
Bamford, 2015). Distinctive features of S. africana include a thick, rough bark neatly cracked
into rectangular blocks, ranging from dark brown to black (Lennox and Bamford, 2015). Its

leaves, measuring up to 70 x 35 mm, are simple, alternating, and finely toothed along the
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margins. In spring, the young red leaves often stand out more prominently than the older green

ones.

The S. africana has female flowers that are attached at the base of each spike, with the majority
of the flowerheads, ranging from 15-30 mm in length, bearing male flowers. Flowers are
produced before new leaves appear, typically in August and September. Male flowers exhibit
a golden colouration due to pollen, while female flowers are crimson. The image below (Figure

2.8) shows the S. afiricana tree and its distinct features.

Figure 2.8: A) Picture showing the Spirostachys africana tree (Waterberg-bioquest.co.za.,
2022), B) The bark of the tree (Becking, 2022), C) leaves and branches (Hyde et al., 2022), D)
are the fruits (South African National Biodiversity Institute (SANBI), 2022) and E) flowers

(Tree South Africa., 2022).

S. africana is widely distributed throughout southern and central Africa (Hutchings, 1996; The

Plant List, 2018). It is commonly found in wooded grasslands and deciduous woodlands, and
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in some cases, it forms pure woodland stands (Lennox and Bamford, 2015). The species is
predominantly located in thickets along drainage lines and rivers in warm areas, and it is also
prevalent in poorly drained brackish soils (Gandiwa et al., 2012; Lemmens et al., 2012; Lennox
and Bamford, 2015). The S. africana plant is among Indigenous plant species that play a role
in South African traditional medicine and is used to treat various diseases including respiratory
illnesses.

This plant is among the indigenous plant species that play a role in South African traditional
medicine, where it is used to treat various diseases, including respiratory illnesses. The stem
bark and roots are utilized for treating colds, flu, fever, headaches, nosebleeds, and gum
bleeding. Additionally, the bark is employed in the treatment of dysentery, diarrhoea, and
stomach pains (Mabogo, 2012). Indigenous people boil the root or stem bark to make a soft
porridge for individuals suffering from these ailments (Mabogo, 1990). It is used as an enema
for blood purification and kidney cleansing. Moreover, it produces poisonous milky latex
which is utilised as a purgative and emetic in small doses, typically one drop (Gelfand et al.,

1985).
2.8 Nanoparticles

Nanoparticles (NPs) are materials with sizes ranging from 1 to 100 nm dimensions (Fatemeh
Moradi et al., 2020). They can transport antimicrobials to the target site and may challenge the
mechanisms of bacterial drug resistance with various mechanisms (Yayehrad et al., 2022).
Several NPs are used as broad-spectrum antimicrobial agents and carriers of antimicrobial
agents in consumer products (Adam and Khan, 2021). Among these, MNPs such as silver,
gold, copper, zinc, titanium, and magnesium have gained attention because of their

overabundance of unique properties and potential applications (Bharadwaj et al., 2021).

28

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

2.8.1 Silver nanoparticles

Silver nanoparticles (AgNPs) have attracted researchers toward various biomedical,
biosensors, catalytic, optoelectronics, and food-related implications (Bharadwaj et al., 2021).
AgNPs have unique physicochemical characteristics and display multiple modes of inhibitory
action against microorganisms. Bharadwaj et al. (2021) found that green-synthesised AgNPs
show significant antibacterial activity against E. coli and S. aureus. Due to their low
cytotoxicity and high effectiveness against MDR bacteria, AgNPs are widely used in

antibacterial treatment.

2.8.2 Gold nanoparticles

Gold nanoparticles (AuNPs) are becoming increasingly popular due to their optical and
electrical properties, which vary significantly based on their size and shape. Research has
shown that AuNPs can enhance the antimicrobial activity of drugs when loaded onto them. The
modes of action include inhibition of microbial enzymes, reduction of cell permeability, and
cell death (Aderibigbe, 2017). Studies have reported that AuNPs conjugated with antibiotics or
drugs have better antibacterial or antiviral activity when compared to antibiotics or drugs alone

(Tao, 2018).

Bare AuNPs, on their own, do not affect bacterial growth or functional activity. However, when
AuNPs are conjugated with biomolecules, they can inhibit bacterial cell growth. This suggests
that the antimicrobial properties of AuNPs are primarily due to their ability to act as carriers

for antibiotics or drugs, rather than any inherent antimicrobial activity of the NPs themselves.

2.8.3 Method of synthesis of nanoparticles
Metallic nanoparticles (MNPs) are synthesized using various methods, including chemical
approaches like sol-gel, polyol synthesis, chemical reduction, and precipitation, as well as

physical methods such as combustion assisted by microwave, pulsed laser deposition, and laser
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evaporation (Dhayalan et al., 2018; Shao et al., 2018). Additionally, biological methods also
known as green synthesis, which uses plants, bacteria, and fungi are also employed for MNP

production (see Figure 2.9).

Methods for synthesis
of nanoparticles
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sonication, Laser ablation,
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Figure 2.9: Different methods for the synthesis of nanoparticles (Khan et al., 2022).

Chemical and physical methods have disadvantages such as low yields, high costs, the
production of hazardous byproducts, and reliance on toxic chemicals and solvents (Dhayalan
et al., 2018). These drawbacks can compromise biocompatibility, require complex procedures,
and result in environmentally unfriendly byproducts (Rehana et al., 2017; Selvan et al., 2018).
In contrast, green synthesis offers several advantages, presenting itself as a safer,
straightforward, eco-friendly, feasible, faster, and reliable method (Mukhopadhyay et al., 2018,

Devasvaran and Lim, 2021).
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Among all green synthesis methods, plant-based methods have attracted considerable attention
as a more convenient option, since they produce stable NPs in a fast and efficient manner (Patil

et al.,, 2018; Bharadwaj et al., 2021). Plant-based methods of synthesising NPs are more
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advantageous than microorganisms indicated (Table 2.1).

Table 2.1: The benefits and drawbacks of utilising nanoparticles synthesised through green

methods involving plants and microorganisms (Zuhrotun et al., 2023).

Green synthesis
method

Benefits

Drawbacks

Plant extracts-
based
biosynthesis

Rapid production
Environmental
friendliness
Absence of
pollutants and
toxicity

Cost efficiency
Ease of handling
Production of
stable and
unaggregated
NPs

Scalability

Lacks the capability for genetic

manipulation

Microbial-
based
biosynthesis

Environmental
friendliness
Not toxic
Clean

Can be
genetically
manipula

Slow production

Complex processes involving
sampling, isolation, culturing, and
storage of microorganisms
Difficulty in managing stability and

aggregation

Time and cost-intensive culturing

requirements

Potential presence of endotoxins.
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Plant-based synthesis method involves extracting bioactive compounds from various plant
parts. These compounds then play a crucial role in reducing and stabilizing metal ions, leading
to the formation of NPs. Primary and secondary metabolites, among other complex
biomolecules present in the plant extracts, are essential to the synthesis of MNPs. Alkaloids,
terpenes, glycosides, and phenolic compounds are examples of secondary metabolites that are
particularly significant in the reduction, stabilization, and capping of metal ions that result in

the formation of MNPs (Paiva-Santos et al., 2021).

The synthesis process typically consists of two primary steps: the reduction of the metal
precursor and the stabilization of the synthesized MNPs (Hernandez-Morales et al., 2019). In
this process, hydroxyl (OH) groups of phytochemical components and the metal form a chelate,
initiating the synthesis of phyto-MNPs. Subsequently, the OH groups oxidize into
corresponding carbonyl (CO) groups, leading to the reduction of metal ions. The plant extract

then coats the MNPs to prevent their growth, serving as a stabilizing agent.

Plant-based production of MNPs is a single-step method that involves mixing and
homogenizing the plant extract with the precursor metal salt solution, followed by purification
and concentration of the extract (Paiva-Santos et al., 2021). The salt solution is typically
aqueous and may be in the form of nitrate, acetate, chloride, or sulphate solution. Several
critical parameters such as the type of plant, part of a plant to be extracted, type of metal salt,
pH, temperature, and incubation time, can significantly impact the rate, production time, and
properties of the synthesized NPs. Therefore, meticulous control and optimization of these
parameters are essential to customize the green synthesis process and attain the desired NP

properties (Makarov et al., 2014).
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2.8.4 Mechanism of plant-based synthesis of AgNPs and AuNPs

The mechanism of plant-based synthesis of AgNPs is demonstrated in Figure 2.10, whereby
the principal phytochemicals like antioxidant polyphenols and flavonoids play pivotal roles in
reducing silver ions to silver metals (Ag* to Ag’) during the production of AgNPs. The
produced AgNPs are stabilized by the presence of bioactive compounds, particularly phenolic

compounds, which prevent their aggregation or coalescence (Jabeen et al., 2021).
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Figure 2.10: An example showing the mechanism of plant-based synthesised of AgNPs

(Jabeen et al., 2021).

Phytochemical compounds not only aid in stabilising NP sizes but also serve as capping agents
formed during the NP synthesis process. They tend to adhere to the NP surface, enhancing their
stability and biological properties. Therefore, NP “capping” can carry out several key activities,
including preventing NP agglomeration, lowering toxicity, and improving antibacterial

properties. Moreover, these molecules can boost the potential of affiliation and the effect of
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AgNPs on bacterial cells. Interestingly, plant “capping” compounds usually have inherent
antibacterial properties that can increase NP activity (Mikhailova, 2020).

Likewise, the mechanism of biosynthesis of AuNPs involves mixing a biological extract
derived from plants, with a solution containing gold salt (HAuCl4). This mixture induces the

reduction of gold ions (Au**) to gold atoms (Au’), resulting in the formation of AuNPs (refer

to Figure 2.11).

| Growth of Au seeds AuNPs

Bio-extract + Reduction Stabilization and capping of
HAuCl, solution AuNPs by various compounds
from green sources

Figure 2.11: Mechanism of plant-based synthesised AuNPs (Santhosh et al., 2022).

2.8.5 Mechanism of AgNPs and AulNPs action on the cells of bacteria

Although a lot of research has been conducted in the field, the precise way in which AgNPs act
on cells remains uncertain (Slavin et al., 2017). However, when working with plant extracts,
there is substantial evidence to suggest that AgNPs can physically interact with the cell surfaces
of various bacteria. The impact of AgNPs on cells is attributed to several mechanisms,
including their attachment to the bacterial cell wall and membrane, penetration into the cell
leading to disruption of intracellular organelles and biomolecules, induction of oxidative stress,
and modulation of signal transduction pathways (Mikhailova, 2020). A recent study by

Devasvaran and Lim (2021) demonstrated the antimicrobial activity difference of
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polysaccharide pectin-AgNP on Gram-positive and Gram-negative bacteria due to differences

in their cell walls (Figure 2.12).
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Figure 2.12: Mechanism of action of plant-synthesised AgNPs on Gram-positive and Gram-

negative bacteria (Devasvaran and Lim, 2021).

The Gram-negative bacteria have a cell wall made of an outer membrane with
lipopolysaccharide (LPS) and a thin layer of peptidoglycan (PG), whereas Gram-positive
bacteria have a very thick layer of PG (Slavin et al. 2017). AgNPs are absorbed by the LPS in
Gram-negative bacteria and directly damage the PG layer, increasing membrane permeability
and killing the bacteria by diffusing released Ag ions into the cytosol. However, in Gram-
positive bacteria, the AgNPs directly pass through the dense PG layer to generate an Ag ion

leakage into the cytosol, increasing the bactericidal efficacy (Xu et al. 2019).
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The mechanism underlying the effectiveness of plant-AuNPs is like that observed in AgNPs
synthesized from plants. The antibacterial activity of synthesized AuNPs is primarily attributed
to oxidative stress, Au ion release, and non-oxidative stress (Correa et al., 2020). For instance,
biomolecules present in AuNPs obtained from Nigella arvensis leaf extract enhance their
antibacterial efficacy by interacting with bacterial cell walls, leading to structural alterations
and subsequent cell destruction (refer to Figure 2.13). Consequently, AuNPs interact with
bacterial cell walls at the molecular level, highlighting the significance of their envelope
composition in determining antibacterial activity, stability, and surface charge (Timoszyk and

Grochowalska, 2022).
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Figure 2.13: Mechanism of action of plant-synthesised AuNPs bacterial cell (Timoszyk and

Grochowalska, 2022).
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2.9 Characterisation of plant-mediated nanoparticles

Various methods are employed to characterize NPs, providing researchers with valuable
insights into their properties (Figure 2.14) (Du et al., 2020). These methods include SPR, TEM,
XRD, FTIR, DLS, Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM),
X-ray Photoelectron Spectroscopy (XPS) analysis, Energy-Dispersive X-ray Spectroscopy
(EDS), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and High-Resolution

Transmission Electron Microscopy (HRTEM).

By analysing these characteristics, researchers gain insights into how NPs interact with
biological systems. This knowledge is crucial for various applications, including combating

bacterial infections and inhibiting the growth of tumour cells.
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Figure 2.14: Distinct analytical techniques for nanoparticle characterisation (Du et al., 2020).
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2.9.1 Structures and shapes of nanoparticles

The shapes of NPs can be identified through techniques of TEM and SEM. Common shapes
include linear, spherical (or ellipsoidal), cubic, and plate-like (such as triangles or polygons),
with spherical shapes being predominant. However, some studies have revealed
unconventional shapes like clouds or petals (Anandan et al. 2019). This diversity in NP shapes
in plant-based MNP synthesis may stem from the intricate structures of biological extracts,
such as proteins and polysaccharides, which encase the nanomaterials in spherical or quasi-
spherical forms (Barbinta-Patrascu et al., 2019). Additionally, AFM can be employed to
investigate NP three-dimensional shape and elemental composition (Mourdikoudis et al.,

2018).

The crystal structure and lattice dimensions of the NPs are analysed XRD, which is primarily
aimed at determining NP three-dimensional architectures and crystallinity. The XRD analysis
indicates that most plant nanomaterials possess face-centred cubic structures (Aadil et al.,
2019; Dalal et al., 2019). The variation in shapes is closely linked to the reductants and

preparation methods employed, with different shapes exhibiting distinct biological activities.

The FTIR spectroscopy is utilised to determine the structure and composition of NPs. This
method measures the absorption of electromagnetic radiation and applies to both solid and
liquid samples. FTIR analysis enables the identification of functional groups and metabolites
present on NP surfaces, which can sometimes facilitate the reduction and stabilization of NPs

(Nizamov et al., 2022).

2.9.2 The size of nanoparticles
Particle size is a critical factor influencing the biological activity and potential toxicity of

nanomaterials. As particle size decreases, the surface area-to-volume ratio increases, impacting
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the material’s surface energy and reactivity (Oksel et al., 2015). Most nanomaterials are
characterized with diameters ranging from 30 to 100 nm, but sizes can vary significantly, with
minimum sizes as small as 3 to 6 nm and maximum sizes exceeding 100 nm (Rathi Sre et al.,

2015; Du et al., 2019; Vijay et al., 2018).

To characterise the size of the NPs, techniques such as TEM, SEM, and AFM are commonly
used (Susanti et al., 2022). Understanding the size of NPs is essential for assessing their
interactions with biological systems and their potential applications in fields such as drug

delivery and environmental safety.

2.9.3 Surface plasmon resonance of nanoparticles

The SPR of nanomaterials is typically characterised by the maximum absorption peak of NPs, which is
commonly measured using a UV-Vis to demonstrate the SPR of the synthesised NPs (Khan et al., 2016).
The SPR is produced due to the oscillation of electrons attracted to the positive charge of the nucleus,
resulting in electron density waves known as surface plasmons on the surfaces of nanomaterials. The
frequency of incident light, as measured by a UV-vis spectrophotometer, matches the frequency of these
surface plasmons, allowing for photon absorption under resonance conditions. Particle size, shape, type,
and surrounding environment of the NPs influence the SPR properties (Roque et al., 2019; Deepak et

al., 2019).

2.9.4 Dispersion of the nanoparticles

Dispersion refers to the even distribution of NPs within a medium, minimizing the likelihood
of particle aggregation. Well-dispersed nanoparticles are more stable as they are effectively
separated and stabilized in the medium. The DLS techniques are frequently employed to assess
NP size, size distribution, and aggregation levels (Susanti et al., 2022). Agglomeration, which
occurs in both dry and suspended states of MNPs, impacts crucial physical and chemical

properties such as particle size and distribution. Agglomerated nanomaterials may behave like
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larger particles due to their increased hydrodynamic size, potentially affecting their biological

effects and toxicity (Oksel et al., 2015).

Zeta potential (ZP), representing electrostatic repulsion between plant NPs, helps understand
their surface state and predict long-term stability. Nanomaterials with zeta potentials below -
30 mV or above 30 mV demonstrate extremely high stability, while those between -30 mV to
-10 mV and +10 mV to +30 mV indicate low stability (Barbinta-Patrascu et al., 2019). Most

plant-metal NPs prepared in experiments exhibit stability.

Under TEM, plant-AgNPs with a negative charge can induce depressions on bacterial cell
walls, leading to damage, destabilization, or even collapse of the cell wall, resulting in internal
material leakage and bacterial death (Deepak et al., 2019). Additionally, plant-based MNPs
have shown similar effects in anticancer experiments (Mohamed et al., 2017). These findings
underscore the importance of understanding dispersion and stability in NP applications for

various purposes, including biomedical and environmental fields.

2.10 Application of plant-based nanoparticles
Plant-mediated NPs and their unique properties have facilitated a wide range of applications
across various sectors including biomedical, environmental, and agricultural fields (Khan et

al., 2022).

2.10.1 Biomedical application

Nanoparticles have been used in drug delivery, particularly hydrophilic (water-soluble) NPs
like polyethylene oxide NPs, which serve as effective drug carriers. These NPs enhance
therapeutic efficiency and improve patient compliance (Elahi et al., 2018). Additionally, plant-
based AgNPs and AuNPs have shown significant promise in biomedical applications due to

their antimicrobial properties and ability to encapsulate therapeutic agents. Their effectiveness
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in targeting specific tissues further advances the potential of NP drug delivery systems in

improving treatment outcomes (Long et al., 2015, Khan et al., 2022).

2.10.2 Environmental application

In environmental applications, NPs play a crucial role in purifying the environment by
effectively binding with precipitates, debris, and heavy metals due to their high surface area-
to-mass ratio (Khan and Malik, 2019). This binding capacity is influenced by factors such as
the composition, morphology, and absorbency of the NPs. Nanoparticles are applied in the
environmental sector in three primary ways. First, they contribute to the development of eco-
friendly products through green chemistry approaches, aiming to mitigate pollution. Second,
they aid in bioremediation efforts, assisting in the removal of environmental contaminants.

Lastly, they serve as sensors, detecting shifts in environmental conditions (Khan et al., 2022).

2.10.3 Agricultural application

Nanoparticles (NPs) have numerous potential applications in agriculture due to their
antimicrobial properties. They are utilized as nano-formulations of agrochemicals, acting as
pesticides and fertilizers to enhance crop productivity. They serve as nano-sensors for disease
detection in crops and nano-devices for genetic modification of plants. The AgNPs, have shown
significant effectiveness against various pathogens, including Bacillus cereus, S. aureus,
Shigella flexneri, and E. coli (Sharifi-Rad et al., 2020). Similarly, AuNPs antimicrobial effects

have also been demonstrated antimicrobial effects (Muniyappan et al., 2021).

Currently, green-synthesised MNPs are recognized as potent tools for managing harmful soil-
borne microbes. Numerous studies have explored the antimicrobial properties of these NPs,
including those made of silver and gold. The use of plant-based NPs is increasingly promoted
for managing plant-parasitic nematodes due to their multi-site mode of action and lack of

phytotoxicity (Khan et al., 2022).
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2.11 Limitations

Metal nanoparticles (MNPs) face various limitations and challenges that impact their safe and
effective use. The physical and chemical properties, especially size, shape, and composition,
significantly influence the attributes and potential health benefits of metal NPs (Lin et al., 2013;
Nadaf et al., 2022). Smaller-sized spherical AgNPs are more prone to releasing silver and can
easily penetrate bacterial cells, altering permeability and causing harm. The shape of NPs plays
a crucial role in their therapeutic and biological activities, emphasizing the need for precise
control over these parameters during AgNPs and AuNPs synthesis (Hong et al., 2016).
Additionally, the toxicity associated with MNPs poses a significant risk, with adverse effects
on human health and the environment observed due to chronic exposure to silver. Some
bacteria have shown resistance or reduced susceptibility to AgNPs, further complicating their

use across industries (Guo et al., 2020).

2.12 Conclusion

In conclusion, MNPs such as AgNPs and AuNPs have significant applications in biomedical,
agricultural, food, and herbal sectors, with extensive research interest (Burlec et al., 2023). The
"green" synthesis route shows promise due to its eco-friendliness, cost-effectiveness, and
feasibility compared to traditional methods. The market for MNPs is projected to grow
significantly by 2027, with plants playing a crucial role, particularly in healthcare applications.
Plant-mediated NPs offer a promising alternative for combating pathogens and addressing
issues related to mutation and drug resistance (Chandrakala et al., 2022). However, before their
therapeutic use, toxicity assessment, and scalability need to be addressed as primary concerns.
Understanding the transport, distribution, and interactions of metal NPs with biological
systems is crucial for clinical translation. Future research should prioritize unravelling the
intricate mechanisms of metal NP biogenesis, designing engineered NPs with minimal toxicity
and enhanced health benefits, controlling their size and shape, and expanding the utilization of
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plant-based MNPs in various fields. Additionally, plant-based silver and gold nanoparticles can
combat antimicrobial resistance and RTIs, making them a promising alternative to traditional

antibiotics (Burlec et al., 2023).
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Chapter 3: Methodology

3.1 Plant material preparation

Stem bark and leaves of S. africana were harvested in Ha-Matsa village (Figure 3.1) in the

Nzhelele region (Limpopo province, South Africa). The residents of Ha-Matsa helped to

identify this valuable medicinal plant accurately. The stem bark and leaves were washed with

tap water to eliminate contaminants and soil residues, then cut into smaller pieces and left to

dry for two weeks at room temperature. Once the plant materials had dried, they were ground

into a fine powder using an electric grinder model FZ102 (Tianjin Taisite Instruments, Tianjin,

China) and stored in a sealed glass jar in the dark at ambient temperature for further use

(Appendix A.1).
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Figure 3.1: A map illustrating the location of Ha-Matsa village within the Nzhelele region of

South Africa, situated in Limpopo province (Ramarumo et al., 2019).
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The plant materials were extracted using different solvents, including methanol, ethanol,
acetone (Rochelle Chemical, Gauteng, South Africa), and distilled water. Approximately 50 g
of the ground bark and leaves were soaked in 500 mL of each solvent for 72 hours, with
frequent shaking. The crude extracts were filtered using Munktell filter paper 3HW (Lasec,
Gauteng, South Africa). The concentrated extracts were obtained by evaporating the solvents
using a rotary evaporator (Buchi Rotavapor R-300, Cole-Parmer, Vernon Hills, IL, USA) under
pressure at 40°C (Agyepong et al., 2014). The resulting concentrated extracts were then
allowed to air-dry in a fume hood (Appendix A.2). For water extracts, the filtrate was first
frozen at -80°C and then placed in a freeze dryer s (EPIC Freeze Dryer, Millrock Technology,

Kinston, NY, USA) for 24 hours. All the plant extracts were stored at 4°C for future use.

3.2 Preparation of microorganisms

Four microorganisms used in this study are respiratory bacterial pathogens listed by the World
Health Organization (WHO) as critical priority pathogens of antibiotic resistance.
Acinetobacter baumannii (ATCC BAA-1605), Pseudomonas aeruginosa (ATCC 27853),
Escherichia coli (ATCC BAA-2469), and Staphylococcus aureus (NCTC 12493). All bacterial
strains used in this study were purchased from Anatech Instruments (Gauteng, South Africa).
They were initially plated on their selective respective media and incubated at 37°C for 24
hours (Appendix A.3). The resulting colonies were preserved in the Muller-Hinton (MH) broth
(Separations, Gauteng, South Africa) with 15% glycerol in Eppendorf tubes and stored at -20
°C. Before conducting the bioassays, inoculum suspensions were inoculated in 5 mL of MH
broth and incubated for 24 hours at 37°C. The bacterial suspensions were then adjusted to 0.5

McFarland standard (1.5 x 108 CFU/mL) before antimicrobial testing.
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3.3 Green synthesis of AgNPs and AuNPs mediated by S. africana extracts.

3.3.1 Preparation of AgNPs using S. africana extracts (S4-AgNPs)

The green synthesis of silver nanoparticles (AgNPs) was conducted following the methods
outlined by Liaqat et al. (2022) and Khanal et al. (2023), with slight modifications. In a concise
procedure, 10 mL from each S. africana (ethanol, methanol, acetone, and distilled water)
extract (10 mg/mL) was introduced separately dropwise into a 250 mL sterile glass beaker
containing 40 mL of silver nitrate (1, 2, and 5 mM) solution at the ratio (1:4 v/v) at room
temperature, with shaking for few seconds. The reaction mixture was done in the dark to avoid
photoactivation of silver nitrate (AgNOs). Each sample was labelled, covered with aluminium
foil, and incubated in the dark for 24 hours. After that, AgNPs were stored at different
temperatures (at 4 and 25°C) to study the effect of temperature. The study also explored the
impact of reaction time on SA-AgNP production at different time intervals (1 hour, 24 hours,
seven days, month 2, and month 3). The confirmation of the reduction of Ag” to Ag’ was
primarily monitored by visual observation of colour change from light yellow to blackish-
brown or yellowish-brown and from dark yellow to dark brown or reddish-brown and

continuously assessed their UV-Vis spectral analysis to determine their stability state.

3.3.2 Preparation of AulNPs using S. africana extracts (SA4-AgNPs)

Gold nanoparticles (SA-AuNPs) were synthesised using a microwave irradiation method
(Ayinde et al., 2019). Initially, 2 mL of S. africana extracts were added to 8 mL of 1 mM
HAuCl4 solution in a 250 mL beaker at a ratio of 1:4 (v/v), and the mixture was thoroughly
mixed. Various plant extracts (10, 50, and 100 mg/mL) concentrations were utilised in the
synthesis process to optimise the nucleation intensity of the nanoparticles. Subsequently, the
beaker with the solution mixture was placed on the turntable of a domestic microwave oven
(Russell Hobbs 20L (RHEM 21L), operating at 700 W and a frequency of 2450 MHz. The

exposure duration ranged from 30 to 90 seconds to achieve complete bio-reduction, with a
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noticeable colour change from brown to deep purple or red wine, indicating gold nanoparticle
formation. The produced SA-AuNPs samples were labelled accordingly and stored at 4 °C for

subsequent characterisation and assessment of biological activities.

3.4 Characterisation of S. Africana crude extracts and its green synthesised

AgNPs and AuNPs.

3.4.1 Ultraviolet-visible spectrophotometry analysis

The formation of S. afiicana silver nanoparticles (SA-AgNPs) and gold nanoparticles (SA-
AuNPs) was further validated by measuring the absorbance of the reaction mixture using
Ultraviolet-visible spectrophotometry (UV-Vis) (Baharara et al., 2018; Jalab et al., 2021). In a
concise process, the SA-AgNPs or SA-AuNPs samples were diluted to a 1:24 ratio with the
same solvent. Dilutions were performed in 2 mL centrifuge tubes, and then 200 pL of the
diluent was transferred into a 96-well plate in triplicates. The plate containing the nanoparticle
samples underwent scanning in a wavelength range from 200 to 800 nm using a SpectraMax
M3 spectrophotometer (Molecular Devices, California, USA) at a resolution of 2 nm. However,
this procedure was done for all the nanoparticle samples except for the acetone extracts-based
nanoparticles, where 2 mL of the diluted solution was dispersed in a glass cuvette to read for
absorbance, as acetone solvent was not suitable for the 96-well plate. Absorption peaks in the
UV-Vis spectra confirming the production of nanoparticles were observed, and their values
were recorded in Microsoft Excel. Subsequently, graphs were plotted using OriginPro 2023b

software.

3.4.2 X-ray diffraction unit (XRD) analysis
The synthesised SA-AgNPs and SA-AuNPs were first filtered using a Munktell filter paper
3HW (Lasec, Gauteng, South Africa), and the pallets were analysed by an XRD (Pan

Analytical, X-pert pro, Netherland). The XRD measurements of SA-AgNPs and SA-AuNPs
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were conducted using a Cu-Ka radiation source (A= 1.5406 A) in the scattering range m (20)
of 20 — 80 on an instrument operating at a voltage of 45 kV and a current of 40 mA. The XRD
spectroscopy was employed to ascertain the synthesised nanoparticles’ crystalline nature,
phase variety, and grain size. The =~ XRD data was analysed using the OriginPro 2023

software. The Debye-Scherrer formula was applied to calculate the average crystalline size:

094
Bcos 6

Where: D represents the crystallite size (measured in nm), k stands for the Scherrer constant,
which has a fixed value of 0.9, A denotes the wavelength of the X-ray source, 8 signifies the
peak position (measured in radians), and  represents the full width at half maximum (FWHM

(Dubey et al., 2010).

3.4.3 Dynamic light scattering (DLS) particle analysis.

Dynamic light scattering (DLS) analysis was conducted using a Zetasizer instrument (Malvern,
England) to determine the average particle size, distribution, and zeta potential (an indicator of
nanoparticle stability) of SA-AgNPs and SA-AuNPs (Ghani et al., 2022). The technique
measures NP hydrodynamic diameter in solution, yielding valuable information about their
aggregation state. The DLS analysis played a crucial role in determining the size distribution
and stability of the synthesised NPs. For this analysis, samples exhibiting the best antimicrobial
activity (from silver and gold nanoparticles) were selected. Each sample underwent three runs,

with all the results presented on a single graph for comprehensive representation.

3.4.4 Transmission electron microscopy

Transmission electron microscopy (TEM) with more excellent resolution and magnification
was employed for studying SA-AgNPs and SA-AuNPs, as it allows direct visualisation of the
particles and provides detailed information about their size, shape, and distribution (Cascio et

al., 2015; Marinescu et al., 2022). The TEM analysis was conducted using an FEI Technai-12
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electron microscope (FEI, Eindhoven, Netherlands) operated at an acceleration voltage of 120
kV. The samples were prepared by immersing a copper grid in the nanoparticle solution and
quickly removed to enable drying, forming a thin film. Obtained images from TEM were
analysed to determine particle sizes using ImageJ software by measuring the diameter (nm) of
each particle. Following this, the acquired values were plotted using OriginPro 2023 software
and subjected to statistical analysis to determine both the average size and standard deviation.
Error was computed based on the obtained values. Notably, in this analysis, 100 nanoparticles

from distinct regions were examined for each sample.

3.4.5 Fourier-transform infrared spectroscopy (FTIR) analysis.

The functional groups that were responsible for biological activities present in S. africana
extracts, silver and gold nanoparticles were identified by FTIR using the Bruker ALPHA FT-
IR Spectrophotometer (Bruker Scientific Private Limited, Mumbai, India). The analysis was
done by placing 500 pL of the plant extracts or nanoparticle samples on top of the FTIR
spectrophotometer chamber. Percentage transmittance measurements were recorded within the

wavelength range of 400-4000 cm™, as outlined by Patel et al. (2020).

3.4.6 Liquid chromatography-mass spectroscopy (LC-MS) analysis of the plant extracts

Liquid chromatography-mass spectrometry (LC-MS) was used to analyse phytochemical
compounds present in S. africana, to understand their potential contributions to antimicrobial
activity, antioxidant activity, cytotoxicity, and anti-inflammatory properties. The analysis was
conducted using the method developed by Moyo et al. (2022), with a few modifications. To
prepare for the LC-MS analysis, 2 grams of the ground plant powder were extracted in 20 mL
of each solvent (80% methanol, 80% ethanol, and distilled water) in a ratio of 1:10 m/v for 24
hours. The extraction was done by shaking on a digital rotisserie tube rotator (Dlab Scientific,

Beijing, China) at 70 rpm at room temperature. The crude extracts were then centrifuged using
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a benchtop fixed-angle centrifuge (Thermo Fischer Scientific, South Africa) at 5000 rpm for

15 minutes. The samples were filtered into HPLC glass vials through 0.22 um nylon filters.

For the analysis, the prepared sample extracts were subjected to LC-MS quadrupole time-of-
flight tandem (LC/MS-9030 q-TOF, Shimadzu Corporation, Japan). Chromatographic
separation of phytochemical compounds was achieved using a Shim-pack Velox C18 column
(100 x 2.1 mm, 2.7 pm) maintained at 55°C. An injection of 5 uL. was used, and the compounds
in the plant extracts were separated using a binary mobile phase gradient elution at a flow rate
of 0.3 mL/min. The mobile phases, A and B, consisted of 0.1% (v/v) formic acid in ultra-high
purity water and 0.1% formic acid in methanol, respectively. The mobile phase composition
was 10% mobile B for 3 minutes and kept constant until 40 minutes. Between 40 and 43
minutes, mobile phase B increased to 30%, and between 45 and 49 minutes, it raised to 90%.
The gradient was restored to 10% mobile phase B after about 50 minutes and remained there

for 53 minutes.

The mass spectral acquisition utilized a q-TOF high-resolution MS with an electrospray
ionization interface in negative ionization mode. Settings included a 400°C heat block
temperature, 280°C DL temperature, 1.8 kV detector voltage, 300°C interface temperature, 3
L/min nebulization and dry gas flow (nitrogen), and 42°C flight tube temperature. Sodium
iodide served as a calibration solution for high mass accuracy monitoring. MS1 and MS2 were
acquired simultaneously for all ions within a m/z range of 100 to 1000 Da in data-dependent
acquisition (DDA) mode. Argon was used as the collision gas for MS2 experiments at a

collision energy of 30 eV and no spread.

Molecular networks were constructed using the Global Natural Product Social Molecular
Networking (GNPS) website (http://gnps.ucsd.edu) based on the approach by Aron et al.

(2020). Raw data from the Shimadzu LC-MS-9030 g-TOF instrument were first converted to
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the open-source format (.mzML) before the analysis. Cytoscape software facilitated molecular
network data integration, analysis, and visualization (https://cytoscape.org). Empirical
formulas were derived from the precise mass of the compounds' MS/MS data to verify the
putative annotation of both matched and unmatched nodes. Furthermore, a thorough evaluation
was carried out to validate the accuracy of the identifications by comparing them with the

findings from previous studies.

3.5 Antimicrobial activity of S. africana extracts and nanoparticles

3.5.1 Agar well-diffusion method

The antibacterial activities of both S. africana extracts, SA-AgNPs and SA-AuNPs, were
determined using the agar well-diffusion method, as previously described by Bhakya et al.
(2016) and Ghavam, (2021). Initially, Mueller-Hinton (MH) agar medium (Separations,
Gauteng, South Africa) plates were prepared to culture bacterial strains. A 200 pL volume of
the test organisms with turbidity adjusted to 0.5 McFarland standard was inoculated over the
surface of MH agar using a sterile spreader and allowed to dry for 30 minutes. Six evenly
spaced wells with a diameter of 8 mm were aseptically created by gently punching the agar
with a tip. Each well was filled with 50 uL of each plant extract solution (10 mg/mL), silver
(2.68 mg/mL), and gold (10.14 mg/mL) nanoparticles. The plates were left for 1 hour to allow
diffusion of the treatment samples into the inoculated agar. Finally, the agar plates were
incubated at 37°C for 24 hours. Antibiotic lomefloxacin hydrochloride (10 mg/mL) (Sigma-
Aldrich, Darmstadt, Germany) was employed as a positive control, while 10 % dimethyl
sulfoxide (DMSO) (Rochelle Chemical, Gauteng, South Africa) served as the negative control.
To assess the efficacy of the experiment, the diameter of the clear zone, indicating the inhibition
of bacterial growth, was meticulously measured in millimetres using a ruler. For the precision
and reliability of the results, the experiment was repeated three times for each test organism.

The growth inhibition zones were subsequently recorded and presented in graphs. This
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experiment was also conducted for three months to investigate the effect of time and stability

of the extracts on the extracts and AgNPs.

3.5.2 Microdilution assay

The minimum inhibitory concentrations (MICs) of the plant extracts against the priory
pathogens (A. baumannii, P. aeruginosa, E. coli, and S. aureus) were determined using the
microdilution assay (Eloff, 1998; Samie, 2005). The procedure was as follows: In a standard
96-well plate, each well was filled with 100 pl of Muller-Hinton (MH) broth as the growth
medium. The plant extracts were initially dissolved in 10% DMSO (Rochelle Chemical,
Gauteng, South Africa) to attain a final 20 mg/mL concentration. The plant extracts, negative
and positive control, were added into the first row of the plate, starting with the negative
control, which contained 10% DMSO, followed by the positive control, lomefloxacin
hydrochloride at 10 mg/mL (Sigma-Aldrich, Darmstadt, Germany), and lastly the plant extracts
to the rest of the remaining wells in the same row. A two-fold serial dilution was performed by
mixing contents of the first raw and transferring 100 pL to the next well within the same column
until reaching the last well within the same column, with the final 100 pL discarded. The
resulting concentrations range from 10 to 0.078 mg/mL. Subsequently, 100 pL of the bacterial
culture was added to the wells. The plates were then incubated for 24 hours at 37°C. The next
day, 40 pL of a 0.2% lodo Nitro Tetrazolium (INT) solution (Inqaba Biotech, Gauteng, South

Africa) was added to each well and incubated at 37 °C for 30 minutes.

The MICs of Silver (SA-AgNPs) and gold (SA-AuNPs) nanoparticles were also acquired in
the same way as the crude extracts, with slight differences in the concentrations of the
nanoparticles. The SA-AgNPs concentrations after 50% serial dilution in the 96-well plate
ranged from 2.68 to 0.03 mg/mL. Meanwhile, SA-AuNPs concentration ranged from 10.14 to
0.08 mg/mL. The entire assay was repeated three times in each case. The wells showing no
colour change indicated that the plant extracts were active and inhibited the growth of bacteria,
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whereas those which turned purple/pink exhibited bacterial growth. The stability testing was
also conducted using the microdilution assay over three months on the plant extracts and AgNP
samples. The trials were labelled Experiment 1, Experiment 2, and Experiment 3 for the first,

second, and third months, respectively.

3.5.3 Determination of minimum bactericidal concentration (MBC)

For minimum bactericidal concentration (MBC), approximately 5 pL of each sample was taken
from the wells with no observable bacterial growth during the MIC tests and subcultured onto
Mueller-Hinton agar plates and subsequently incubated at 37°C for 24 hours. The MBC is
defined as the minimum concentration at which no bacterial growth is observed on the agar

(Quelemes et al., 2013).

3.5.4 Synergistic tests by microdilution method

The synergistic activity was only tested using the plant extract samples, and this was done to
determine the synergistic effects of the crude extract combinations against antibiotic-resistant
bacterial strains. The microdilution assay was employed as de Rapper et al. (2012) described.
Briefly, extracts from leaves and bark, each with a concentration of 10 mg/mL, were combined
in various ratios: 9:1, 7:3, 5:5, 3:7, and 1:9. The ratios were represented as mixture 1 up to 5
according to the corresponding order. A hundred microliters of MH broth were transferred to
all wells of the 96-walled plate, followed by 100 uL of the plant mixture (ratio 9:1) in the first
wells. Subsequently, 100 uLL of mixture ratios (7:3, 5:5, 3:7 and 1:9) were in the consecutive
wells of the first row. All the plant extract ratios were added in triplicate. After 50% serial
dilutions, 100 pL of the culture was added to each well. Lomefloxacin hydrochloride (10
mg/mL) positive control and 10% DMSO negative control were used. The plates were placed
in an incubator for 24 hours at 37°C, and the MICs of the plant combinations were visually

determined using 0.2% INT.
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All dual combinations of the plant extracts were tested, and the fractional inhibitory
concentration index (FICI) was calculated for all synergistic assays. The FICI values were
interpreted as follows: FICI < 0.5 (synergistic), 0.5 < FICI < 1 (additive), 1 < FICI < 4
(indifferent), and FICI > 4 (antagonistic), following the below formula (Odds, 2003; Donkor

etal., 2023).

MIC of AB combination MIC of AB combination

FICI = +
MIC of A MIC of B

3.6 Cytotoxicity and Anti-inflammatory Assays

3.6.1 Cell lines

The cytotoxic and anti-inflammatory activity of the crude extracts and SA-AgNPs and SA-
AuNPs were determined using samples that exhibited higher antimicrobial activity. These
included acetone bark (SABA) and methanol leaf (SALM) plant extracts, S. Africana bark
acetone-mediated AgNPs (SABA-AG) and leaf ethanol-mediated AgNPs (SALE-AG), as well
as S. Africana, bark-ethanol-mediated AuNPs (SABE-AU). The mentioned samples were
tested for cytotoxicity against human oestrogen-positive breast cancer cells (MCF7), normal
human mammary epithelial cells (MCF10), and the RAW 264.7 murine macrophage cells.
Meanwhile, for anti-inflammatory activity, RAW 264.7 cells were used. All cell lines were
provided by the Department of Biochemistry, Genetics, and Microbiology at the University of

Pretoria (Pretoria, South Africa).

3.6.2 Preparation of cell culture complete media
The Dulbecco Modified Eagles Medium F12 (DMEM F12)/Alpha Minimum Essential
Medium (a-MEM) media (Thermo Fisher Scientific, Waltham, MA, USA) were prepared

following the ScienCellM?

Research Laboratories manufacturer’s protocol. The complete
media were supplemented with 1% Penicillin-Streptomycin, Amphotericin B/ Fungizone, and

10% Fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 500
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pL was removed from 25 mL volume of the DMEM F12/ a-MEM media, followed by adding
250 pL of 1% Penicillin-Streptomycin and Amphotericin B/ Fungizone to make up a total
volume of 25 mL. The supplemented media were pipetted up and down to ensure a complete
mixture. Ten per cent (%) FBS media was prepared by transferring 2.5 mL FBS into 22.5 mL
of the supplemented DMEM F12/ a-MEM media, mixed well, and stored at four degrees

Celsius.

3.6.3 Cell culture

All the cells were first thawed for 2 minutes at 37 °C in a Steri-Cycle 1160 humidified incubator
(ThermoFisher, Forma™ i160, USA) in 5% CO,. Subsequently, 500 pL of the cells were
transferred into a 2 mL Eppendorf tube and mixed with 500 pL of supplemented DMEM F12/
a-MEM media. The mixture was centrifuged at 1000 rpm for 5 minutes, and the supernatant
was aspirated. One millilitre of the supplemented DMEM/ a-MEM media was added to the
pallet and mixed carefully by pipetting up and down using a pasture pipette. The cells were
gently transferred into a T25 flask containing 10 mL supplemented DMEM/ a-MEM media.
After that, viewed under a light microscope at 20x magnification (Figure 3.2) and incubated at
37°C humidified incubator with 5% CO,. The MCF7 cells were cultured in a-MEM, while
MCF10 and RAW 264.7 cells were cultured in DMEM F12. The cultured cells were monitored

daily and became confluent after seven days.
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Figure 3.2: Cells under light microscopy at 20x magnification A= MFC7 day 0, B= MFC7 day

7, C=MCF10 day 0, D= MFC10 day 7, and E= RAW 264.7 day 0, F= RAW 264.7 day 7.

3.6.4 Cell count

Before counting the cells, the media was aspirated, and the flasks were rinsed twice with 2 mL
of 1X Phosphate Buffered Saline (PBS) (Thermo Fisher Scientific, Waltham, MA, USA).
Then, 2 mL of warm 0.25% Trypsin was added, and the cells were incubated for 2 minutes at
37°C with 5% CO2 to detach them. After the cells detached, 4 mL of 10% FBS media was
added to stop the trypsin digestion. The cell suspension was then transferred to a 2 mL
Eppendorf tube and centrifuged at 1000xG for 5 minutes. The supernatant was decanted, and

1 mL of media was gently pipetted onto the resulting pellet to facilitate its dissolution. A
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Scepter™ Cell Counter hemocytometer (Zeiss, Darmstadt, Germany) was used to count the
cells. In brief, 100 uL cells were mixed with 500 uL of trypan blue dye (1:5 ratio).
Approximately 10 pL of the mixture was pipetted into the chambers of the hemocytometer
slide and counted manually by viewing under a Primovert light microscope (Zeiss, Gauteng,
South Africa) at 10x magnification. The total number of viable cells was calculated by
multiplying the average number of live cells by the dilution factor and 10*. Following that, 1
mL aliquot of the cell suspension was diluted with an appropriate volume of complete media,

yielding a final concentration of 1 x 10° cells/mL, which will be used for viability assay.

3.6.5 Cytotoxicity assay

The cytotoxicity of the plant extracts and nanoparticles was determined on the MCF7, MCF10,
and RAW 264.7 cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method (Vijayarathna and Sasidharan, 2012). Initially, 50 uL of media was added to all
wells of a 96-well plate. Subsequently, 50 pL. of the samples SABA, SALM, SABA-AG,
SALE-AG and SABE-AU were added to the first row in triplicate, with three columns reserved
for the negative control. A 50 pL two-fold serial dilution was performed by mixing the contents
within each column across the 96-well plate, discarding 50 pL from the last well. The resulting
sample concentrations ranged from 5 to 0.039 mg/mL, 1.34 to 0.01 mg/mL, and 10.14 to 0.08
mg/mL, respectively. Following this, 50 pL of cell suspension (5,000 cells) was seeded into all
wells of the 96-well plate, bringing the final volume to 100 pL in each well. The negative
control consisted of cells cultured with media alone. The plate was then incubated at 37°C in a
humidified 5% CO: incubator for 48 hours. After incubation, 15 uL of MTT solution (Promega,
USA) (5 mg/mL PBS) was added to each well and incubated for 4 hours. Subsequently, 100
uL of DMSO was added, and the plate was incubated overnight in a sealed container with a
humidified atmosphere at room temperature to solubilise the formazan crystals completely.

Absorbance was measured at 595 nm using a SpectraMax M3 multi-mode microplate reader
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(Molecular Devices, California, USA), and the percentage cell viability was calculated using

the following formula:

S Average absorbance of drug wells
% Cell viability = x 100
Average absorbance of control wells

The results were expressed as the mean + standard error and further determined the half-
maximal inhibitory concentration (IC50), defined as the concentration of the examined plant

extracts that resulted in a 50% inhibition of cell growth compared to the control.

3.6.6 Anti-inflammatory activity

The anti-inflammatory activity of S. Africana extracts, silver, and gold nanoparticles was
evaluated using RAW 264.7 macrophage cells. The cells were initially plated at a density of
5000 cells per well in a 96-well plate and left to incubate overnight. Subsequently, the cells
were treated with the samples at varying concentrations ranging from 5 to 0.039 mg/mL, 1.34
to 0.01 mg/mL, and 10.14 to 0.08 mg/mL, respectively, after 50% serial dilution across the
plate. The cells with the media alone served as negative control. After 4 hours of incubation,
inflammation was induced by adding 1 pug/mL of lipopolysaccharide (LPS) (Promega, USA),
and the cells were incubated for an additional 24 hours. The nitric oxide (NO) levels were then
determined using the Griess reaction method (Promega). Approximately 50 uL of the cell
supernatant was collected and mixed with 50 pL of sulfanilamide solution (1% sulfanilamide
in 5% phosphoric acid) for a 10-minute reaction. Subsequently, 50 pL of NED solution (0.1%
N-1-naphthylenediamine) (Promega, USA) was introduced for another 10-minute reaction
period, and the absorbance was measured at 595 nm using SpectraMax M3 spectrophotometer.
The concentration of nitrate released into the culture medium was then calculated from the

slope of the standard curve (Bahrami et al., 2021; Kang et al., 2022).
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3.7 Antioxidant activity

The free radical scavenging activity of the crude plant extracts, SA-AgNPs and SA-AuNPs was
assessed by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method (Nemudzivhadi and Masoko,
2015). Briefly, 100 pL of deionised water was introduced into each well of a 96-well plate.
Followed by 100 pL of plant extracts (1 to 0.007 mg/mL), silver (1.34 to 0,01 mg/mL) and
gold (2.5 to 0.02 mg/mL) nanoparticles were dispensed into the first well of the 96-well plate
in triplicate. Subsequently, 50% serial dilutions were performed. Vitamin C (1 mg/mL) was
used as an antioxidant standard or positive control, and the solvents used to prepare these
extracts were employed as the blanks. An additional 100 puL of a 0.1 mM DPPH methanolic
solution (Ingaba Biotech, Gauteng, South Africa) was introduced into all the wells of the 96-
microplate. The plate was then kept in the dark for 30 minutes. Following this incubation
period, the absorbance was measured at 517 nm using VersaMax Microplate Reader
(Molecular Devices, Sunnyvale, USA). The percentage scavenging activity (DPPH reduced)

was calculated as follows:

Acontrol - Asample

x 100

% Scavenging activity = A
control

Where Aconiror 1 the absorption of the blank solution, and Aggmpie is the absorption of the

extract solution. The ICso values (the extract concentration at which 50% radical scavenging
activity occurs) were determined from the graph using linear regression analysis and thereafter

generated a table of DPPH scavenging activity using those values.
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3.8 Statistical analysis

Data was recorded in Microsoft Excel, and the biological experiments conducted in triplicate
were expressed as the average mean. One-way analysis of variance (ANOVA) was applied to
assess the significance of individual differences at a p<0.05 level. Significant means were
compared with Tukey’s post hoc test via GraphPad Prism 8 software (GraphPad Software, San
Diego, CA, USA). Graphs were plotted using Excel, GraphPad Prism, and OriginPro 2023b

software.
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Chapter 4: Results

4.1 Synthesis of S. Africana-AgNPs

The results indicated that the extracts from the S. africana plant effectively reduced AgNO3
ions to AgNPs within 24 hours. This was evidenced by the colour change from yellow to
blackish brown/yellowish-brown and from brown to dark brown/reddish-brown as depicted in
Figure 4.1. The alteration in colour was attributed to the excitement of SPR in the AgNPs. It

was also observed that the intensity of the colour increased over extended incubation time.

Figure 4.1: Image depicting the colour transformation of S. afiicana extracts when mixed with
silver nitrate solution before (A and C) and after 24 hours (B and D) of incubation at room

temperature.
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The stability of SA-AgNPs was investigated by optimisation of various parameters such as
reaction times, AgNOs3 concentrations, and temperatures. Initially, the colour intensity
increased with reaction time, showing similar trends in methanol (SABM-AG/SALM-AG) and
ethanol (SABE-AG/SALE-AG) samples, transitioning from light brown to blackish black or
light yellow to yellowish brown. Acetone (SABA-AG/SALA-AG) samples changed from light
yellow to dark brown/yellowish brown, while water (SABD-AG/SALM-AG) samples
exhibited varying trends from dark yellow to dark brown over time. Subsequently, results
revealed that increasing AgNOs3 concentration from 1 to 5 mM altered NP colour intensity,
shifting from light yellow/brown at 1 mM to darker shades at 2 and 5 mM, accompanied by a
shift in the SPR peak towards higher wavelengths. These stability test findings based on colour
change are detailed in Appendix B1 and B2.

The study found that higher concentrations of AgNOs led to a quicker colour change.
Furthermore, it was observed that SA-AgNPs incubated at 4°C reacted slower than those at

25°C, with colour intensity increasing more over time at room temperature than in the fridge.

4.2 Synthesis of S. africana-AuNPs

The synthesis of SA-AuNPs was confirmed by a visible change in colour within the reaction
mixture, transitioning from yellowish-brown to a deep purple within a few seconds, this colour
is attributed to the excitation of SPR, as shown in Figure 4.2. The consistent nature of this
colour change reliably indicates the successful reduction of Au®* ions into NPs. Stable SA-
AuNPs with enhanced activity were found after increasing the concentration of plant extracts
and employing microwave-assisted synthesis for 30 to 90 seconds. However, the 90-second

microwave synthesis yielded superior results as compared to reactions lasting 30 or 60 seconds.
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Figure 4.2: The colour change indicating the production of AuNPs: a) HauCL4 solution, b)
brown colour of S. africana plant extracts mixed with HAuCL4 solution, ¢) complete

transformation of the reaction mixture into deep purple shades.

4.3 Characterisation of S. afiricana extracts and its green synthesised SA-

AgNPs and SA-AuNPs

4.3.1 Ultraviolet-visible spectrophotometry analysis

The utilisation of UV-Vis spectrophotometry, coupled with the integration of SPR, provided
conclusive evidence for the successful synthesis of silver nanoparticles SA-AgNPs. The SPR
of electrons within the SA-AgNPs solution led to an elevation in the peak of the ultraviolet
spectrum. The results in Figure 4.3 show SPR peaks for SA-AgNPs produced by bark and leaf
(methanol, ethanol, acetone, and water) extracts. Results presented were only considering SA-
AgNPs samples prepared by 5 mM AgNOs; concentration because they exhibited good

antimicrobial activity.
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The UV-Vis spectral analysis of SA-AgNPs derived from both bark and leaf samples unveiled
distinct wavelength ranges. Bark samples exhibited SPR peaks ranging from 397 to 480 nm,
while leaf samples displayed SPR peaks spanning 363 to 500 nm. Noteworthy variations were
observed among specific SA-AgNPs samples: SABM-AG and SABE-AG revealed peaks at
397 nm and 454 nm, SABD-AG exhibited peaks at 397 nm and 470 nm, while SALM-AG and
SALE-AG shared a peak at 363 nm (Figure 4.3A). Additionally, SABA-AG demonstrated a
narrow SPR peak at 480 nm, and SALA-AG displayed absorption peaks at 370 nm and 500 nm

(Figure 4.3B). Interestingly, SALD-AG did not exhibit any discernible absorption peak.
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Figure 4.3: Ultraviolet-visible spectra of SA-AgNPs; SABM-AG (bark methanol AgNPs),
SABE-AG (bark ethanol AgNPs), SABA-AG (bark acetone AgNPs), SABD-AG (bark
distilled-water AgNPs), SALM-AG leaf methanol AgNPs), SALE-AG (leaf ethanol AgNPs),

SALA-AG (leaf acetone AgNPs), SALD-AG (leaf distilled water AgNPs).

Additionally, stability testing of SA-AgNPs UV-Vis spectral analysis using various AgNO3
concentrations, revealed that as concentrations increased from 1 to 5 mM increased colour

intensity and caused the SPR peak to shift towards higher wavelengths, suggesting nanoparticle
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aggregation (Appendix B3). While increasing AgNO3 concentration from 1 to 2 mM resulted
in higher absorbance values for SA-AgNPs, a decrease in absorbance was observed at 5 mM,
indicating a transition point (Appendix B3). However, this trend was not consistent across all
samples; bark methanol (SABM-AG) exhibited increased absorption at 5 mM, while bark
acetone (SABA-AG) showed a decrease. These varied responses underscore the diverse effects
of AgNOs3 concentrations on SA-AgNP synthesis across different samples.

The influence of reaction time on SABM-AG/SALM-AG indicated a decrease in the absorption
peaks as the incubation time increased (Appendix B4). For 1 mM AgNOj; concentration, SPR
peak was observed after 24 hours at 404 and 439 nm on SABM-AG. The peaks became defined
as the incubation period increased to month 3 with a peak at a wavelength of 450 nm. The
concentrations of 2 and 5 mM had more intense and narrow peaks and the peaks indicated that
the AgNPs were formed within an hour. The well-defined SPR peak at 470 was observed after
7 days at both 2- and 5-mM concentrations on the bark methanol sample. SALM-AG samples
exhibited absorption peak after 1 hour and remained content till 24 hours (356 nm), thereafter
decreasing as reaction time increased.

Ethanol (SABE-AG/SALE-AG) extracts, showing similar trends to those observed with
methanol extracts, with SPR, decreased as reaction time increased (Appendix B5). SALE-AG
exhibited strong peaks at 370 and 410 nm after 7 days at 1 mM concentration, while peaks at
364 nm were observed after 1 hour for 2- and 5-mM concentrations. Notably, 3™ month showed
higher peaks compared to 2" month 2 and seven days. In contrast, SA-AgNPs produced by
bark-water (SABD-AG) extracts, formed after 24 hours with decreasing absorbance over time
for 1- and 2-mM concentrations at both 356 and 468 nm (Appendix B6). At a 5 mM AgNOs
concentration, the SPR peak appeared after 1 hour, intensifying by day 7 with peaks at 353,
404, and 485 nm. Leaf water (SALD-AG) samples exhibited no absorption peaks, indicating

no AgNP formation at 1- and 2-mM concentrations.
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Lastly, the influence of temperature on the synthesis of SA-AgNPs was studied and the findings
were presented in Appendix B7, B8, and B9. Results showed that increasing temperature led
to heightened SPR peaks. Narrower bands with higher absorbance values were consistently
observed at 25°C compared to 4°C across most samples, except for the SABD-AG (1 mM),
which exhibited a slightly higher peak at 4°C (Appendix B9).

The UV-Vis analysis of SA-AuNPs, as depicted in Appendix B10, B11, and B12, included
only samples exhibiting optimal activity (AuNPs synthesised by | mM HAuClsand 100 mg/mL
extracts for 90 seconds in the microwave). Notably, the SPR bands for various samples.
Specifically, sample SABM-AU exhibited an SPR peak at 533 nm, while samples SABE-AU
and SABE-AU displayed peaks at 541 nm and 574 nm, respectively. These results confirmed

that the synthesis of SA-AuNPs was successful.
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Figure 4.4: Ultraviolet-visible spectra of SA-AuNPs; SABM-AU (bark methanol AuNPs),
SABE-AU (bark ethanol AuNPs), SABA-AU (bark acetone AuNPs).
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4.3.2 X-ray diffraction unit (XRD) analysis of SA-AgNPs and SA-AuNPs

X-ray diffraction (XRD) spectroscopy was used to characterise the crystallinity and structures
of the SA-AgNPs and SA-AuNPs. Four diffraction peaks with 20 values were observed at 37°,
43°, 63°, and 76° with planes at (111), (200), (220), and (311), respectively (Figure 4.5) for SA-

AgNPs samples using Bragg’s law. An additional peak at 45° was also observed for sample

SAMB-AG, while sample SABE-AG did not display a peak at 26 angle 43°.
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Figure 4.5: XRD spectrum of silver nanoparticles synthesised using S. africana extracts bark
methanol-AgNPs (SABM-AG), bark ethanol-AgNPs (SABE-AG), leaf methanol-AgNPs

(SALM-AQ), leaf acetone-AgNPs (SALA-AG), and leaf water-AgNPs (SALD-AGQG).
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The SA-AuNPs samples exhibited similar results to that of SA-AgNPs, with specific samples
SABE30S100, SABE60S100, and SABA60S100 lacking peak at an angle of 43° (Figure 4.6).
These diffraction indices align with the cubic face-centred (FCC) structure of silver and gold

particles as specified by the Joint Committee on Powder Diffraction Standards (JCPDS)

(JCPDS 01-1167).
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Figure 4.6: XRD spectrum of gold nanoparticles produced using S. africana extracts bark
methanol-AuNPs at 60 seconds (SABM60S100), bark methanol-AuNPs at 90 seconds
(SABM90S100), bark ethanol-AuNPs at 30 seconds (SABE30S90100), bark ethanol-AuNPs

at 60 seconds (SABE60S100), and bark acetone-AuNPs at 30 seconds (SABA30S100).
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The average crystalline size of SA-AgNPs samples varied across different experimental
conditions ranging from 9 to 19 nm. Table 4.1 summarizes the average grain size values.
Similarly, the average crystalline size of SA-AuNPs samples ranged from 9 to 10 nm (Table

4.2).

Table 4.1: Average crystalline size of silver nanoparticles (SA-AgNPs)

Sample Average crystalline size (nm)
SABM-AG 9
SABE-AG 10
SALM-AG 19
SALA-AG 14
SALD-AG 14

Notes: SABM-AG= bark methanol conjugated AgNPs, SABE-AG= bark ethanol conjugated
AgNP, SALM-AG= leaf methanol conjugated AgNP, SALA-AG= leaf acetone conjugated

AgNP, SALD-AG= leaf water conjugated AgNP.

Table 4.2: Average crystalline size of gold nanoparticles (SA-AgNPs)

Sample Average crystalline size (nm)
SABM60S100 9
SABM90S100 8
SABE30S100 9
SABE60S100 10
SABA30S100 9

Notes: SABM60S100= bark methanol conjugated AuNPs, SABM90S100= bark methanol
conjugated AuNPs, SABE30S90100= bark ethanol conjugated AuNPs, SABE60S100= bark
ethanol conjugated AuNPs, SABA30S100= bark acetone conjugated AuNPs, 60S/90S/30S=

indicates the synthesis time in seconds, and 100= concentration of the plant extracts in mg/mL.
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4.3.3 Dynamic light scattering (DLS) particle analysis of SA-AgNPs and SA-AuNPs

Dynamic light scattering (DLS) was utilized to assess the average particle size, particle size
distribution and polydispersity index (PDI) of the synthesized silver (SA-AgNPs) and gold
nanoparticles (SA-AuNPs). This method captures the dynamic alterations in light scattering
intensity due to the Brownian motion of the nanoparticles. The findings revealed that the SA-
AgNPs samples SABM-AG, SABE-AG, and SABA-AG average particle size diameters were
around 132-409 nm, 994 nm, and 186 nm, respectively, along with corresponding PDI values
of 1, 0.318, and 1. The intensity-weighted mean hydrodynamic size (Z-average) ranged from

1514, 1293, and 2511 d.nm for these AgNP samples (Figure 4.7A-C).

70

© University of Venda



A
Hydrodynamic Radius

Estimated MW (t SD) (KDa): 184e7 * 1.84e+07

()

O

&

University of Venda
Creating Future Leaders

B

Results

Z-Average (£ SD) (d.nm): 1514 + 1514 . 100.0 _
*ePolycispersity Size(dn.. % Intensity: StDev (d.n...
Polydispersity Index: 1,000 Sample Polydispersity: Polydisperse
Z-Average (d.nm): 1293 Peak 1: 993,6 100,0 209,1
Distribution Results Est. MW (KDa) Peak Pat: 0,318 Peak2: 0000 00 0,000
MeanSD(nm) %Pd  (Mean$SD)  %intensity %Mass Polydispersity
Intercept: 0,716 Peak 3: 0,000 0,0 0,000
Peak1: 1320 £9676 7.3 6.09+ * 584e+3 367 317 Monodisperse
Peak2: 4092 £3920 96 B8.60e+5+ 6.30e+4 633 683 Monodisperse Result quality Refer to quality report
Peak 3: 0,000 + 0,000 0 00400 00 00
Size Distribution by Intensity
Sze Distribution by Intensity Size Distribution by Mass
07
® »
_ %t = | If
-l £ R [ \
> I s z E\
g | | 5 2 |
£ ] S0 ) £ 10} |
1o} ‘ | =
! | \ f
1 10 100 1000 1 10 100 1000 0 .
See (d.nm) Size (d nm) 01 1 10 100 1000 10000
Szo (d.nm)
Record 1. SABMSFRAG 1| Record 1. SABMSFRAG 1|
5 LS 3
Rocor 5 SABMSFRAG 3 Recoeds SABMSFRAGY Rocord 11 SABESFRAG 1 Rocord 12 SABESFRAG 2 Rocord 13 SABESFRAG 3
C
Results
Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 2511 Peak1: 1863 100,0 9,203
Pdl: 1,000 Peak2: 0,000 0,0 0,000
Intercept: 1,33 Peak3: 0,000 0,0 0,000
Result quality Refer to quality report
Size Distribution by Intensity
%0+
80
7
'§ 60
g%
% 40
fx
20}
10
o w1} ] A0 100 S
o1 1 10 100 1000 10000

Size (d.nm)

Record 1: SABASRTAG 1

Figure 4.7:

AgNPs. A=

Record 2: SABASRTAG 2

Record 3: SABASRTAG 3

Dynamic light scattering (DLS) analysis for particle size of synthesised SA-

SABM-AG (bark methanol conjugated AgNPs), B= SABE-AG (bark ethanol

conjugated AgNP), and C= SABA-AG (bark acetone conjugated AgNP). Each sample

underwent three runs.

In contrast, the AuNPs samples SABM-AU, SABE-AU, and SABA-AU displayed distinct

average particle size distributions of 775 nm, 284 nm, and 1593-5560 nm, with PDI values of

0.253, 1, and 0.548, respectively. Z-average particle size for AuNPs ranged from 745.4 to 3353

d.nm (Figure 4.8 A-C). Most of the synthesized AgNPs were polydisperse, except for sample

SABE-AG, whereas the majority of AuNPs were monodisperse, except for sample SABE-AU.
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Dynamic light scattering (DLS) analysis for particle size of synthesised SA-

SABM-AU (bark methanol conjugated AuNPs), B= SABE-AU (bark ethanol

conjugated AuNP), and C= SABA-AU (bark acetone conjugated AuNP). Each sample

underwent three runs.

The colloidal stability of the synthesized nanoparticles was assessed using zeta potential (ZP)

measurements. For the SA-AgNPs samples SABM-AG, SABE-AG, and SABA-AG, ZP values

were -27.7 mV, -16.5 mV, and -0.79 mV, respectively (Figure 4.9A-C). Similarly, for the SA-

AuNPs samples SABM-AU, SABE-AU, and SABA-AU, ZP values were -10.9 mV, -0.822
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mV, and -13.7 mV (Figure 4.10A-C). Nanoparticles typically exhibit stability when their ZP
values fall within the range of +30 mV to -30 mV (Yadi et al., 2022). Based on this standard
and the provided ZP values, it is evident that the SA-AgNPs sample SABM-AG exhibits the
highest degree of stability. Conversely, the other nanoparticles, including SA-AuNPs, manifest

varying degrees of instability or susceptibility to agglomeration over time.
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Figure 4.9: Zeta potential (ZP) stability analysis of the produced SA-AgNPs. A= SABM-AG
(bark methanol conjugated AgNPs), B= SABE-AG (bark ethanol conjugated AgNP), and C=

SABA-AG (bark acetone conjugated AgNP). Each sample was run in triplicates.
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Figure 4.10: Zeta potential (ZP) stability analysis of the produced SA-AuNPs. A= SABM-AU

(bark methanol conjugated AuNPs), B= SABE-AU (bark ethanol conjugated AuNP), and C=

SABA-AU (bark acetone conjugated AuNP). Each sample was run in triplicates.

4.3.4 Transmission electron microscopy (TEM) analysis of SA-AgNPs and SA-AulNPs

Transmission electron microscopy (TEM) was used to investigate the shape and size of SA-

AgNPs and SA-AuNPs. Figure 4.11 displays TEM micrograph images of SA-AgNPs at

different magnifications (200, 100, and 20 nm), along with their corresponding particle size

distribution portrayed in histogram graphs. The TEM analysis revealed diverse morphologies

and sizes of both types of NPs. It was observed that SA-AgNPs consisted of smaller particles
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predominantly exhibiting spherical shapes, along with larger particles displaying squash-

spherical, hexagonal, and irregular forms.

The average core size of SA-AgNPs exhibited significant variation across the different
samples. Specifically, the SABM-AG (A-C), SABE-AG (D-F), SABA-AG (G-I), and SALE-
AG (J-L) samples showed particle size range of 13 to 53 nm, 4 to 35 nm, 2 to 9 nm, and 5 to
136 nm, respectively. With corresponding average particle size distribution of 23.2+10.2, 17.7
+10.2,5.9+ 1.9, and 60.4 + 49.5 nm, indicating a notable diversity in size among the various

samples.
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Figure 4.11: The TEM microgram images of various samples of SA-AgNPs at different magnifications

(200, 100, and 20 nm) and their corresponding size distributions displayed in histograms. From A-C=

SABM-AG (bark methanol conjugated AgNPs), D-F= SABE-AG (bark ethanol conjugated AgNP), G-

I= SABA-AG (bark acetone conjugated AgNP), and J-L= SALE-AG (leaf ethanol conjugated AgNP).

Figure 4.12 presents TEM images of SA-AuNPs at magnifications 200, 100, and 20 nm, along with

their corresponding particle size distribution shown in the histogram graph. The SA-AuNP (SABE-AU)

have demonstrated various shapes such as spheroidal and star-shaped, with a core size range of 6 to 32

nm, and an average particle size distribution of 14.1 £ 6.4 nm.
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Figure 4.12: TEM micrograph images of SA-AuNPs sample SABE-AU (bark ethanol
conjugated AuNP) shown at various magnifications (A= 200 nm, B=100 nm, C= 20 nm) along

with their corresponding average particle size distributions.

4.3.5 Fourier-transform infrared spectroscopy (FTIR) analysis of the plant extracts and
conjugated nanoparticles.
The FTIR spectral analysis results confirmed the functional groups and chemical compounds

present in S. africana crude extracts (Figure 4.13). The bark extracts spectral analysis displayed
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a broad peak at 3310 cm™!, while leaf extracts had peat at 3301 cm-1, indicating the presence
of O-H (hydroxy) groups. A narrow peak was observed at 1632 and 1639 cm™ for bark and
leaf, respectively, suggesting C=C stretching (alkenes) or N-H (amide) groups. Both extracts
exhibited absorption peaks at 1011 cm™, which indicates C-O stretching (alcohols). Moreover,
absorption at 950 cm™! was also seen and is associated with C-H (aromatic) in-plane bending
(Devi and Sathishkumar, 2017; Senthilkumar et al., 2018; Nandiyanto et al., 2019;

Mickymaray, 2019; Wongsa et al., 2022).

S. Africana bark extracts §. Africana leaf extracts
SABM SALM
SABE SALE
SABA SALA
SABD SALD
1) N
2 8
g §
£ £
@ =
E =
T T T T T T T T 1 T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™) Wavenumber (cm™)

Figure 4.13: Fourier-transform infrared (FTIR) spectra for S. Africana crude extracts: bark
methanol (SABM), bark ethanol (SABE), bark acetone (SABA), bark water (SABD), leaf
methanol (SABM), leaf ethanol (SABE), leaf acetone (SABA), leaf water (SABD.

FTIR analysis of both SA-AgNPs and SA-AuNPs displayed similar results to those of the
extracts, albeit with minor shifts in absorption bands. For this technique, samples with the best
antimicrobial activity were presented in Figure 4.14. The results indicate the presence of

functional groups such as hydroxyl (O-H), alkenes’ C=C stretching or amide groups’ N-H
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stretch, alcohols’ C-O stretch, and hydrocarbons’ C-H stretch. Figures 4.14A-B depict SA-

AgNP samples, while Figures 4.14C-E represent SA-AuNP samples.
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Figure 4.14: Fourier-transform infrared (FTIR) for SA-AgNPs and SA-AuNPs; SA-AgNPs

produced by S. africana bark (A) and leaf (B) extracts at room temperature. SA-AuNPs
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produced by S. africana bark extracts using microwave at reaction times 30 seconds (C), 60

seconds (D), and 90 seconds (E).

4.3.6 Liquid chromatography-mass spectroscopy (LC-MS) analysis of S. africana extracts
The LC-MS analysis of S. aficana extracts was conducted in negative ion modes to identify
phyto-compounds with biological activities such as antimicrobial, antioxidant, anti-
inflammatory etc., based on their retention time and m/z ratio. The GNPS library was employed
for the identification of potential compounds. The results revealed 23 bioactive compounds,
each belonging to Flavonoids, Phenolic acids, Phenols, Tannins, Glycosphingolipids,
Phospholipids, Terpenoids, Flavonoid glycosides, Ellagitannin, and Polyphenols. The analysis
of phytochemical classes shows the presence of a diverse array of bioactive compounds within

the samples. The findings are meticulously detailed in Table 4.3 and in Figure 4.15.

Table 4.3. Phytochemical compounds of S. afiicana extracts identified by LC-MS with their

biological activities.

Molecular | Compound Class Biological Reference

formula name activity

305. 3.3801 CxHisO11  Gallocatechin - Flavonoids  Antioxidant, Bae et al.,
136 09 30eV antimicrobial 2020

, anti-

inflammator

y, and

anticancer

609. 8.5913 Cy7H30016 Rutin Flavonoids  Antioxidant, Negahdari
161 04 anticancer, etal., 2021

antimicrobial

, anti-

inflammator

y, anti-

diabetic,

anti-arthritic,
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Phenolic
acids

Flavonoids

Phenols

Flavonoids

anti-allergic,
and wound
healing

Antioxidant,
anti-
inflammator
y, . .
antimutageni
C,
antimicrobial
antidiarrheal,
and wound
healing
properties

Anticancer,
antioxidant,
antibacterial,
anti-
inflammator
y, anti-
Alzheimer,
antifungal,
antiviral,
anti-
thalassemia,
iron
chelation,
antiobesity,
antidiabetic,
antihypertens
ion, and anti
phospholipas
e A2 (PLA2)
activities,

anti-
inflammation
, antioxidant,
and
antitumor
enhancing
effect

antioxidant,
anticancer,
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acid
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Tannins

Tannins

Glycosphing
olipids
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Flavonoids

Phenolic
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anti-
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y, and
antiviral
activities.

antihypertens
ive,
vasodilator
effects,
antiobesity,
antihypercho
lesterolemic
and
antiatheroscl
erotic

Antioxidant,
anti-
inflammator
y, and anti-
tumor effects
anti-
inflammator
y, and
antiviral
activities.

Anticancer

Anticancer,
antioxidant,
anticholinerg
ic,
antidiabetic
and

antiglaucoma
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Antimicrobia
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antioxidant,
anti-
inflammator
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antidiabetic,
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neuroprotecti
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Flavonoid

Flavonoid

Terpenoid
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cardioprotect
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Antioxidant,
anti-
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y, anti-
cancer,
neuroprotecti
ve,
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tive, anti-
obesity, anti-
diabetic,
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hypertensive,
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atherosclerot
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cancer, anti-
diabetic,
hepatoprotec
tive, and
anti-
microbial
activities.

939. 7.4708 C41H3202 Beta-penta-O-  Polyphenol  Antioxidant, Wen et al.,
135 06 galloyl-glucose anti- 2023

inflammator

y, anti-

cancer, anti-

diabetic,

anti-

microbial,

and anti-viral

activities.

302. 93066 Ci14HgOs Ellagic acid Polyphenol ~ Antioxidant, Al-Harbi et
01 07 anti- al., 2021

inflammator

y, anti-

cancer, anti-

diabetic,

anti-

microbial,

and anti-viral

activities.

343. 2.2846 CisHi6010 Theogallin Flavonoid Antioxidant, Karwowsk
204 32 anti- aetal.,

inflammator 2023

y, anti-

cancer, anti-

diabetic,

anti-

microbial,

and anti-viral

activities.

Flavonoids, including rutin, quercetin-O-(O-galloyl)-pentoside, quercitrin, spiracoside,
afzelin, hyperoside, isorhamnetin-3-O-galactoside-6"-rhamnoside, procyanidin trimer,

NCGC00385721-01, ellagic acid, and theogallin, were prominently detected. Furthermore,
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phenolic acids, represented by [3.4,5-trihydroxy-6-(3.4,5-trihydroxybenzoyl)oxyoxan-2-
yl]methyl 3,4,5-trihydroxybenzoate, were identified. Additionally, phenols like 6-gingerol,
tannins such as geraniin and 1,3,6-tri-O-galloylglucose, glycosphingolipids like
soyacerebroside I, phospholipids including 1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol), triterpenoids such as olivetoric acid, ellagitannin like corilagin, and polyphenols

such as beta-penta-O-galloyl-glucose were also observed.

The experimental LC-MS chromatograms of S. afiicana displayed more peaks in methanol
extracts compared to other solvents, as depicted in Figure 4.15. This observation suggests that
methanol extraction yields a higher diversity of compounds from the plant material.
Furthermore, the chromatogram highlights the dominancy of flavonoids, which is evident from

their prominent retention times.
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Figure 4.15: The LC-MS chromatograms of S. africana (A) methanol extracts, (B) ethanol

extracts, and distilled water extracts (C) obtained using three different solvents.

4.4 Antimicrobial activity of S. africana extracts and nanoparticles

The antimicrobial activities of S. afiicana crude extracts and their synthesised SA-AgNPs/SA-
AuNPs were tested against the WHO priority bacterial pathogens (4. baumannii, P.
aeruginosa, E. coli, and S. aureus) of ABR, responsible for RTIs. The antimicrobial efficacy
was tested via agar-well and microdilution methods. For the crude extracts and SA-AgNPs, the

effectiveness and stability were assessed for three months, and the results presented with
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Experiment 1 corresponded to the activity exhibited in the first month, Experiment 2 in the
second month, and Experiment 3 in the third month. Meanwhile, for SA-AuNPs results were
done only for three trials, because SA-AuNPs samples had the lowest activity, even when the
synthesis process had been optimised with different HAuCls4 concentration, temperature, and
plant extracts concentrations, better activity was only seen after increasing the concentration

of the plant extracts and employing microwave for the synthesis.

4.4.1 Agar well-diffusion assay

There was a significant difference in the antimicrobial activity of the S. africana extracts
compared to the positive control (p=0.0395), suggesting their potential as effective
antimicrobial agents. Agar-well diffusion assay results revealed that S. afiicana plant extracts
acted as antimicrobial agents all bacteria (Figure 4.16). Antimicrobial activity by agar-well
assay was in contrast with that obtained by the microdilution methods because the plant extracts
were more active against P. aeruginosa, followed by A. baumannii, S. aureus and E. coli. The
highest inhibition effect was observed from sample SABM (24 mm) extract against P.
aeruginosa for both Experiment 1 and 2, followed by SALE with zone of inhibition diameter

of 19 mm on both S. aureus and A. baumannii.

All the bark extracts had 0 mm inhibition zones on E. coli, except for the leaf extracts, which
had a high inhibition effect at sample SALM (18 mm). Sample SALD (0 mm) was not active
against all three tested bacteria except for S. aureus. An increase in antimicrobial activity of
the extracts as their incubation period increases was also observed. However, leaf extracts
against A. baumannii and bark extracts against S. aureus had higher activity during Experiment

1(first month), and the inhibition activity dropped as time goes (Experiments 2 and 3).
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Figure 4.16: Zone of inhibition (mm) of S. africana plant extracts (10 mg/mL) against selected
bacteria. PC= positive control (Lomefloxacin hydrochloride), SABM= bark methanol, SABE=
bark ethanol, SABA= bark acetone, SABD= bark water, SABM= leaf methanol, SABE= leaf
ethanol, SABA= leaf acetone, SABD= leaf water. A= bark extracts against S. aureus, B= leaf

extracts against S. aureus, a= positive control, b= negative control (10% Dimethyl sulfoxide),
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c= water extracts, d= acetone extracts, e= ethanol extracts, f= methanol extracts (One-way

ANOVA, Tukey’s post hoc test, p<0.05).

The overall results for SA-AgNPs are illustrated in Figure 4.17, showcasing the zone of
inhibition in both a bar graph on the left and agar plates on the right. Among the tested strains,
the SA-AgNPs exhibited greater efficacy against P. aeruginosa, followed by S. aureus and A.
baumannii, and demonstrated relatively less activity against E. coli. Notably, samples SABA-
AG and SALA-AG displayed the highest inhibition activity, achieving a substantial 22 mm
diameter against P. aeruginosa. Furthermore, SABA-AG exhibited higher activity against S.
aureus, with a 21 mm diameter zone of inhibition. In the case of 4. baumannii, SALA-AG
demonstrated greater effectiveness with an inhibition diameter of 18 mm, while E. coli proved
more susceptible to SALM, displaying an 18 mm inhibition diameter. The findings were
statistically significant, with a p-value of 0.0346, indicating a notable difference in the

antimicrobial activity of SA-AgNPs compared to the positive control.

Conversely, SABD-AG exhibited lower activity, showing no inhibition against E. coli and
minimal activity against P. aeruginosa and S. aureus. Additionally, SALE-AG displayed lower
activity, particularly against A. baumannii. Overall, these findings highlight the varying
degrees of antimicrobial activity observed among the tested samples, with SABA-AG and

SALA-AG emerging as the most potent against the tested bacterial strains.
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Figure 4.17: Antimicrobial activity SA-AgNPs (2.68 mg/mL) by zone of inhibition (mm)
against E. coli (A-B), P. aeruginosa (C-D), A. baumannii (E-F), and S. aureus (G-H). SA-
AgNPs synthesised by bark methanol (SABM-AG), bark ethanol (SABE-AG), bark acetone
(SABA-AG), and bark water (SABD-AG) extracts. SA-AgNPs synthesised by leaf methanol
(SALM-AGQG), leaf ethanol (SABE-AG), leaf acetone (SABA-AG), and leaf water (SALD-AQG),
PC is positive control (Lomefloxacin hydrochloride). One-way ANOVA followed by Tukey’s

post hoc test, p<0.05.

Antimicrobial activity of SA-AuNPs samples generally demonstrated lower activity compared
to SA-AgNPs. However, it was notable that SA-AuNPs exhibited higher efficacy against S.
aureus, followed by P. aeruginosa, with the lowest activity observed against A. baumannii. E.

coli showed resistance to SA-AuNPs, as there was no inhibition observed.

The most significant activity was observed in samples SABM90S100 and SABE90S100, both

showing a zone inhibition diameter of 25 mm against S. aureus. SABE90S100 is also seen to
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have the highest activity against P. aeruginosa (16 mm). The difference in antimicrobial
activity between SA-AuNPs and the positive control was statistically significant (p=0.0011),
suggesting the potential of SA-AuNPs as antimicrobial agents. In contrast, lower activity was
observed against A. baumannii, and none of the samples were effective against E. coli. The

results are displayed in Figure 4.18.
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Figure 4.18: Antimicrobial activity of SA-AuNPs (10.14 mg/mL) against E. coli, P.
aeruginosa, A. baumannii, and S. aureus, shown by the zone of inhibition (mm). SA-AuNPs
synthesised by bark methanol-AuNPs for 30 seconds (SABM30S100), 60 seconds
(SABM60S100), 90 seconds (SABM90S100), ethanol-AuNPs for 30 seconds (SABE30S100),
60 seconds (SABE60S90100), 90 seconds (SABE90S90100), and acetone-AuNPs for 30
seconds (SABA30S100), 60 seconds (SABA60S100) and 90 seconds (SABA90S100). PC is
the positive control (Lomefloxacin hydrochloride) (One-way ANOVA, Tukey’s post hoc test,

p<0.05).
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4.4.2 Microdilution assay

The microdilution assay evaluated the MIC of S. africana for three months. In general,
inhibition activity was consistently increased over time for all extracts against all tested
bacteria, with S. aureus being the most susceptible, followed by E. coli, A. baumannii, and P.
aeruginosa (Figure 4.19). However, no statistically significant effect was observed for the S.
africana extracts compared to the positive control (p=0.1214), indicating that the antimicrobial
properties of the extracts may not be strong enough to warrant further investigation as effective

agents against the tested bacteria.

In Experiment 1, SALA extract was the most active against S. aureus, with MIC value of 2.5
mg/mL. However, SALM, SALE, and SALA had lower inhibition effects against E. coli and
A. baumannii with MIC values of 5 mg/mL and 10 mg/mL, respectively. Bark extracts were
not active against these two bacterial strains. Additionally, P. aeruginosa was resistant to

almost all the extracts except for SABD extract with the MIC of 10 mg/mL.

During Experiment 2; the sample with the highest antimicrobial activity was S. afiicana leaf-
ethanol (SALE) extracts with an inhibition concentration of 1.25 mg/mL against S. aureus. An
inhibition effect was also seen on SABM, SABE, SABA, SALM, and SALE against E. coli
with the same MIC value of 5 mg/mL. The results displayed an increased inhibition activity on
A. baumannii produced by SABM, SABE and SABA with MIC value of 5 mg/mL. On the
contrary, all plant extracts were ineffective against P. aeruginosa. The samples SABD and

SALD extracts had no activity against all tested bacteria.

Lastly, the results of Experiment 3 show the best antimicrobial activity at SALM and SALE
plant extracts with the lowest MIC of 1.25 mg/mL against S. aureus. Followed by SABM,

SABE, SALM and SALE with good inhibition activity for E. coli at MIC value of 2.5 mg/mL.
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Despite increased extract activity as time progressed, a lower activity was observed against 4.
baumannii at SALM, SALE, and SALA with the MIC of 10 mg/mL. Notably, SALD extract
consistently exhibited no activity against all bacterial strains, except for P. aeruginosa, which

showed sensitivity with the lowest MIC of 1.25 mg/mL.

E. coli P. aeruginosa
= I Experiment 1 10 [ Experiment 1
94 - Experiment 2 9 L | Experiment 2
3 [ ]Experiment 3
8 Experiment 3 8
g 71 3 74
£ 6 £ 61
=) )
£ 5 g 5+
O 44 5_‘) 44
= 5] = ;]
>l 2
14 14 l
04 0 T T T T T T T T
SABM SABE SABA SABD SALM SALE SALA SALD SABM SABE SABA SABD SALM SALE SALA SALD
S. afrikana crude extracts S. afrikana crude extracts
A. baumannii S. aureus
10 [ Ex periment 1 10 [ Experiment 1
94 [ |Experiment2| 9 [ ] Experiment 2
s [ Ex periment 3 g [ Experiment 3
37 =
= 6 = 6
E] E)
g 51 =
N C
O 44 Q
=
= 3 =
2 4
14
0~

SABM SABE SABA SABD SALM SALE SALA SALD SABM SABE SABA SABD SALM SALE SALA SALD

S. afrikana crude extracts S. afrikana crude extracts

Figure 4.19: Minimum Inhibitory Concentration (MIC) in mg/mL of S. africana plant extracts.
SABM (bark methanol), SABE (bark ethanol), SABA (bark acetone), SABD (bark distilled
water), SALM (leaf methanol), SALE (leaf ethanol), SALA (leaf acetone), SALD (leaf distilled
water), Experiment 1 (1% month), Experiment 2 (2™ month), Experiment 3 (3™ month) (One-

way ANOVA, Tukey’s post hoc test, p>0.05).
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The MIC results from SA-AgNPs highlighted varying levels of activity among the samples
against tested bacterial strains (Figure 4.20 and Figure 4.21). The SA-AgNPs activity was
statistical significant when compared to the control (p=0.0287), indicating that their
antimicrobial effects are likely reliable. Generally, E. coli was found to be the most susceptible
to SA-AgNPs samples. Notably, SABM-AG, SABE-AG, and SALM-AG exhibited the lowest
MIC value of 0.05 mg/mL against E. coli. SALM-AG also demonstrated a MIC of 0.05 mg/mL
against P. aeruginosa, while SABE-AG displayed a MIC of 0.05 mg/mL against A. baumannii.
Additionally, SABA-AG showed a MIC of 0.09 mg/mL against S. aureus. Conversely, SABD-
AG and SALD-AG displayed the least activity against bacterial strains, particularly SALD-AG
with MIC values of 0.67 mg/mL against S. aureus and A. baumannii. These results emphasise
the differential antimicrobial efficacy of the samples, with some exhibiting potent inhibitory

effects while others showed limited activity against certain bacterial strains.

- E. coli

! - P. aeruginosa
- A. baumannii

1 S. aureus

o
~
|

=
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1

MIC (mg/mL)

L
)
!

S. Africana-AgNPs

Figure 4.20: Minimum Inhibitory Concentration (MIC) in mg/mL of SA-AgNPs synthesised

by bark methanol (SABM-AG), bark ethanol (SABE-AG), bark acetone (SABA-AG), and bark
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water (SABD-AG) extracts. SA-AgNPs synthesised by leaf methanol (SALM-AG), leaf
ethanol (SABE-AG), leaf acetone (SABA-AG), and leaf water (SALD-AG), PC= positive

control (Lomefloxacin hydrochloride) (One-way ANOVA, Tukey’s post hoc test, p<0.05).

Conc
(mg/mL)

A 2.68

B. 1.34 - .
Microbial
mhibition

C. 0.67

Microbial
growth

F. 0.09

G. 0.05

H. 0.03

Negative
control

Positive
control

Figure 4.21: A 96 well plate depicting bacterial inhibition by microdilution assay for SA-

AgNPs samples.

The MIC results for SA-AuNPs revealed varying levels of activity against the tested bacterial
strains, with S. aureus emerged as the most sensitive among the strains examined (Figure 4. 22
and Figure 4. 23). Notably, samples SABM60S100 and SABE90S90100 exhibited the highest
activity against S. aureus, with the lowest MIC value recorded at 0.64 mg/mL. Similarly,
SABE90S90100 and SABA90S100 demonstrated notable efficacy against E. coli, both
displaying a MIC value of 1.27 mg/mL. Additionally, SABA90S100 exhibited activity against

P. aeruginosa, with a MIC value of 1.27 mg/mL. None of the tested SA-AuNPs samples
96
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showed activity against 4. baumannii. The antimicrobial activity of SA-AuNPs was not
significantly different from the positive control (p=0.3154), indicating that the observed effects
may be due to chance rather than a true antimicrobial effect. This suggests that while some
activity was noted, the SA-AuNPs may not be effective enough to be considered reliable

antimicrobial agents against the tested bacterial strains.

B E. coli

1 [ P. aeruginosa
2 - A. baumannii

8 B s. aureus

MIC (mg/mL)

I
PR

S. Africana-AuNPs

Figure 4.22: Minimum Inhibitory Concentration (MIC) in mg/mL of SA-AuNPs synthesised
by bark methanol-AuNPs for 30 seconds (SABM30S100), 60 seconds (SABM60S100), 90
seconds (SABM90S100), ethanol-AuNPs for 30 seconds (SABE30S100), 60 seconds
(SABE60S90100), 90 seconds (SABE90S90100), and acetone-AuNPs for 30 seconds
(SABA30S100), 60 seconds (SABA60S100) and 90 seconds (SABA90S100). PC= positive

control (Lomefloxacin hydrochloride) (One-way ANOVA, Tukey’s post hoc test, p>0.05).
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Figure 4.23: A 96 well plate depicting bacterial inhibition by microdilution assay for SA-

AuNPs samples.

4.4.3 Minimum bactericidal concentration (MBC)

All the S. africana crude extracts were tested for their ability to kill bacteria by inoculating
from all wells containing plant extracts or NPs with bacterial inhibition activity (no colure
change) during the microdilution experiments. The results showed plant extracts had a
bactericidal effect only on S. aureus. However, there was no statistically significant effect when
compared to the positive control (p=0.3965), indicating that the antimicrobial properties of the
extracts may not be strong enough to warrant further investigation as effective bactericidal
agents against the tested bacteria. As shown in Figure 4.24, which displays the MBC of the
plant extracts against S. aureus. The extract with the best killing activity was SALE, with the

lowest MBC of 2.5 mg/mL. Sample SABM. SABD and SALD had no killing activity on S.
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aureus. Additionally, none of the plant extracts also exhibited a bactericidal effect against E.

coli, P. aeruginosa and A. baumannii.

S. aureus

- Experiment 1

Experiment 2

9 ] :I Experiment 3

5_

o

3]

7

1 l
0- :

SABM SABE SABA SABD SALM SALE SALA SALD

MBC (mg/mL)

S. africana crude extracts

Figure 4.24: Minimum Bactericidal Concentration (MBC) in mg/mL of S. africana plant
extracts. SABM (bark methanol), SABE (bark ethanol), SABA (bark acetone), SABD (bark
distilled water), SALM (leaf methanol), SALE (leaf ethanol), SALA (leaf acetone), SALD (leaf

distilled water). One-way ANOVA followed by Tukey’s post hoc test (p>0.05).

The MBC results revealed varying levels of activity among the SA-AgNPs samples against the
tested bacterial strains. Notably, samples SABM-AG and SABA-AG exhibited the lowest
MBC value of 0.09 mg/mL against A. baumannii, indicating potent bactericidal activity.
Additionally, SABA-AG demonstrated activity against S. aureus, also with an MBC of 0.09
mg/mL, SABM-AG displayed activity against E. coli and P. aeruginosa, with an MBC of 0.17
mg/mL. In contrast, SALD-AG showed the least activity, with MBC values ranging from 0.67
to 2.68 mg/mL. The p-value of 0.1547 suggests that the differences in MBC between the SA-
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AgNPs samples and the positive control were not statistically significant, indicating that the
observed bactericidal effects may have arisen from random variation rather than a true effect.

The results of MBC of SA-AgNPs are presented in a graph below (Figure 4.25).

[ E. coti

I P. aeruginosa
2.5 - A. baumannii
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MBC (mg/mL)
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S. Africana-AgNPs

Figure 4.25: Minimum Bactericidal Concentration (MBC) in mg/mL of SA-AgNPs (One-way
ANOVA, Tukey’s post hoc test, p>0.05). SABM-AG= bark methanol, SABE-AG= bark
ethanol, SABA-AG= bark acetone, SABD-AG= bark water, SALM-AG= leaf methanol,
SABE-AG= leaf ethanol, SABA-AG= leaf acetone, SALD-AG= leaf water, and PC= positive

control (Lomefloxacin hydrochloride).

The MBC results for SA-AuNPs indicated varying activity levels against the tested bacterial
strains (Figure 4.26). Notably, sample SABE90S90100 exhibited the highest activity against
both S. aureus and E. coli, with the lowest MBC values recorded at 0.63 mg/mL and 2.5
mg/mL, respectively. However, no killing activity was observed for A. baumannii and P.
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aeruginosa. There was no significant difference when compared to the positive control
(p=0.4196), suggesting the observed effects may be due to chance rather than a true
antimicrobial impact. These findings underscore the differential bactericidal efficacy of SA-

AuNPs against different bacterial strains, with some samples demonstrating potent bactericidal

effects against specific pathogens while showing no activity against others.
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Figure 4.26: Minimum Bactericidal Concentration (MBC) in mg/mL of SA-AuNPs
synthesised by bark methanol-AuNPs for 30 seconds (SABM30S100), 60 seconds
(SABM60S100), 90 seconds (SABM90S100), ethanol-AuNPs for 30 seconds (SABE30S100),
60 seconds (SABE60S90100), 90 seconds (SABE90S90100), and acetone-AuNPs for 30
seconds (SABA30S100), 60 seconds (SABA60S100) and 90 seconds (SABA90S100). PC=
positive control (Lomefloxacin hydrochloride) (One-way ANOVA, Tukey’s post hoc test,

p>0.05).
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4.4.4 Synergistic tests of S. Africana plant extract combinations by microdilution method
The synergistic activity of S. africana methanol and ethanol extract combinations against
resistant bacteria was evaluated using the microdilution assay. The overall inhibition activity
of the plant extracts in combination was less effective than that of the individual plant extracts.
However, ethanol mixtures showed the best antimicrobial activity against S. aureus with MIC
values of 1.25 mg/mL. E. coli was susceptible to all the plant mixtures with a MIC value of 5

mg/mL. No inhibition activity was found in any of the mixtures against P. aeruginosa and

()
o
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methanol mixtures also showed no activity against 4. baumannii (Table 4.4).

Table 4.4: The average mean of the minimum inhibitory concentrations (MIC) of the plant

extracts combinations against antibiotic-resistant bacteria.

Plant extracts | E. coli P. aeruginosa | A. baumannii S. aureus
formulations
Methanol bark and leaf extracts combinations
Mixture 1 5 - - 2.5
Mixture 2 5 - - 2.5
Mixture 3 5 - - 2.5
Mixture 4 5 - - 1.25
Mixture 5 5 - - 1.67
Ethanol bark and leaf extracts combinations

Mixture 1 5 - - 1.25
Mixture 2 5 - 5 1.25
Mixture 3 5 - 5 1.25
Mixture 4 5 - 5 1.25
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Mixture 5 5 - 5 1.25

Note: (-) = No activity. Mixture 1 to 5 represent different bark to leaf ratio combinations tested
agains antibiotic-resistant strains. Mixture 1 has a 9:1 bark to leaf ratio, Mixture 2 has a 7:3
ratio, Mixture 3 has a 5:5 ratio, Mixture 4 has a 3:7 ratio, and Mixture 5 has a 1:9 bark to leaf

ratio.

Table 4.5 represents the fractional inhibitory concentration index (FICI) and their
interpretations, and the results show that all plant extracts combinations had no synergistic
effectivity on any of the bacteria but exhibited indifference and addictive effects. Mixture 1 to
5, from both methanol and ethanol extracts had indifference effects against E. coli. Meanwhile,
mixture 4 of methanol extracts had an addictive effect against S. aureus. Ethanol mixture 2 to

5 also showed indifference effects on 4. baumannii.

Table 4.5: The fractional inhibitory concentration index (FICI) of methanol and ethanol

extracts combinations.

Bacterial strains Mixture 1 | Mixture 2 | Mixture3 | Mixture 4 | Mixture 5
Methanol bark and leaf extracts

Escherichia coli 4D 4D 4(D) 4(D 4D

Pseudomonas - - - - -

aeruginosa

Acinetobacter - - - - -

baumannii

Staphylococcus aureus | 2(1) 2(D 2(D) 1(A) 1.34(T)
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Ethanol bark and leaf extracts
Escherichia coli 4(D) 4(D) 4(D) 4(I) 4D
Pseudomonas - - - - -
aeruginosa
Acinetobacter - 1.5(D) 1.5(D) 1.5(D) 1.5(T)
baumannii
Staphylococcus aureus 1.5(T) 1.5(T) 1.5(D) 1.5(D) 1.5(T)

Key: A= Additive, I= Indifference, (-)= No activity.

4.5 Cytotoxicity assay

The cytotoxicity effects of S. africana extracts, SA-AgNPs, and SA-AuNPs on human
estrogen-positive breast cancer cells (MCF7), normal human mammary epithelial cells
(MCF10), and RAW 264.7 murine macrophage cells were investigated using the MTT method.
Following the treatment with the samples, changes in cell morphology were observed under a
light microscope after 24 hours of incubation at 37 °C (Figure 4.27). These observable changes

in cell morphology, such as cell rounding or shrinkage, clearly indicate cytotoxicity.
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Figure 4.27: Changes in cell morphology caused by acetone bark extracts (SABA), leaf
methanol extracts (SALM), bark acetone conjugated SA-AgNPs (SABA-AGQG), leaf ethanol
conjugated SA-AgNPs (SALE-AG) and bark ethanol conjugated SA-AuNPs (SABE-AU) on

the cells after 24 hours.

The cytotoxic activities were assessed using the MTT assay, with Figure 4.28 illustrating the
cytotoxic effects against MFC-7 cancer cells and MCF-10 normal cells. Among the tested

samples, plant extract SABA displayed no cytotoxic activity against all cell lines at
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concentrations ranging from 5 to 0.156 mg/mL, with viability ranging from 214% to 154% for
MCF-7 cells and 689% to 127% for MCF-10 cells. However, viability decreased to 41% at a
lower concentration of 0.078 mg/mL MCF-7 cancer cells.

Following this, SA-AgNPs (SABA-AG and SALE-AG) demonstrated significant cytotoxicity
across all tested cell lines. Specifically, SABA-AG inhibited MCF-7 cells by 12% and
stimulated MCF-10 cells by 172% at the lowest concentration of 0.01 mg/mL. However, at
concentrations ranging from 0.34 to 0.02 mg/mL, SABA-AG displayed toxicity against all cell
types.

Lastly, SA-AuNPs sample SABE-AU exhibited cytotoxic effects on MCF-7 cells, with
viability of 37% at concentrations at 0.08 mg/mL. Meanwhile, SABE-AU demonstrated higher
viability in non-cancerous MCF-10 cell lines but also stimulated MCF-7 cancer cells at higher

concentrations from 1.27 to 10.14 mg/mL.
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Figure 4.28: Cytotoxicity effects of S. Africana extracts (SABA and SALM), SA-AgNPs (SABA-AG
and SALE-AG), and SA-AuNPs (SABE-AU) on A) MCF-7 and MCF-10 by MTT assay. SABA=
acetone bark extracts, SALM= leaf methanol extracts, SABA-AG= bark acetone conjugated SA-
AgNPs, SALE-AG= leaf ethanol conjugated SA-AgNPs and SABE-AU= bark ethanol conjugated SA-

AuNPs. Two independent experiments portray results as means + standard error of the means (SEMs).

The cytotoxic activity of RAW 264.7 macrophage cells was evaluated using the MTT assay
(refer to Figure 4.29). The results revealed that the plant extract SABA exhibited no cytotoxic

activity at concentrations ranging from 0.078 to 5 mg/mL. At these increased concentrations,
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cell viability ranged from 105% to 605%. However, at the lowest concentration tested (0.039
mg/mL), the viability was reduced to 54%. In contrast, extract SALM displayed varying cell
viabilities ranging from 62% to 387% at higher concentrations of 0.156 to 5 mg/mL,
respectively. It showed cytotoxic effects at lower concentrations (0.039 to 0.078) mg/mL, with
viabilities ranging from 25% to 28%.

The cytotoxicity results for SA-AgNPs (SABA-AG and SALE-AG) indicate the effects of
these silver nanoparticles on cell viability at different concentrations. SABA-AG showed
significant cytotoxic effects, especially at lower concentrations (0.34 to 0.01 mg/mL), where
cell viability ranged from 42% to 5.7%. As the concentration increased to 0.67 and 1.34
mg/mL, the viability also increased to 79% and 117%, respectively. On the other hand, SALE-
AG exhibited cytotoxicity at even lower concentrations, starting from 0.04 to 0.01 mg/mL,
with cell viability ranging from 19% to -9%. However, at higher concentrations (0.08 to 1.34
mg/mL), the cell viability increased significantly, ranging from 78% to 228%.

Lastly, SA-AuNPs sample SABE-AU exhibited less cytotoxic effects at 0.08 mg/mL
concentration, with 58% viability. An increased viability was observed from 0.32 to 10.34
mg/mL, ranging from 105% to 667%. These results demonstrate varying degrees of
cytotoxicity among the tested samples, with some showing potent effects at low concentrations

while others required higher concentrations to elicit significant cytotoxic responses.
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Figure 4.29: Cytotoxicity effects of S. africana extracts (SABA and SALM), SA-AgNPs
(SABA-AG and SALE-AG), and SA-AuNPs on RAW 264.7 cells by MTT assay. SABA=
acetone bark extracts, SALM= leaf methanol extracts, SABA-AG= bark acetone conjugated
SA-AgNPs, SALE-AG= leaf ethanol conjugated SA-AgNPs and SABE-AU= bark ethanol
conjugated SA-AuNPs. Two independent experiments portray results as means + standard error

of the means (SEMs).
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4.6 Anti-inflammatory assay

The RAW 264.7 macrophage cells are known to play a critical role in regulating inflammatory
diseases. In the current study, we aimed to investigate the potential effects of S. africana
extracts, SA-AgNPs, and SA-AuNPs on the inflammatory response of macrophages when
stimulated with LPS. The overall anti-inflammatory results of this study demonstrated that the
treatment with tested samples efficiently inhibited the production and secretion of nitric oxide

NO induced by LPS (Figure 4.30).

Sample SALM, SALE-AG, and SABE-AG exhibited a significant decrease in NO production
across all concentration levels tested compared to the control (LPS treated solely). Conversely,
SABA and SABA-AG demonstrated an elevated NO production, particularly at concentrations
of 5, 0.156, and 0.078 mg/mL, as well as 0.08 and 0.02 mg/mL, respectively. These findings
suggest that SALM, SALE-AG, and SABE-AU possess potential anti-inflammatory effects
across all tested concentrations. In contrast, SABA and SABA-AG may contribute to a pro-

inflammatory response, especially at specific concentrations.
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Figure 4.30: The inhibitory effects of different concentrations of plant extracts (SABA and
SALA), silver (SABA-AG and SALE-AG), and gold (SABE-AU) nanoparticles on
lipopolysaccharide (LPS) induced inflammatory response on nitric oxide (NO) production in
RAW 264.7 macrophage cells. Two independent experiments portray results as means =+

standard error of the means (SEMs).

4.7 Antioxidant activity

The antioxidant activities of different S. africana extracts, SA-AgNPs, and SA-AuNPs were
evaluated using the DPPH assay, and the calculated ICso values (mg/mL) of DPPH free radical
scavenging activity are presented in Table 4.6. The antioxidant activity of the tested samples
was primarily assessed by observing the colour change from purple (after the addition of the
DPPH solution) to yellow (after a few minutes), as depicted in Figure 4.29. It is well-
established that a lower ICso value indicates higher antioxidant activity (Albanese et al., 2019).

Among all the tested samples, the plant extract SALA exhibited excellent antioxidant activity
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with the lowest ICso value of 0.000335 mg/mL. Conversely, SALE exhibited weak antioxidant
activity with an ICso value of 183 mg/mL. Moving on to SA-AgNPs, SABA-AG demonstrated
good antioxidant activity with an ICso value of 0.89 mg/mL, compared to the positive control
Ascorbic acid (0.1 mg/mL). For SA-AuNPs, SABM-AU exhibited good antioxidant activity

with an ICso value of 0.38 mg/mL.

Antioxidant
activity (vellow)

No antioxidant
activity (purple)

Figure 4.31: A 96 well plant depicting antioxidant activity of the tested samples via DPPH

assay.

Table 4.6: Antioxidant activities of S. afiicana extracts, silver (SA-AgNPs), and gold (SA-
AuNPs) by presented by DPPH scavenging activity ICso values (mg/mL). Ascorbic acid was
used a control for this assay.
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22,9954
7,22
0,000335
183,5641
1,267336

19,28438
2,46654
0,898972
1,216113
0,103832

0,376778
0,88046
1,761042
Notes: SABM= S§. africana bark-methanol, SABE= bark-ethanol.,, SALA= leaf-acetone,

SABM-AG= bark-methanol conjugated AgNP, SABE-AG= bark-ethanol conjugated AgNP,
SABA-AG= bark-acetone conjugated AgNP, SALE-AG= leaf-ethanol conjugated AgNP,

SABM-AU= bark-methanol conjugated AuNP, SABA-AU= bark-acetone conjugated AgNP.
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Chapter S: Discussions

Medicinal plants have a long history of use against various diseases, including RTIs (Kavitha
and Nadu, 2021). Their potential to inhibit microbial growth depends on the presence of
different secondary metabolites (Asong et al., 2023). The emergence of ABR bacteria has led
to a global crisis, and medicinal plants have gained attention as a promising source of new
antibacterial drugs (Asong et al., 2023). Plant-based AgNPs and AuNPs have been recognized
for their diverse applications and potential as eco-friendly solutions to combat ABR in bacteria

(Anand et al., 2022).

In this context, the present study synthesised and characterised SA-AgNPs and SA-AuNPs
using extracts from the S. afiicana plant, evaluating their antimicrobial activity against the
ABR bacteria implicated with RTIs, which are listed as priority pathogens by the WHO.
Additionally, the study assessed the cytotoxicity, anti-inflammatory, and antioxidant properties
of the NPs and extracts. This study highlights the potential of plant-based NPs as a novel

approach to combat ABR and treat RTIs.

The study successfully utilised methanol, ethanol, acetone, and water extracts of the S. africana
plant to synthesise Ag" and Au" salt into NPs. Various parameters, such as concentration,
reaction time, and incubation temperature, were optimised to achieve stable NPs with excellent
activity. Our investigation revealed that SA-AgNPs synthesised with a 5 mM AgNO;
concentration and incubated at 4°C exhibited favourable activity, parallel with findings by
Lépez-Miranda et al., (2016), who also reported positive outcomes under similar conditions.
Htwe et al. (2020) reported that 5 mM led to more intense and narrow peaks, indicating quicker

NP formation and a more uniform distribution.

The colour change observed during the synthesis of SA-AgNPs, from light yellow/brown at 1

mM to darker shades at 2 and 5 mM, suggests a correlation with NP agglomeration, as
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previously reported by Mukaratirwa-Muchanyereyi et al. (2022). This phenomenon
underscores the significance of concentration in controlling NP characteristics. Furthermore,
our study supports the findings of Velgosova et al. (2017), who demonstrated that maintaining
AgNPs at low temperatures and in darkness enhances their long-term stability, preventing
agglomeration and preserving their spherical shape and narrow size distribution. Consequently,

our study achieved stable SA-AgNPs when stored at 4°C for over three months.

In theory, the rate of conversion of ions into MNPs in the reaction depends on the initial
concentration of metal ions, meaning that higher initial metal ion concentrations lead to faster
conversion (Zhang et al., 2010; Htwe et al., 2020). This was also observed in the present study,

samples with 5 mM SA-AgNPs changed colour within an hour.

For SA-AuNPs, the colour changed to deep purple within a few seconds when synthesised by
microwave radiation, indicating a successful production of AuNPs (Singh and Mijakovic,
2022). The colour change is due to the surface plasmon vibrations and reduction of Au*" ions
by the phytoconstituents from extracts (Liaquat et al., 2022). Our study found optimal SA-
AuNPs with good biological activity after synthesising with them using increased extracts’
concentration and 1 mM HAuCls through microwave synthesis for 90 seconds. The
combination of phytochemicals and microwave heating facilitates the rapid synthesis of
AuNPs, offering a novel method for medically relevant production (Yasmin et al., 2014).
Saifuddin et al. (2009) also demonstrated that using plant extract-stabilized microwave
radiation has shown that AuNPs can be formed quickly, in as little as one minute. Additionally,
microwave radiation ensures uniform heating of aqueous solutions, preventing particle

aggregation during synthesis.

The UV-Vis spectral analysis further confirmed the presence of SA-AgNP and SA-AuNP,

revealing a variety of absorbance peaks indicative of the coherent oscillation of conduction
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electrons within the NPs in response to visible light, known as SPR (B. Aziz et al., 2019). This
SPR peak confirms the NPs and provides information about their size and shape (Noruzi,

2015).

In the SA-AgNP samples (SABM-AG/SABE-AG, SABD-AG, SALA-AG), the SPR peak
exhibited maximum absorbance at 397 and 454 nm, 397 and 470 nm, and 370 and 500 nm,
respectively. The presence of two distinct peaks suggests an anisotropic (non-uniform)
morphology of the AgNPs, with the peak at 397 nm indicating the out-of-plane dipole
resonance (Raza et al., 2016). This dual-peak phenomenon also suggests polydisperse size
distributions of SA-AgNPs, with smaller NPs contributing to the narrow peaks at 360/390 nm
and larger NPs contributing to the broad peak at 450/500 nm (Nakkala et al., 2014; Afreen et
al.,2020; Sharma et al., 2020). These results are consistent with previous studies reporting SPR
peaks within the range of 350-550 nm, which is indicative of AgNP formation (Babu and

Gunasekaran, 2009).

Additionally, a single SPR peak at 363 nm was observed for SALM-AG and SALE-AG,
indicating the presence of small spherical NPs with even distribution due to their narrow peak
(Azwatul et al., 2023). Furthermore, sample SABA-AG displayed a narrow peak at 480 nm,
indicating the presence of relatively homogeneous NPs in size and distribution, consistent with
findings from previous studies by Ahmad et al. (2023). Several studies have reported SPR

peaks around 480 nm (B. Aziz et al., 2019; Siakavella et al., 2020; Sharma et al., 2022).

Increasing AgNO3 concentrations when synthesising SA-AgNP caused the SPR band to shift
towards a higher wavelength region (red-shift) on samples SABM-AG, SALE-AG, SABA-
AG, and SABD-AG. This shift is attributed to the aggregation of NPs, as higher concentrations
of AgNO:s are likely to lead to the formation of large AgNPs, causing the observed colour to

change and peak shift (Ider et al., 2017; Mukaratirwa-Muchanyereyi et al., 2022). However,
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contrasting results were observed in other studies that found a blue shift when the concentration
is increased from 1 to 5 mM, portraying small monodispersed AgNPs (Zargar et al., 2014;

Sharma et al., 2020).

The absorbance values of SA-AgNPs samples increased with AgNO3 concentration up to 2
mM, then decreased at 5 mM, except for SABM-AG which had increased absorbance to 5 mM.
In contrast, SABA-AG exhibited decreased absorbance as AgNOs3 concentrations increased.
Decreased absorbance in this study resulted in SA-AgNPs with good activity (later described).
These variations in the response to increasing AgNO3 concentrations were observed across the

different samples, indicating diverse effects on the synthesis of AgNPs.

The influence of reaction time on the synthesis of SA-AgNPs using methanol and ethanol
extracts revealed decreased absorption peaks as the incubation time increased. Specifically,
SABE-AG/SALE-AG demonstrated a decrease in SPR peaks as the reaction time progressed.
These align with previous studies demonstrating that the appearance of characteristic SPR
bands corresponds to the formation of AgNPs (Bamsaoud et al., 2021; Ider et al., 2017; Babu
and Gunasekaran, 2009). We also observed red-shift with increased incubation, indicative of
larger NP sizes (Ider et al., 2017; Babu and Gunasekaran, 2009). Additionally, the absence of
absorption peaks in some cases suggests that AgNP formation does not occur under certain
conditions, such as low concentrations of AgNO3 and bark water extracts (Bamsaoud et al.,

2021; Ider et al., 2017).

The impact of temperature on the production of SA-AgNPs revealed that increasing
temperature led to heightened SPR peaks. Narrower bands with higher absorbance values were
consistently observed at 25°C compared to 4°C across most samples. These findings are
supported by previous reports which indicated that the rise of temperature causes the

absorbance spectra to increase, further concluding that NPs synthesised at higher temperatures
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produce larger particles that are aggregating (Liaquat et al., 2022; Mukaratirwa-Muchanyereyi
et al., 2022). A study by Stavinskaya et al. (2019) demonstrated that high temperatures speed

up the reduction of Ag ions, facilitating faster NP formation.

The SA-AuNPs samples resulted in SPR bands at wavelengths of 533 nm, 541 nm, and 574
nm for SABM-AU, SABE-AU, and SABA-AU samples, respectively, confirming the
production of AuNPs (Tyagi et al., 2021; Perveen et al., 2021). This observation is consistent
with the typical absorption spectrum of Au colloids, which exhibits a distinct absorption band
in the visible region between 500-600 nm (Rastogi, 2013; Yadi et al., 2022). A study on
Hibiscus rosa-sinensis stabilised AuNPs showed that changing plant extract concentration,
synthesising with microwaves, and adjusting exposure time influenced absorption spectra. It
was noted that increased plant extract concentration led to the formation of ideal AuNPs, while
a 90-second exposure produced small NPs with a distinct peak around 520 nm (Yasmin et al.,
2014). These results underscore the crucial role of plant extract concentration in controlling

NP size and shape.

Additional peaks were also observed in the UV-Vis spectra of samples SABM-AU and SABE-
AU before the 500 nm wavelength, possibly due to the presence of phytochemical compounds
involved in Au®" ion reduction. A study by Niranjan Dhanasekar et al. (2015) suggested that
these peaks may arise from aromatic amino acids such as tryptophan, tyrosine, or
phenylalanine, as well as peptide linkages, which help stabilise the NPs. A broad SPR band at
wavelength 574 nm in SABA-AU represents the polydisperse nature of AuNPs (Perveen et al.,
2021). These findings agree with earlier reports identifying a broad peak in the 550 to 600 nm
range (Guadie Assefa et al., 2017). This is further validated because toward a higher
wavelength (red-shift) where we find larger and aggregated NPs. Consistent with earlier reports
that found the SPR peaks at 527, 541, and 543 nm, which suggested that AuNP size increases,
as the SPR shifts to longer wavelengths (red-shift) (Nur and Nasir, 2008). Moreover, these
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reports suggested that NPs with wavelengths around 500 to 550 nm exhibit a hexagonal shape.
Overall, these findings emphasise the importance of optimising reaction parameters like extract
type and concentration, metal salt concentration, reaction time, and temperature during the

synthesis to achieve the desired properties of MNPs.

The X-ray diffraction (XRD) patterns observed in our study confirm the crystalline nature of
the SA-AgNPs and SA-AuNPs synthesised. SA-AgNPs exhibited more well-resolved and
intense diffraction peaks compared to SA-AuNPs, indicating a higher degree of crystallinity
and structural order in the SA-AgNPs. This finding aligns with previous studies that reported
similar results, where AgNPs demonstrated more pronounced crystallinity than their AuNPs
counterparts (Arshi et al., 2011; Singh et al., 2012). Our results correlate with the calculated
phases from the reference library JCPDS No. 01-1167, indicating a face-centred cubic (FCC)
structure, which is consistent with the crystalline structures reported in other studies (Dilbar et

al., 2023; Babu and Gunasekaran, 2009).

Interestingly, an additional peak at 45° was observed in the sample SAMB-AG, suggesting the
presence of potential plant compounds or impurities (Kumkoon et al., 2023). This observation
is supported by findings from Salayova et al., (2021), who also noted variations in peak
characteristics that could be attributed to organic compounds from plant extracts. Conversely,
SABE-AG and SABA60S100 lacked a peak at 43°, indicating possible variations in particle
characteristics that may arise from differences in synthesis conditions, as previously

highlighted by Raza et al., (2016).

The Bragg reflections observed propose that the X-ray scattering FCC nature of the NPs could
act as capping agents, influencing NP structures (Qidwai et al., 2018). This is particularly
relevant as other studies have shown that the presence of capping agents can significantly affect

the crystallinity and stability of nanoparticles (Ashraf et al., 2016).
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Another interesting observation in all samples is that the lattice planes corresponding to (200),
(220), and (311) were noted to exhibit weak intensity and broadening peaks compared to the
(111) Bragg's reflection. This suggests that the nanocrystals synthesised biologically display a
high level of anisotropy, with the NPs predominantly oriented along the (111) direction (Singh
etal., 2012). Which correlates with the UV-Vis results obtained. This finding is consistent with
previous reports indicating that the (111) plane is often the most stable and energetically

favourable orientation for MNPs (Zhang et al., 2017).

The average crystalline size of the SA-AgNPs samples varied between 9 to 19 nm under
different experimental conditions, suggesting a range of particle sizes contributing to the
observed XRD patterns. In contrast, the average crystalline size of the SA-AuNPs samples
ranged from 9 to 10 nm, indicating relatively uniform particle sizes across different synthesis
conditions (Dilbar et al., 2023). This discrepancy in crystalline size distribution between SA-
AgNPs and SA-AuNPs may be attributed to variations in synthesis parameters affecting
nucleation and growth processes, as noted in previous studies where different synthesis

methods resulted in varying particle sizes (Bamsaoud et al., 2021; Ider et al., 2017).

The distinct XRD peak characteristics and crystalline size variations underscore the importance
of precise control over synthesis conditions to tailor the structural properties of MNPs for
specific applications. For instance, research by Ansari et al. (2016) demonstrated that altering
the concentration of precursor materials can significantly influence the size and crystallinity of
AgNPs. Similarly, the findings from this study highlight that optimising parameters such as
reaction time, temperature, and precursor concentration is crucial for achieving desired NP

characteristics, reinforcing the need for meticulous experimental design in NP synthesis.

Dynamic light scattering (DLS) was employed to analyse the average particle size distribution,

polydispersity index (PDI), and zeta potential (ZP) of synthesised SA-AgNPs and SA-AuNPs,
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which is crucial for assessing NP’s stability and surface charge. By analysing the Brownian
motion of NPs, it calculates the hydrodynamic diameter (representing particle size in solution,
including the contribution surrounding hydration layers) (Karmaka, 2019; Noruzi, 2015). The
results indicated that SA-AgNPs samples had an average particle size range of 132-994 nm,
with a Z-average size range of 1514-2511 d.nm. Specifically, SABM-AG exhibited a broad
particle size distribution consisting of 132 and 409 nm. The wide distribution was also seen in
UV-Vis spectral analysis. The findings contradict several findings; Liaquat et al., (2022) found
an average particle size range of 1-43 nm, and Karmakar, (2019) found 19 nm for plant extracts
synthesised AgNPs by DLS analysis. Both studies further illustrated that smaller NPs around

that range exhibit good stability, and they are monodispersed in nature.

The SA-AuNP samples exhibited average particle size distributions ranging from 775-5560
nm, with Z-average sizes ranging from 745.4-3353 nm. A broad particle size distribution range
of 1593 and 5560 was also observed in SABA-AU. Different results were found in a study of
Salvia africana-lutea extract-based AuNPs with a hydrodynamic size of 63 nm (Dube et al.,
2020). It is known that a PDI value exceeding 0.7 suggests particle polydispersity, whereas a
value below 0.7 indicates particle monodispersity (Honary et al., 2013). Most of the synthesised

SA-AgNPs were polydisperse, while the majority of SA-AuNPs were monodisperse.

Monodisperse NPs are known to exhibit enhanced performance and distinctive applications in
comparison to polydisperse NPs (Liaquat et al., 2022). However, plant-based NPs are generally
polydispersed with different shapes, structures, and distribution of broad sizes (Noruzi, 2015).
Zeta potential analysis of SA-AgNPs revealed a ZP value of -27 mV for sample SABM-AG,
suggesting a high degree of electrostatic repulsion between the particles, leading to increased
stability. Nanoparticles with ZP values greater than +30 mV or less than -30 mV exhibited the
highest degree of stability (Yadi et al., 2022). The negative zeta potential observed could result
from the biochemical compounds found in the plant extracts (Liaquat et al., 2022).
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Analysis by TEM confirmed the presence of SA-AgNPs and SA-AgNPs with various particle
core sizes, distribution, and morphology. The SA-AgNPs samples had a range of shapes,
including smaller spherical particles and larger squash-spherical, hexagonal, and irregular
shapes. Average particle size of 23.2 + 10.2, 17.7 £ 10.2, 5.9 £ 1.9, and 60.4 + 49.5 nm for
SABM-AG, SABE-AG, SABA-AG, and SALE-AG, respectively. The observed smaller sizes
made these samples have exquisite biological activities. The variation in geometry and size is
a common observation in green synthesis of NPs, often linked to the phytochemical compound

present in plants used to reduce AgNOs ions (Elbagory et al., 2016).

The SA-AuNP (SABE-AU) were smaller ranging from 6 to 32 nm, with an average particle
size of 14.1 £ 6.4 nm. The SABE-AU had spheroidal and star-shaped morphology, suggesting
that these NPs have a relatively small size and a narrow size distribution, which is desirable for
many applications, including drug delivery, due to their increased surface area-to-volume ratio,
which enhances their interaction with biological systems (Fouda et al., 2020; Zahra et al.,
2023). The results are comparable to AuNP by active compounds in ginger aqueous extract,
resulting in spherical NPs ranging from 5 to 53 nm, with an average size of 15.11 + 8.5 nm

(Fouda et al., 2020).

It was noted that the hydrodynamic particle size (Z-average) measured by DLS was larger than
the core particle size observed under TEM. This is due to the interaction of the NP surface with
the solvent in DLS analysis. Hence, DLS measures larger overall particle size, including the
solvent layer, while TEM measures the dried particle core (Dube et al., 2020). The particle size
distribution range observed in TEM validated the polydispersity nature in SA-AgNPs and

supported the conclusions drawn based on the UV-Vis, XRD, and DLS analysis.

The FTIR analysis identified potential functional groups responsible for the reduction of Ag”®

and Au" ions into SA-AgNPs and SA-AuNPs, respectively. The crude extracts of S. Africana
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bark and leaves revealed the presence of O-H (hydroxy) groups, C=C stretching (alkenes) or
N-H (amide) groups, C-O stretching (alcohols), and C-H (aromatic) in-plane bending. These
functional groups were also seen in SA-AgNPs and SA-AuNPs samples but with minor shifts
in absorption bands. The observed frequency shift suggests that hydroxyl, alkenes, or amide
groups, alcohols, and hydrocarbons played crucial roles in reducing and stabilizing metal ions
in the synthesised SA-AgNPs/SA-AuNPs, thereby indicating successful synthesis (Hatipoglu,
2022). This indicates that the phytochemicals present in the S. afiicana extracts, such as
polyphenols, flavonoids, and terpenoids, are likely involved in the reduction and capping of

the NPs (Mandal et al., 2013; Shafaghat, 2015).

Corresponding studies with other plant extracts, such as D. kaki and E. senticosus, have also
shown the involvement of functional groups like hydroxyl, carboxyl, and amine groups in the
reduction and capping of Ag” and Au" ions into nanoparticles (Keskin et al., 2023; Abbai et
al., 2016). The shifting of the C=0 peak in the FTIR spectra obtained from AgNPs indicates
that carbonyl-containing functional groups may be responsible for the bio-reduction of Ag”
ions into AgNPs, while the shifting of stretching vibrations of O-H and N-H to lower
wavelengths suggests binding of these functional groups with the surface of the AgNPs
(Shafaghat, 2015). In addition, proteins and amino acids present in plant extracts also play a
significant role in the capping, coating, and protection of MNPs (Ahn et al., 2019). The C-OH
vibrations of proteins/polysaccharides observed in the FTIR spectra of the synthesized NPs

support this notion.

The LC-MS results of S. africana extract confirmed the presence of phytochemical compounds
with known biological activity, including flavonoids, phenolic acids, phenols, tannins,
glycosphingolipids, phospholipids, triterpenoids, flavonoid glycosides, ellagitannins, and
polyphenols. These compounds are associated with numerous health benefits and possess a
wide range of biological activities, such as antimicrobial, antibacterial, antidiabetic,
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antimalarial, antioxidant, larvicidal, cyanogenic, and anthelminthic properties (Singh et al.,

2020).

The present study found that the S. africana extract is rich in flavonoids, including rutin,
quercetin-O-(0O-galloyl)-pentoside, quercitrin, spiracoside, afzelin, hyperoside, isorhamnetin-
3-0-galactoside-6"-rhamnoside, and procyanidin trimer. These flavonoids are known for their
various health benefits, including anticancer, anti-inflammatory, antioxidant, and antibacterial

properties (Abbai et al., 2016; Wendlocha et al., 2023).

Phenolic acids, represented by [3,4,5-trihydroxy-6-(3,4,5-trihydroxybenzoyl)oxyoxan-2-
yl]methyl 3,4,5-trihydroxybenzoate, phenols such as 6-gingerol, tannins including geraniin and
1,3,6-tri-O-galloylglucose, glycosphingolipids like soyacerebroside I, phospholipids such as 1-
palmitoyl-2-linoleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), triterpenoids like olivetoric
acid, ellagitannin like corilagin, and polyphenols such as beta-penta-O-galloyl-glucose, were
also identified. These compounds exhibit a diverse range of biological activities (Mathabe et
al., 2008; Molele et al., 2023), further emphasising the potential of S. Afiicana as a source of

bioactive compounds.

In synthesising MNPs, flavonoids significantly reduce metal ions (Paiva-Santos et al., 2021).
In the current analysis, they are believed to accelerate the reduction and capping of Ag"/Au”
ions into AgNPs/AuNPs. Proteins, amino acids, alkaloids, tannins, phenolic acids, and
flavonoids are identified as key components in the synthesis and stabilization of MNPs (Selvan
et al., 2018). These plant components act as crucial capping and stabilizing agents, with

proteins and flavonoids suggested to expedite the reduction of metal salt ions into MNPs.

Flavonoids, such as quercetin, have been shown to enhance the solubility and bioavailability
of metallic ions, minimising their adverse side effects (Karuvantevida et al., 2022). The

hydroxyl group on the C3 or C5 position of a flavonoid aids in the formation of metal
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complexes, and the biological activities of a specific flavonoid are improved after developing

a complex with metallic ions (Karuvantevida et al., 2022).

As far as we know, no previous study has synthesised AgNPs and AuNPs from S. afiicana or
evaluated their biological activities. In this study, we investigated the antimicrobial activity of
S. africana extracts and their conjugated SA-AgNPs/SA-AuNPs using the agar-well diffusion
and microdilution assay. Agar-well diffusion results demonstrated that S. africana extracts
exhibited significant inhibition activity against P. aeruginosa, A. baumannii, and S. aureus,
with a notable lack of activity against E. coli. The highest inhibition zone recorded was 24 mm
for bark-methanol extract (SABM) against P. aeruginosa, demonstrating the potential of this
extract as an effective antimicrobial agent. Leaf-ethanol extract (SALE) exhibited significant
inhibition (19 mm) against S. aureus and A. baumannii, underlining their broad-spectrum
antimicrobial potential. Notably, the observed antimicrobial activity of the S. africana extracts
was statistically significance when compared to positive control. This supports our hypothesis

that S. africana possesses antimicrobial properties against resistant strains.

The effectiveness of S. afiicana extracts was demonstrated in previous studies, highlighting
their consistent antimicrobial activity (Mulaudzi et al., 2013). The exceptional activity
observed in SABM and SALM is attributed to their methanolic nature since they are extracted
using methanol solvent; this underscores the solvent's ability to extract a maximum number of
bioactive compounds (Awad et al., 2021; da Silva et al., 2020; Akhalwaya et al., 2018). This
is supported by the present study's LC/MS experimental chromatograms, which showed more

peaks in methanol extracts than other solvents, indicating a higher diversity of compounds.

A study reported that certain plant extracts of phenolic compounds disrupt bacterial cell walls
and interfere with cellular processes, enhancing antimicrobial efficacy. Moreover, polyphenols

and tannins can interfere with the membrane potential, affecting the transport of nutrients and
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waste across the membrane. Hence, the medicinal plant S. africana exhibited good
antimicrobial activity. It was also reported that phytochemical compounds present in plant
extracts interact with P. aeruginosa’s unique characteristics, such as its virulence factors and

resistance mechanisms, leading to enhanced sensitivity (Innocent et al., 2022).

The antimicrobial activity of SA-AgNPs revealed notable trends in the effectiveness against a
range of bacterial strains. It was observed that SA-AgNPs samples stored at 4°C demonstrated
higher activity compared to those stored at 25°C, suggesting the importance of storage
conditions in preserving the efficacy of AgNPs. Moreover, the study found that increasing the
concentration of AgNOs used to synthesise SA-AgNPs correlated with an increase in
antimicrobial activity, indicating a concentration-dependent trend. Specifically, SA-AgNPs
synthesised using 5 mM AgNOs3 had the best antimicrobial activity, while those synthesised
using lower concentrations (1-2 mM) had lower activity (Salayova et al., 2021; Swolana and
Wojtyczka, 2022). Suggesting that the concentration of AgNO3 used in synthesising SA-

AgNPs plays a significant role in determining their antimicrobial activity.

The SA-AgNPs (2.68 mg/mL) generally exhibited greater effectiveness compared to SA-
AuNPs (10.14 mg/mL) and the extracts (10 mg/mL), consistent with previous reports
attributing this to factors such as morphology and AgNP size (Franzolin et al., 2022). Notably,
bark-acetone conjugated AgNPs (SABA-AG) and leaf-acetone conjugated AgNPs (SALA-
AG) emerged as the most potent, achieving substantial inhibition zones of 22 mm against P.
aeruginosa. The SABA-AG also demonstrated high activity against S. aureus (21 mm). SA-
AgNPs showed significant effectiveness compared to the positive control (p=0.0346),
indicating strong antimicrobial activity against the tested resistant bacteria. Meanwhile, bark-
water conjugated AgNPs (SABD-AGQG), and leaf-ethanol (SALE-AG) exhibited lower activity,

particularly against E. coli and A. baumannii, respectively. These findings underscore the
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varying degrees of antimicrobial activity among the tested samples and highlight the potential

of SABA-AG and SALA-AG as effective antimicrobial agents.

These findings align with earlier research on the antibacterial effects of plant-derived AgNPs
by agar-well diffusion methods and revealed significant activity against P. aeruginosa,
suggesting that the efficacy of these NPs depends on their 5 mM AgNO;3 concentration
(Salayova et al., 2021). Contrastingly, Liaqat et al. (2022) observed that plant-based AgNPs
exhibited a high zone of inhibition against Gram-positive bacteria, such as S. aureus, as
compared to Gram-negative bacteria, suggesting that the reduced susceptibility of Gram-
negative bacteria may be attributed to the positive charges of AgNPs being hindered or blocked
by the presence of lipopolysaccharides in the outer membrane, thereby reducing their

effectiveness as indicated by Loo et al. (2018).

The precise mechanisms by which AgNPs exert their antibacterial effects remain incompletely
understood (Liaqat et al., 2022). However, several potential modes of action have been
proposed. AgNPs are known to interact with bacterial membranes, leading to structural
destabilization and increased permeability (Hameed et al., 2019). This disruption can result in
the leakage of cellular contents and, ultimately, cell death. Studies indicate that AgNPs can
bind to membrane phospholipids, causing damage consistent with the significant inhibition

observed in our study against P. aeruginosa and S. aureus.

Another well-documented mechanism involves the generation of reactive oxygen species
(ROS). AgNPs can induce oxidative stress, damaging various cellular components, including
lipids, proteins, and nucleic acids, which contribute to cell death. The heightened sensitivity of
P. aeruginosa to SA-AgNPs in our findings may be attributed to this oxidative damage, as
supported by previous research demonstrating the role of ROS in nanoparticle-mediated

antibacterial activity (Hameed et al., 2019).
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Additionally, AgNPs may interfere with intracellular processes by engaging with cytosolic
proteins and enzymes, altering their functions and disrupting essential metabolic pathways
(Bruna et al., 2021). The release of silver ions from AgNPs further enhances their antibacterial
efficacy by interacting with cellular components and disrupting metabolic pathways (More et

al., 2023).

The SA-AuNPs showed higher effectiveness against S. aureus and P. aeruginosa. Lower
activity was observed against 4. baumannii, and resistance was noted in E. coli. Notably, bark-
methanol conjugated AuNPs (SABM90S100) and bark-ethanol conjugated AuNPs
(SABE90S100) displayed the most significant inhibition activity against S. aureus (25 mm).
Sample SABE90S100 also exhibited the highest activity against P. aeruginosa (16 mm). These
findings suggested that SA-AuNPs may have selective antimicrobial effects against specific
bacterial strains, particularly S. aureus and P. aeruginosa while showing limited efficacy
against others like 4. baumannii and E. coli. Leaf-water extracts (SALD) and their conjugated

SA-AgNPs/SA-AuNPs exhibited weaker activity against the tested bacterial strains.

Studies have shown that AgNPs and AuNPs synthesised via green approaches exhibit strong
antimicrobial activities against both Gram-positive (S. aureus) and Gram-negative (E. coli)
bacteria, including resistant strains (Sher et al., 2022; Rani et al., 2023). Researchers have
discovered that plant-synthesised AgNPs/AuNPs generally possess superior antimicrobial
activity due to factors such as morphology, surface area, particle size and shape, and surface
polarity (Amina et al., 2020). The observed susceptibility of P. aeruginosa to both extracts and
NPs underscores their promising antimicrobial potential, particularly against multidrug-

resistant strains (Sher et al., 2022).

The microdilution assay was used to determine the MIC of S. africana extracts, SA-AgNPs,

and SA-AuNPs. Notably, the antimicrobial activity was statistically significant for SA-AgNPs
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when compared to the positive control. Among the tested bacterial strains, S. aureus exhibited
the highest susceptibility to S. africana extracts, followed by E. coli, A. baumannii, and P.
aeruginosa. The leaf-methanol (SALM) and leaf-ethanol (SALE) extracts demonstrated the
most potent antimicrobial activity against S. aureus, with the lowest MIC value recorded at
1.25 mg/mL. For E. coli, the extracts SABM, SABE, SALM, and SALE exhibited the best
activity, each with a MIC of 2.5 mg/mL. Conversely, leaf-distilled water (SALD) extracts were
ineffective against all bacterial strains. These findings underscore the dynamic antimicrobial
properties of the S. africana extracts over time, with varying effectiveness against different
bacterial strains. However, all crude extracts lacked bactericidal effects against E. coli, P.
aeruginosa, and A. baumannii. Except for S. aureus, with SALE revealing the best killing effect
at MBC of 2.5 mg/mL. The results highlight the potential of specific extracts like SALE against
S. aureus and shed light on the complex interactions between extracts and bacterial

susceptibility patterns.

Previous studies have consistently demonstrated the significant antibacterial activity of S.
africana against various pathogens. Mathabe et al. (2008) reported that ethanol extracts from S.
africana exhibited higher antibacterial activity against S. aureus and E. coli, with a MIC of 50
pg/mL, suggesting that the plant’s antimicrobial activity may be attributed to the presence of
bioactive compounds, particularly triterpenoids. Similarly, Nielsen et al. (2012) noted the
remarkable activity of S. africana against antibiotic-resistant strains, such as E. coli, S. aureus,
and M. tuberculosis, with a MIC value of 39.06 pg/mL. Furthermore, Shirinda et al. (2019)
found that S. africana extracts were effective against S. aureus at a lower MIC value of 0.78
mg/mL. Research indicates that different plant extracts exhibit varying antimicrobial activities
against specific bacteria due to the complex composition of phytochemicals (Intorasoot et al.,

2017).
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The observed resistance of E. coli to the extracts tested in this study could be attributed to
various factors, including the specific mechanisms of action of the plant compounds, the unique
characteristics of the E. coli strains tested, and their resistance profiles (Intorasoot et al., 2017,
Tayel et al., 2018). Additionally, the selective bactericidal activity of plant extracts against .
aureus underscores the complexity of plant-bacteria interactions and highlights the need for

further research to elucidate the specific mechanisms underlying these observations.

Regarding the activity of SA-AgNPs against ABR bacterial strains, it was found that methanol
and ethanol extracts conjugated with AgNPs were more active against E. coli, P. aeruginosa,
and A. baumannii, with a MIC value of 0.05 mg/mL. In contrast, acetone extracts conjugated
with AgNPs showed activity (MIC of 0.09 mg/mL) against S. aureus. However, water extracts
conjugated with AgNPs displayed lower efficacy against all tested strains. The difference in
activity against Gram-positive and Gram-negative bacteria may be attributed to structural
differences in their cell walls. The thick peptidoglycan layer in Gram-positive bacteria acts as
a barrier, while the thinner cell membrane of Gram-negative bacteria allows for easier
penetration of nanoparticles, leading to structural changes and cell death (Gevorgyan et al.,

2022).

The SA-AgNPs samples consistently inhibited bacterial growth at very low concentrations,
indicating their high efficacy in combating ABR bacteria. Notably, these SA-AgNPs samples
generally exhibited greater activity against Gram-negative bacteria (E. coli, P. aeruginosa,
and A. baumannii) with lower MIC values than against Gram-positive bacteria (S. aureus),
which is consistent with several studies (Bakht Dalir et al., 2020; Meikle et al., 2020;
Gevorgyan et al., 2022). All SA-AgNPs samples were able to completely kill all tested
antibiotic-resistant bacterial strains, with SABM-AG and SABA-AG displaying the highest
MBC value of 0.09 mg/mL against A. baumannii and S. aureus. Additionally, SABM-AG
exhibited an MBC value of 0.17 mg/mL against E. coli and P. aeruginosa. Mohammed (2015)
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stated that the antibacterial efficacy of AgNPs is derived from their ability to disrupt microbial
membranes containing adhesive substances like proteins and polysaccharides, as well as the
bactericidal effects of Ag* ions. The antibacterial activity of SA-AgNPs against E. coli may be
attributed to the inhibition of phosphate absorption and the penetration of small-sized NPs into
the bacterial cell wall, leading to structural changes and cell death (Bakht Dalir et al., 2020;
Gevorgyan et al., 2022; More et al., 2023). Silver particles have a high affinity for sulfur and
phosphorus, which are abundant in the bacterial cell membrane (Bakht Dalir et al., 2020). In
contrast, S. aureus has a thicker peptidoglycan cell wall, making it harder for AgNPs to
penetrate and inhibit their growth (Malanovic and Lohner, 2016). Consequently, a higher

concentration of AgNPs was necessary to achieve inhibition (Bakht Dalir et al., 2020).

The MIC results for SA-AuNPs were comparable to those of the crude extracts but with
enhanced antimicrobial activity. We observed varying activity levels against the tested
bacterial strains, with S. aureus emerging as the most sensitive among the strains examined.
Notably, samples SABM60S100 and SABE90S90100 exhibited the highest activity against S.
aureus, with the lowest MIC value recorded at 0.64 mg/mL. Similarly, SABE90S90100 and
SABA90S90100 demonstrated notable efficacy against E. coli, displaying a MIC value of 1.27
mg/mL. Additionally, SABA90S100 exhibited activity against P. aeruginosa, with a MIC
value of 1.27 mg/mL. Intriguingly, none of the tested samples showed activity against A.
baumannii. The bactericidal activity of SA-AuNPs showed that sample SABE90S90100 killed
S. aureus and E. coli with MBC of 0.63 mg/mL and 2.5 mg/mL. No bactericidal effect against
observed in P. aeruginosa. The differential effectiveness of SA-AuNPs against various
bacterial strains can be attributed to several factors, including the size, shape, and surface
charge of the NPs. Other metal ions in the samples may also influence their antimicrobial

activity (Dove et al., 2023). The lack of activity against A. baumannii may be due to the unique
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characteristics of this bacterium, such as its ability to produce biofilms and its resistance to

various antibiotics (Yakoup et al., 2024).

Even in the microdilution assays, SA-AgNPs revealed excellent antimicrobial activity
compared to SA-AuNPs and the extracts. In accordance with our findings, plant-based AgNPs
exhibited superior antimicrobial activities compared to AuNPs and extracts (Pannerselvam et
al., 2022). Reports have indicated that the synthesis of biogenic AgNPs from plant extracts
enhances their bioactivity compared to the antibacterial activity of the plant extracts alone
(Ahmed, 2016). Additionally, combining AgNPs with plant extracts has shown synergistic
effects in inhibiting bacterial growth, making AgNPs a promising alternative for combating

ABR bacteria (Liaqat et al., 2022).

The synergistic activity of S. africana extracts against resistant bacteria was assessed using the
microdilution assay. The overall inhibition of plant extract combinations was less effective than
that of individual extracts. The reason for these synergistic results of S. africana extracts can
be attributed to the complex interactions between the bioactive compounds present in the plant
extracts. These compounds may have varying mechanisms of action that could lead to different
effects when combined. Additionally, the specific concentrations and ratios of the compounds

in the mixtures may influence their overall antimicrobial activity.

In summary, SA-AgNPs exhibited superior antimicrobial efficacy compared to SA-AuNPs and
plant extracts. This enhancement in activity is attributed to the release of Agions by the AgNPs,
which disrupt cell walls and secondary metabolites adsorbed onto the NPs (Elemike et al.,
2017). Additionally, bioactive compounds within the organic matrix might contribute to the
heightened antibacterial activity of AgNPs by potentially enhancing their interaction with the
cell wall (Salayova et al., 2021). Smaller NPs have a greater bactericidal effect compared to

larger ones because of their larger surface area, facilitating interaction and absorption more
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easily. These findings collectively underscore the diverse antimicrobial effects of S. africana
extracts and their conjugated MNPs, positioning them as promising candidates against ABR

bacteria and treatment for RTIs.

The MTT assay is a fundamental method in cytotoxicity studies for assessing cell viability
(Sylvester, 2011). This assay relies on the reduction of MTT, a yellow tetrazolium dye, by
mitochondrial dehydrogenases, to form purple formazan crystals. Subsequently, these crystals
are then solubilised into a coloured solution using reagents such as dimethyl sulfoxide. The
amount of formazan produced correlates with the number of live cells, quantified by measuring

absorbance between 500 and 600 nm wavelengths (Mosmann, 1983).

The overall cytotoxic results indicate that all tested samples significantly reduced the viability
of MCF-7 cancer cells compared to normal MCF-10 cells and RAW 264.7 macrophage cells.
Greater cytotoxic effect on cancer cells compared to normal cells, which is a desirable
characteristic for potential anticancer agents. It was also observed that lower sample
concentrations inhibited cell growth, while higher concentrations stimulated it, showcasing a

paradoxical effect influenced by complex cellular mechanisms and compound characteristics.

Direko et al. (2019) reported similar outcomes, indicating that the S. Africana plant possesses
anti-inflammatory and anti-cancer properties. Their findings revealed that extracts at
concentrations below 10 pg/mL inhibited the growth of cancer cells (MCF-7) while
simultaneously stimulating normal cells (MCF-10A) and nitric oxide (NO) production.
Polyphenolic compounds, particularly ellagic acid, demonstrated safety towards healthy cells
but toxicity towards cancerous cells, suggesting their pivotal role in observed toxicity
(Constantinou et al., 1995; Lee et al., 2019). These results are corroborated by the LC/MS

analysis of this study, which identified ellagic acid as a significant compound.
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Plant compounds exhibit a dose-response relationship, whereby their effects on cells may vary
based on the concentration (Fadeyi et al., 2013). At lower concentrations, these compounds
may specifically target cellular processes or receptors, inhibiting cell growth or function
(Jodynis-Liebert and Kujawska, 2020). On the other hand, at higher concentrations, certain
dominant compounds may hinder the action of those with toxicity effects, potentially leading
to increased cell viability. This phenomenon can be attributed to the presence of multiple
bioactive compounds in the extracts, which can have different mechanisms of action and

different dose-response relationships.

The study found that the leaf-methanol extract (SALM) selectively induced cell death in MCF-
7 cancer cells while stimulating the growth of normal MCF-10 cells at a specific lower
concentration of 0.039 mg/mL. On the other hand, SA-AgNPs such as bark-acetone conjugated
AgNPs (SABA-AG) exhibited the best cytotoxic effects against both MCF-7 (12% viability)
and MCF-10 (127%) cells at the lowest concentration of 0.01 mg/mL. This desirable trait
suggests that the SALM extract and SABA-AG may be effective in cancer therapy, as they
have the potential to selectively eradicate cancer cells without harming normal cells, indicating
their potential use as anticancer agents in a concentration-dependent manner. However, bark-
acetone extracts (SABA) and SA-AuNPs (SABE-AU) stimulated the growth of cells, including
cancer cells, across all concentrations. This suggests that they are not suitable candidates for

therapy.

The cytotoxic effects of plant extracts have been attributed to the presence of specific secondary
metabolites, such as terpenoids, which also have exhibited antibacterial properties (Mathabe et
al., 2008; Van Den Bout-van den Beukel et al., 2008). Devanesan et al. (2020), demonstrated
that the cytotoxicity of Asafoetida extract-AgNPs depended on the concentration of the NPs,
resulting in a higher number of MCF-7 cell deaths at lower concentrations. This effect could
be attributed to the bioactive compounds of the plant used in the reduction of AgNPs
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(Devanesan et al., 2020). Another explanation for the good AgNP cytotoxicity effect is the
NP's large surface-to-volume ratio, which exhibits heightened activity by -efficiently
penetrating cells, interacting with cellular components, and disturbing cellular signalling
pathways (Akter et al., 2018). The cytotoxicity of AuNPs synthesised using green tea extract
was found to be dependent on the Au concentration, with higher toxicity observed at lower

concentrations (Lee et al., 2019).

The observed cytotoxicity effect of SA-AgNPs and SA-AuNPs can be explained by the
complex interplay between the surface properties of the NPs and their concentration-dependent
behaviours. When NPs are not modified to prevent spontaneous agglomeration, higher
concentrations can promote their aggregation, leading to the formation of nano aggregates
where individual particles are closely packed together (Bagwe et al., 2006; Clark et al., 2010;
Sur et al., 2012). This aggregation can hide or quench the originally hyperreactive surfaces of
the smaller NPs (Mudunkotuwa and Grassian, 2011). Consequently, the specific larger
agglomerated NP form appears to be less toxic at higher concentrations than a lower dose of
smaller, but well-dispersed NPs (Bell et al., 2014). This phenomenon highlighted the
importance of considering not only the concentration of the NPs but also their aggregation state
and surface properties when assessing their toxicity in biological systems. Several studies
support this concept, highlighting the need to assess thoroughly NP formulations and plant

extracts to optimise their therapeutic efficacy and safety profiles (Majoumouo et al., 2020).

Recent studies have shown that AgNPs and AuNPs can be effective in inducing cytotoxic
effects on cancer cells by interfering with the cellular electron transfer chain in mitochondria,
leading to increased levels of reactive oxygen species (ROS) and oxidative stress, ultimately
causing cellular toxicity (Grewal et al., 2022). Additional studies reported that AgNPs create
an unfavourable environment for cancer cells by increasing ROS and malondialdehyde levels
while decreasing catalase and glutathione peroxidase enzyme activity, resulting in cell death
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(Motafeghi et al., 2023; Selvi et al., 2016). Liu and others discovered another pathway for
inducing apoptosis using NPs, where the primary cause of cell death is the upregulation of
endoplasmic reticulum stress-related messenger ribonucleic acid and protein expression (Liu

etal., 2023).

The size and shape of NPs play a crucial role in their cytotoxicity, with smaller sizes and
specific shapes impacting their effectiveness (Grewal et al., 2022). Biosynthesised AgNPs
within a range of sizes (5 to 80 nm) and various shapes (spherical, cuboidal, pentagonal, and
hexagonal) have shown toxic effects on MCF-7 cancer cells (Baharara et al. 2015;
Sathishkumar et al. 2016). Similarly, AuNP with spherical and rod-shapes, are more efficient
in inhibiting cancer cell proliferation. Furthermore, the oxidative tendency of AgNPs to form

Ag" ions can induce cell death (Simon-Deckers et al. 2008; Chernousova and Epple 2013).

The SABA extract did not induce cytotoxicity against RAW 264.7 macrophage cells within the
tested concentration range. This means that the SABA extract may not have significant toxic
effects on the immune cells like macrophage cells, which is a desirable trait for potential
therapeutic agents. On the other hand, the SALM extract had cytotoxic effects at lower

concentrations, which could limit its therapeutic potential.

For SA-AgNPs samples, both SABA-AG and leaf SALE-AG exhibited stronger cytotoxic
effects on RAW 264.7 macrophage cell at lower concentrations, highlighting their potential to
induce significant cell damage and reduce cell viability, particularly at lower doses (Jodynis-
Liebert and Kujawska, 2020). Lower concentrations induce pronounced cytotoxic effects,
possibly through oxidative stress or membrane damage, while higher concentrations may
prompt cellular repair mechanisms (Matysiak-Kucharek et al., 2020; Majeed et al., 2020). The
unexpected increase in viability at higher concentrations suggests potential cellular adaptation

or protective responses against NP-induced stress.
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The SA-AuNPs (SABE-AU) demonstrated mild cytotoxicity at the lowest concentration of
0.08 mg/mL, with 58% cell viability, suggesting a moderate impact on cell health. However,
at higher concentrations, cell viability exceeded 100%, indicating potential activation of
adaptive responses or cellular repair mechanisms within macrophage cells, implying a

favourable safety profile compared to SA-AgNPs.

The minimal cytotoxicity of AuNPs may be attributed to the presence of bioactive functional
groups in the plant extract, indicating a potential correlation between low toxicity and
phytochemicals provided by the plant extract (Huo et al., 2018). Further investigation into the
biocompatibility of these materials is recommended, as highlighted in previous studies on
similar NPs and hydroxyapatite dispersions (Scheel, 2009). Oh et al., (2018) found that
treatments with Cs-AuNPs and Cs-AgNPs synthesised from plants resulted in decreased cell
viability, with MCF7 cells showing greater sensitivity compared to RAW 264.7 macrophage
cells. Both NPs inhibited breast cancer cell proliferation without significantly affecting RAW
264.7 cell growth at lower concentrations (0.01 pg/mL) in a dose-dependent manner. These
findings underscore the critical importance of considering both extract and NP concentrations

when assessing cytotoxicity activities in biological systems.

The present study highlights the anti-inflammatory effects of various S. africana samples on
NO production in RAW 264.7 macrophage cells stimulated with lipopolysaccharide (LPS), a
typical inducer of inflammation. Nitric oxide (NO) is a critical inflammatory mediator released
from activated macrophages during immune responses (Rod-In et al., 2021). Our findings
indicate that samples such as SALM, SALE-AG, and SABE-AU significantly decreased NO
production across all concentration levels, suggesting their potential as anti-inflammatory
agents. Conversely, SABA and SABA-AG exhibited increased NO production at specific
concentrations, indicating a pro-inflammatory response. This aligns with previous studies that
have shown elevated NO levels can promote apoptosis (Tschugguel et al., 1999). Hence, we
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observed higher toxicity of SABA-AG against the RAW 264.7 cell around the same

concentration that elevated the NO production.

These findings underscore the complex interplay between different compounds and
inflammation regulation (Rod-In et al., 2021). SALM, SALE-AG, and SABE-AG may hold
promise for anti-inflammatory therapy, while caution should be exercised with SABA and
SABA-AG due to their potential to exacerbate inflammation. Further research is essential to
elucidate the underlying mechanisms and determine these samples’ therapeutic potential and

safety profiles in managing inflammatory conditions.

The observed anti-inflammatory effects are attributed to various compounds, including O-
glycosides, quercetin, flavonoid-C-glycosides, tannins, and variations of cinnamic acid. These
compounds have been shown to inhibit the production of inflammatory factors and interfere
with LPS binding to Toll-like receptors, thereby activating the antioxidative nuclear factor
erythroid 2-related factor 2 (Nrf2) and increasing the expression of antioxidant proteins
(Nascimento et al., 2017). For instance, studies on Kigelia afiicana have demonstrated its
ability to suppress inflammatory mediators by inhibiting nitric oxide synthase (iNOS)
expression and NO release in LPS-induced macrophages, highlighting the role of specific

compounds like verminoside in mediating these effects (Nabatanzi et al., 2020).

Respiratory tract infections (RTIs) can cause damage to lung tissue, particularly affecting
epithelial cells, through microbial infection and the host's inflammatory response (Allard et al.,
2018). Macrophages release pro-inflammatory chemicals, exacerbating tissue damage if the
injury persists. Effective tissue repair requires inflammation reduction. Research suggests plant
extracts and their bioactive compounds possess significant anti-inflammatory potential,
offering promise in treating various inflammatory diseases, including RTIs (Matotoka et al.,

2023). For instance, sorghum extracts inhibit nitric oxide (NO), interleukin-6 (IL-6), and
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reactive oxygen species (ROS) production in activated macrophages, with ethanolic extracts
showing superior anti-inflammatory activity due to their tannin content (Hong et al., 2020).
Thus, reducing NO production with plant extracts may offer therapeutic benefits in diseases

driven by excessive NO levels, including respiratory infections.

The antioxidant activities of S. africana extracts, SA-AgNPs, and SA-AuNPs by the DPPH
assay showed that leaf-acetone extracts (SALA) had excellent antioxidant activity (ICso value
of 0.000335 mg/mL), indicating strong antioxidant properties (Nabatanzi et al., 2020). This is
consistent with other studies that have reported good antioxidant activity of S. africana against
DPPH with ICso values of 0.23 mg/mL (Dikhoba et al., 2019). Conversely, leaf-ethanol extracts
(SALE) showed weak antioxidant activity with an ICso value of 183 mg/mL, suggesting lower
antioxidant efficacy. Bark acetone extracts conjugated AgNPs (SABA-AG) demonstrated
good antioxidant activity with an ICso value of 0.89 mg/mL, which is promising and
comparable to the positive control Ascorbic acid (0.1 mg/mL). Bark ethanol conjugated AuNPs
(SABM-AU) exhibited good antioxidant activity with an ICso value of 0.38 mg/mL, indicating

significant antioxidant potential.

The mechanisms behind the observed antioxidant activities involve the ability of
phytochemicals to scavenge free radicals and reduce oxidative stress. Oxidative stress occurs
when there is an imbalance between ROS production and the body’s ability to neutralize them,
potentially leading to cellular damage. Antioxidative enzymes such as superoxide dismutase,
glutathione peroxidase, and antioxidants like glutathione play a vital role in maintaining this
balance (Chen et al., 2017). Free radicals, when not adequately regulated by antioxidants, can
lead to oxidative stress, damaging lipids, proteins, and DNA, and contributing to various
diseases (More and Makola, 2020). Plant compounds with antioxidative properties, such as
flavonoids and polyphenols, are crucial in scavenging free radicals and preventing cellular
damage (Wang et al., 2020).
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Phytochemical compounds in S. africana reported to have anti-inflammatory and antioxidant
properties are saponins, flavonoids, and glycosides (Nascimento et al., 2017; Direko et al.,
2019). Flavonoids were notably abundant in the extracts of S. africana in the current study,
potentially contributing to the observed antioxidant activity, consistent with findings by Huo
et al. (2018). Additionally, terpenoids, specifically triterpenoids, were identified as key
contributors to the antioxidant activities in the tested crude extracts (Mathabe et al., 2008;
Direko et al., 2019; Singh et al., 2020). Total soluble phenolics in plant extracts may also
contribute to their antioxidant properties (Kamatou, 2010). For example, the dichloromethane
fraction of the brown seaweed Sargassum siliquastrum exhibited strong antioxidant activity,
potentially due to the presence of phenolic compounds (Lim, 2002). The crude extract and ethyl
acetate-soluble fraction of the red algae Polysiphonia urceolata also demonstrated high
antioxidant activity, correlated with their total phenolic content and reducing power (Duan,

2006).

The difference in antioxidant activity between NPs was attributed to their biosynthesised
nature, confirmed by FT-IR spectral results (Huo et al., 2018). This was evident in the current
research, where SA-AgNPs exhibited fewer pronounced peaks than SA-AuNPs, indicating a
higher concentration of phytochemicals in AuNPs, enhancing the antioxidant efficacy of SA-
AuNPs against DPPH free radicals. These findings collectively suggest that the antioxidant
properties of the S. africana extract, SA-AgNPs, and SA-AuNPs were likely due to their

flavonoids, terpenoids, glycosides, phenolic content, and reducing power.
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Chapter 6: Conclusions and Recommendations

6.1 Conclusion

The study proposed a novel approach to combating antibiotic-resistant (ABR) bacteria,
implicated in RTIs, by synthesising MNPs from medicinal plants. The synthesis and
characterisation of silver (SA-AgNPs) and gold nanoparticles (SA-AuNPs) using Spirostachys
africana (S. africana) extract provided valuable insights into the NP formation process and
their resulting properties. The study emphasised the importance of optimising reaction
parameters, including extract type and concentration, metal salt concentration, reaction time,

and temperature, to achieve desired NP characteristics.

Characterisation techniques such as UV-Vis, XRD, DLS, and TEM revealed distinct optimal
properties for each type of NP. SA-AgNPs exhibited a narrow SPR peak at 480 nm, while TEM
analysis showed that these SA-AgNPs consisted of smaller spherical particles and larger
squash-spherical, hexagonal, and irregular shapes, with sizes ranging from 5 to 49.5 nm. In
contrast, SA-AuNPs displayed an SPR peak at 541 nm and were characterised by spheroidal

and star-shaped morphologies, with core sizes ranging from 6 to 32 nm.

XRD confirmed that both types of NPs possess a face-centred cubic (FCC) structure, with SA-
AgNPs displaying a higher degree of crystallinity compared to SA-AuNPs. The average
crystalline size ranged from 9-19 nm for SA-AgNPs and 9-10 nm for SA-AuNPs. DLS
indicated that most synthesised SA-AgNPs were polydisperse, while the majority of SA-
AuNPs were monodisperse. Zeta potential analysis revealed a high degree of stability among

methanol extracts-conjugated SA-AgNPs, with a zeta potential value of -27 mV.

FTIR analysis identified key functional groups in the extracts and SA-AgNPs/SA-AuNPs. The
functional groups included the hydroxyl, carboxyl, and amine groups, which play a role in
reducing and capping Ag" and Au* ions. Additionally, LC-MS results of S. africana extract

141

© University of Venda



()

o
- A
University of Venda

confirmed the presence of various phytochemical compounds, such as flavonoids, phenolic
acids, tannins, and polyphenols, which are known for their diverse biological activities. These
compounds likely facilitated the reduction and stabilisation of metal ions into MNPs.

Moreover, methanol proved to be the most efficient solvent for the extraction process.

The overall antimicrobial activity of the crude extracts and SA-AgNPs/SA-AuNPs
demonstrated significant inhibition of both Gram-negative and Gram-positive bacteria. The
results from agar well diffusion and microdilution methods revealed that SA-AgNPs possessed
superior antimicrobial properties compared to SA-AuNPs and crude extracts, emphasising their
potential as effective agents against ABR bacterial strains. Specifically, acetone bark/leaf-
conjugated SA-AgNPs achieved the highest zone of inhibition (22 mm) against P. aeruginosa,
while acetone bark-conjugated SA-AgNPs showed a 21 mm zone against S. aureus.
Additionally, acetone leaf-conjugated SA-AgNPs were most effective against A. baumannii
(18 mm), and methanol leaf-conjugated SA-AgNPs inhibited E. coli by 18 mm. Microdilution
assays further confirmed the potent antimicrobial properties of SA-AgNPs, with
methanol/ethanol-conjugated SA-AgNPs exhibiting lower MICs of 0.05 mg/mL against E.
coli, P. aeruginosa, and A. baumannii. Acetone bark-conjugated SA-AgNPs had MIC of 0.09

mg/mL against S. aureus.

The cytotoxicity evaluation of S. africana extracts and their conjugated SA-AgNPs/SA-AuNPs
demonstrated selective toxicity towards MCF-7 breast cancer cells compared to normal MCF-
10 cells and RAW 264.7 macrophage cells at lower concentrations. This selective cytotoxicity
highlights the potential of these extracts and NPs for targeted cancer therapy in a dose-
dependent manner. Specifically, acetone extracts were toxic against MCF-7 cells while
stimulating non-cancerous MCF-10 and RAW 264.7 cells at a concentration of 0.078 mg/mL.

Additionally, ethanol extracts and their conjugated SA-AgNPs/SA-AuNPs significantly
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reduced nitric oxide (NO) production, indicating anti-inflammatory potential. Lastly, acetone

extract also exhibited exceptional antioxidant activity with an ICso of 0.000335 mg/mL.

Overall, these findings indicate that the synthesis of SA-AgNPs and SA-AuNPs from S.
africana extracts presents promising avenues for combating ABR bacteria responsible for
RTIs. The antimicrobial properties of these NPs, combined with their potential for targeted
cancer therapy and anti-inflammatory applications, highlighted their therapeutic potential.
However, this study has several limitations. The long-term stability, potential toxicity, and
clinical applicability of these NPs in therapeutic settings require further investigation.
Additionally, in vivo evaluations and a deeper exploration of the mechanisms underlying the
observed antimicrobial and anticancer activities are necessary to fully understand the efficacy

and safety of these biogenic NPs.

6.2 Recommendations

Future research should focus on clarifying the mechanisms of NP formation to improve control
over characteristics such as size, stability, and drug delivery efficiency. Isolating and
identifying bioactive compounds in the S. afiicana plant is crucial, as these compounds can
enhance NP efficacy. Further studies should investigate the complex mechanisms of NP
formation, including nucleation, growth, stabilisation by capping agents, and the role of
biomolecules in metal ion reduction. Additionally, exploring the synergistic effects of

combining SA-AuNPs with existing antibiotics can enhance antimicrobial efficacy.

It is important to further investigate the dose-dependent nature of the cytotoxic and anti-
inflammatory effects, as this underscores the significance of considering extract concentration
in biological evaluations. Research should also examine how different phytochemicals
influence NP formation kinetics to provide valuable insights. Finally, translating these findings

into clinically relevant NP-based therapeutics and diagnostics is vital. This will enhance
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applications in drug delivery, cancer therapy, and biosensing. By improving the understanding
of NP formation processes, researchers can optimize synthesis to produce stable NPs with

tunable properties for enhanced biomedical applications.
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Appendix A

Al. Plant material collection and extraction process.

The process of collection and extraction of S. Africana plant material whereby A) bark and
leaves were harvested, B) dried, C) ground, D) macerated, E) filtered, F) concentrated using a

rotary evaporator, and finally G) dried concentrated plant extracts.
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Appendix B

B1. Colour change of bark SA-AgNPs samples
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Colour change of S. Africana Bark-silver nanoparticles (SAL-AgNPs) at various incubation

times.

B2. Colour change of leaf SA-AgNP samples
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Colour change of S. Afiicana Leaf-silver nanoparticles (SAL-AgNPs) at various incubation

times.
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B3. UV-Vis analysis of SA-AgNPs and AgNO; effect
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acetone, and distilled water extracts.
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B4. UV-Vis analysis of SABM-AG/SALM-AG and the impact of reaction
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BS. UV-Vis analysis of SABE-AG/SALE-AG and the impact of reaction
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B6. UV-Vis analysis of SABD-AG/SALD-AG and the impact of reaction time
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UV-Vis spectra of distilled-water extracts-based AgNPs showing the impact of reaction time.
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B7. UV-Vis analysis of SABM-AG/SALM-AG and incubation temperature
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The influence of temperature on AgNPs synthesised by S. Africana methanol extracts.
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B8. UV-Vis analysis of SABE-AG/SALE-AG and incubation temperature
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The influence of temperature on AgNPs synthesised by S. Africana ethanol extracts.
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B9. UV-Vis analysis of SABD-AG/SALD-AG and incubation temperature
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The influence of temperature on AgNPs synthesised by S. Africana distilled-water extracts.
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B10. UV-Vis analysis of SABM-AU
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UV-Vis spectra of methanol extracts-based AuNPs at different reaction times and plant
concentrations.
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B11. UV-Vis analysis of SABE-AU
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UV-Vis spectra of ethanol extracts-based AuNPs at different reaction times and plant
concentrations.
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B12. UV-Vis analysis of SABA-AU
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UV-Vis spectra of acetone extracts-based AuNPs at different reaction times and plant
concentrations.
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Appendix C

C.1 X-ray diffraction unit (XRD) analysis of SA-AgNPs and SA-AulNPs
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The experimental XRD spectrum of AgNPs synthesised using S. africana leaf-acetone extracts
(SALA-FRS5).
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The experimental XRD spectrum of AuNPs synthesised by S. afiicana leaf-water extracts

(SALD-FRS5).
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D.1 FTIR spectral of the plant extracts
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Appendix E

E.1. The MIC in mg/mL of SA-AgNPs and and SA-AuNPs
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The MIC in mg/mL of SA-AgNPs synthesised at | mM AgNOs and stored at 25 or 4 °C.
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E.2. Zone of inhibition (mm) of S. Africana extracts, SA-AgNPs, and SA-

AulNPs against ABR bacterial strains.
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Appendix D

D.1. Inhibition activity of S. Africana extracts, SA-AgNPs, and SA-AulNPs by

MTT assay.
SABA = MCF-7 SALM MCF-7
u MCF-10
MCF-10 oo
100 100
0 = [ ] - - 50
=100 000 l; Is lzs 0,625 0,31250!56 0.078 0,039 S ‘0 = 1 I s
=] =
S 200 2 50 0,00 2| 1 0,&0,31250.155 0.078 0,039
a — ™
= -300 =100
= L]
= _400 \9-150
® 500 2200
250
-600
300
-700 Concentrations mg/mL Concentrations mg/mL
SABA-AG MCE-7 SALE-AG =MCF-7
200 = MCF-10 150 MCF-10
100 I 100
" = M i s .
= - =
2 0 0,67 0,34 0,17 0,08 0,04 0,02 0,01 =50
::‘_100 o—
z -
= =0
_::200 = 0 1,34 067 034 0,17 0,08 0,04 0,02 0,01
50
N300 X
400 . 100 :
Concentrations mg/mL Concentrations mg/mL
SABE-AU SMCE-7
MCF-10
100
0 - n ™ [ .
g 100 000 1'.14 lﬂ Ls 127 0,63 0,32 0,16 0,08
£ 200
=
= -300
= 400
X -500
-600
-700

Concentrations mg/mL
Inhibition activity of S. Africana extracts (SABA and SALM), SA-AgNPs (SABA-AG and SALE-AG),

and SA-AuNPs (SABE-AU) on A) MCF-7 and MCF-10 by MTT assay.
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