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Abstract

Thesis title:Green synthesis and characieation of silver nanoparticle$AgNPs) fronBulbine
frutescendeaf extract and their antimicrobial effects.
S. Lucas
MSc Thesigraculty of Natural Scienc®epartment of Biotechnology, University of the

Western Cape

Combating antimicrobial resistantfections caused by nosocomial pathogens poses a major
public health problem globally. The widespread use of brselctrum antibiotics for the
treatment of wound infections has led to the appearance of multidregjstant (MDR)
microbes which further exacbates the growth of microbes amongst patients. It may result in
prolonged debility of the patient and an increase in healthcare costs due to prolonged hospital
stays and expensive treatment regimens to avoid patjgaient transmission. Therefore, it is
imperative that alternative sources of treatment to antimicrobial use in wound infections
needs to be developed in order to inhibit or kill resistant microbes and to provide point of care

medical treatment to the less fortunate at an affordable cost.

The green synthesis of silver nanoparticles (AgNPs) is aeffesitive strategy for wound
healing and has been employed in this thesis. Plants are able to reduce inorganic metals to
form nanoparticles (NP) without the production of toxic-fmpducts, are an eo-friendly and

are a green alternative to conventional methods for mining nanomaterials. Green synthesized
NPs are biocompatible and potentially safe for human therapeutic Bskine frutescenkeaf
extract is stocked with valuable metabolites that anainly employed as a vulnerary to treat a

host of skin infections, colds and eemthritis.

AgNPs weresynthesigd in direct sunlight withmethod of synthesis adapted from Vivek and
colleaguesThe AgNPs produced have been confirmed withMiB/spectra malysis. Using the
principle of Dynamic Light Scattering (DLS), the hydrodynaime, Polydispersity Index (Pd
and Zeta Potential (ZP) of the NPs were examined. Thedianeeter and the morphology of
the NPs were determined usirtgighresolution Transmission Electron Microscopy {HEM).
The Total Phenolic Content (TPC) and Fourggrsform Infrared Bectroscopy(FTIR) spectra of



both the extract and AgNPs wervestigated. The antimicrobial activity of the extract and

AgNPs wer@vestigated using agar well diffusion technique.

Total Phenolic Content (TPC) analysis combined with the DLS data confirmed the antimicrobial
effects observed with AgNP$he TPC analysis confirmed that an ionic charge orpkheélO
AgNPs enhancethe activity of polyphenols; thus influencinthe amount of plenols present

within the AgNPs, providing a greater antimicrobial effédeutral pH AgN® had 49.65+
0.02125TPC content in comparison #13.003 + 0.0117%r pH 10 AgNPS he ZP decreased
during the purification process which aided in the agar wekffusion studies as the more
negative the ZP, the more potent the AgQNPs were against bacterial cell walls. Both AgNPs had a
negative ZP 0f22.3 mV for neutral pH ané25.4 mV for pH 10. The hydrodynensize
increased with centrifugation steps from 89.02 d.igi80.4 d.nm for neutral pH, and 101.2
d.nm¢ 279.7 d.nm for pH10 AgNPs. FTIR analysis confirmed that the presence of flavonoids,
amine groups, polyphenols and proteins are responsible for redutia AQN®@to form AgNPs.

The FTIR spectra obtained showed similarities between the extracts and AgNPs with some
variation in the peak shifts positions which clearly indicated that the residual plant material is
responsible for the capping agents of thgMPs. The HREM analysis confirmed that the AgNP
suspensions within this study are comprised of an array of different shapes which include oval,
spherical, triangular, irregular and even rod shaped particles. Based on ti&EMRmages it

was clear that pl 10 AgNPs is comprised of more circular shaped particles than neutral pH

AgNPs. The core diameter of each particle was between 0.9 nm and 2 nm respectively.

The TPC analysis confirms the antimicrobial activity displayed by the AgNPs in that pH 10 AgNPs
have a greater activity than neutral pH AgNPs due to the presence of more phenols which has
been stabilised through the applied ionic chargelbine frutescenkeaf extract has shown no
antimicrobial activity, however, the AgNPs has shown promising arbimal activity against

all the microbes within this study which includ®tethicillin resistantStaphyloccus aureus
(MRSA) Staphyloccus aureus, Staphyloccus epidermidis, Staphyloccus pyoEsadlestichia

coli Klebsiella pneumonja Pseudomonas aerugin@s Fusarium culmorum, Fusarium
oxysporum, Fusarium proliferatumand Fusarium verticilloidesBoth AgNPs displayed the

highest activity agains$. aureusind F. oxysporumand the lowest activity againgt. coliandF.



culmorum The difference within theantimicrobial effects of the AgNPs on the different

microbes can potentially be attributed to the nature of the microbial cell membranes.
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Chapter 1Lliteraturereview
1.1.Introduction

Antimicrobial resistance of microbes to commonly available antibiotics posesjar public
health problem globallyL@xminarayaret al.,2016). A report compiled by the UK Department
of Health estimated that by 2050 ten million deaths attributed to antimicrobial resistance will
occur annually worldwide Murray et al., 2012). This gbbal burden is disproportionately

concentrated in Susaharan Africa (WHO, 2014).

Appropriate treatment of infections is hampered due to lack of basic health services in rural
areas and the prohibitive cost of diagnostic tests to identify pathogens agid amtimicrobial
susceptibility patterns (WHO, 2014). Wgpread use of broadpectrum antibiotics for the
treatment of wound infections has led to the appearance of multidregistant (MDR)
microbes which further exacerbates the growth of microbes ansorgatients (Petti et al.,
2006) Approximately 2782% of people in Africa live in rural areas where hospitals and
conventional health services are limited or nexistent making traditional medicine their main
option for treatment. It has been reported thvave a fast healing time and offers the
convenience of rettning to their normal lifestyle (Pettet al., 2006). This arose due to
conventional methods failing to meet the expectations of patients and also the prejudice
involved with regards to the managent outcomes of wound conditions such as chronic

ulcers, side effects of drugs and the high cost of conventional theZggliét al.,2005)

Plants have been used as a source of medicinal compounds against antimicrobial resistance for
centuries. According to the World Health Organization (WHO), plant extracts or their respective
active constituents are used as folk medicine in traditional tpegs of which 80% is used to
make antibiotics or drugs to combat infections or disease (WHO, 2015; efoah, 2017).
Medicinal plants have immunomodulatory and antioxidant properties resulting in adverse
antimicrobial activities. The use of plant extre@nd phytochemicals with known and unknown
antimicrobial properties have shown to be effective in therapeutic treatments (Buileteas.,

2015).



Advances made throughanotechnology have changed the way diseases are diagnosed,
treated and even preveed. Currently, researchers have drawn their attention to using metallic
nanoparticlesdue to their ease of synthesis and modifications can be easily applied to
functionalize nanoparticle@Ngiamet al.,2011) Silver nanoparticles (AgNPs) are said to lee th
most widely commercialised nanomaterials and have extensively been applied in different
industries. It has been incorporated in wound healing for its amtrobial properties
(Shekhawatand Arya 2008. AgNPs have also been applied in medicinal prodsoth as
contraceptive devices, bone prostheses, surgical instruments and dental @Hckisardtet al.,
2013) This study focuses on the green synthesi&g@NPdrom Bulbine frutescenkeaf gel sap

extract

The gel sap dB. frutescenss used by traditional healers to treat skin ailments such as wounds,
rashes, cracked lips, burns, ringworms and even herpes. It has also been used internally for the
treatment of coughs, colds, and arthritis (Hutchirgsal.,1996).B. frutescengel s@ promotes

wound healing by increasing cell proliferation and collagen deposiBorrutescengyel sap is
known to increase hydration by leaving a layer of fatty vesicles of glycoprotein on the skin

surface which exhibits potent antibacterial propertigzatheret al.,2011).

Camsidering the effective antiicrobialproperties of ANPs and the enormous intereist their
application as coatings for medicdevices and in wound therapy, of the green synthesis of
AgNPs and its application in wound healing is the better alterngBreekhawatand Arya
2008).



1.2. Aim, objectivesand hypothesis

Aim
To synthesiz&gNPs usingulbine frutescengel sap extract and investigate their antimicrobial
effects.
Objectives
1 To synthesize AgNPs from leaf extracBofrutescensising green chemistry.
1 To characterize the synthesized AgNPs.

1 To investigate the antimicrobial activity of the AgNPs againsicssl sensitive and

resistant pathogenic microbes.

Alternate Hypothesis

Bulbine frutescenis capable of forming AgNPs that have antimicrobial activity.

Null hypothesis

Bulbine frutescenis not capable of forming AgNPs that have antimicrobial agtivit

Primary Research questions
1 Does the aqueous leaf extract Bf frutescengffectively reduce silver ions to &

1 Are the green synthesized AgNPs capable of inhibiting the growth of various

microbes?



1.3.What are antibaterial compounds?

Antibacterial / antibiotic drugs are the most commonly used and abused antimicrobial agents
worldwide to manage bacterial infections, to kill or inhibit the growthbacteria (Barbosat

al., 2014;Hajipouret al.,2012). The antibacterial agents and seyinthetic compounds which

F'NE OdzNNByGte | @l Af Hactafs (Ike/ peniciir§, cardapefie®d and NB
cephalosporins. Amino glycosides, which are pure natural products, and sulphonamides, which
are purely synthetic antibiotics, are also readilyailable on the market. Antibacterial agents

are vital in the fight against infectious diseases (Hajipdwal.,2012).

Currently there areaumerous antibacterial agents used in clinical research for the treatment of
bacterial infections (&bosaet al., 2014). However, due to the broad use and abuse of the
compounds, antibacterialesistance has become @mmmon and widespread global problem.
Resistance is commonly a result of evolutionary processes which take place during antibiotic

therapy resultingn inheritable resistance (Hajipoet al.,2012).

1.3.1. Microbial resistance to antimicrobial drugs

Multidrug resistant microorganisms pose a major threat on the public health system globally
(Raiet al., 2009). Resistant microorganisms suchfasgi, bacteria, parasites and viruses are
unresponsive to drugs used against them such as antifungals, antibiotics, antivirals and
antimalarials. Drugs, which are currently being used to treat infectious diseases, have become
ineffective allowing for themicrobial population to thrive (WHO, 2015). The increase in drug
resistant infections has led to an increase in the mortality rate, morbidity and cost due to
prolonged hospitalization and treatment regime (Laraet al.,2010). Annually, 10000 tonnes

of antibiotics are produced (Nikaido, 2009).

1.3.2. Bacterial cell wall and sensitivity to antimicrobial agents

For over a century, microbial infections such as bacterial, fungal, viral and parasitic infections
have been treated using antimicrobial agentsigthare either synthetic or sersynthetic.
These antimicrobial agents are able to kill (microbicidal) or prevent the growth (microbistatic)
of microorganisms (Acaet al., 2015. However, a large number of microorganisms have

developed the ability to suive under these conditions and are able to adapt and evolve over



time resulting in resistance against every available therapeutic antimicrobial on the market

(Acaret al.,2015.

Bacteria can be classfl as Granpositive or Gam-negative orgaisms throwgh the abilityto

retain the Gram stain (Wiegel, 1981). Grpwsitive bacteria consist of a 2060 nm thick layer

of peptidoglycan (PG). They are attached to teichoic acids that are distinot {Grdmmpositive

cell wall Barnettet al.,2004;Scottet a., 2006). The cell walls ofr@nnegative bacteria are

more complex structurally and chemically. Graegative bacteria consist of a thin PG layer
and an outer membrane which covers the surface membrane. The owenbrane of Gam-
negative bacteria is r@ensible for the resistance to hydrophobic compounds which are
comprised of lipopolysaccharides. Lipopolysaccharides augment the negative charge of the cell
membranes and are crucial for the structural integrity and vigboit the bacteriaKajipouret

al., 2012). The cell wall and membranes are important defensive barriers for bacterial
NBaAadlryOS G2 GKS SEGSNYylIt SygiANRYYSylGo ¢KS
shape. The components of the cell membrane provide different pathways ofr@atoso of
Grampositive and Granmegative bacteria (Delcowt al., 2009; Ghai | and Ghai S, 2017; Pages

et al., 2008; Stavengesat al., 2014; Vergalket al., 2017;Winterhalteret al., 2015).The cell wall

plays an integral role in the tolerance or susceptibility of bacteria to antibacterial therapeutic

agents (Hajipouet al.,2012).

The bacterial cell wall is surrounded by an exoskelelila structure which is composed of PG
sacculus (L et al., 2011). This structure is made up of glycan strands dnussd by short
peptides which generate a covalent mesh that helps in maintaining the shape of the bacteria
and prevents their lysis due to the high internal osmotic pressure (ktoal, 2011). There are

two main mechanisms which bacteria employs against antimicrobial therapies (i) enzymatic
barrier which primarily destroys the antimicrobial compound, and (ii) membrane barrier which
limits the intracellular access of antimicrobial compoardtimately leading to the failure of

the antimicrobial therapy (Ghat al., 2017).



1.3.3. Classes of antibiotics and their sites of action on bacteria

Different antibacterial drugs are known to target various parts of the bacteria to inhibit or
disrupt its functioning. Table 1.1 below shows the different antibacterial drugs which target
various parts of the bacteria. These targets include the cell wall and cell membranes,
ribosomes, nucleic acids, bacterial cellular metabolism and bacterial cedhuitgmes Barbosa

et al.,, 2014). As demonstrated in the table 1.1 and figure 1.1 below, there are various
mechanisms by which these agents are able to intbbitterial multiplication and growth or
destroy bacteria by(i) inhibition of cell wall synthesiand disruption of the cell membrane
function, (ii) inhibition of protein synthesis (50S and 30S), inhibition of nucleic acid synthesis for

both (iii) DNA and (iMRNA, and (v) functioning as antetabolites (Barbsaet al.,2014).

Table 1.1: Various baetial targets of antibacterial drugs (Barbos al., 2014).

Bacterial target Antimicrobial drugs
0) Cell wall synthesis and inhibitors I -Lactams
I -Lactamase inhibites
Glycopeptides
Polypeptides

Pyridine4-carbohydrazide
Tetracyclines

(i) Protein synthesis Aminoglycosides
Furanes
Ketolides
Lincosamides
Macrolides
Oxazolidinones
Streptogramins

(i) DNA synthesis Coumarins
Naphthyridines
Quinolones
2-Pyridones

(iv) RNA synthesis Rifamycins

(V) Intermediary metabolism Sulfonamides




Cell wall synthesis DNA gyrase

DNA-directed RNA
[RNA elongation JN POlymerase

Cycloserine qui"uhnﬁ_[ Nalidixic acid Actinomycin Rifampin

Vancomycin Ciprofloxacin Streptovaricins

Bacitracin Novobiocin

Penicillins Protein synthesis
Cephalosporins (508 inhibitors)
Monobactams s ’
Erbapanans: | Erythromycin (macrolides)

Folic acid metabolism

Trimethroprim
Sulfonamides

Cytoplasmic membrane

Chloramphenicol
Clindamycin
Lincomycin

Protein synthesis
(308 inhibitors)

_Tetracyclines
Spectinomycin
Streptomycin

Gentamicin
structure Kan_a myfcin
Polymyxins A!mka: in
Daptomycin | Nitrofurans
PABA Cytoplasmic Cell wall
membrane R
Mupirocin
Puromycin

Figure 1.1: Classes of antibiotics/ antimicrobial agents and their mode of action against ba¢teatmotesweek4, 2013).

7



Antibacterial agents have a selective structural and metabolic advantage in bacteria cells and
mammalian cells in that they cause selective toxicity to the bacteria organisms without
damaging the host cells. The current dmggistant bacteria include: mtidirug resistant
Mycobacterium tubercukls, Enterobacter cloaca&scherichia cgliAcinetobacter baumannii
Haemophilus influenzaPseudomonas aeruginos&lebsiella pneumoniaepenicillinresistant
Neisseria gonorrhoeae (PPNGhigella flexneriSalmorlla enterica Vibrio cholerapenicillin-
resistant Streptococcus pneumoniag macrolideresistant Streptococcus pyogenesand
vancomycinaresistant Enterococcus(Pelgrift and Friednta 2013). Staphyloccus aureuss

resistant tomethicillin, sulphonamide, vancomycin and penicillin (Pelgrift and Friedman, 2013).

1.3.4. Mechanisms of resistance of microbes against antimicrobial drugs
The acquired resistant genes enable the bacteria to develop various resistance mechanisms to
avoid the antibiotics that they were exposed to. Figure 1.2 below illustrates the various

mechanisms of antibiotic resistance.

As depicted in the illustration, the first mechanism of antibiotic resistance can be achieved by
the presence of an enzymthat inacivates ¢ alters the antibiotic. Second mechanismthe
metabolic evasion of the targeted pathway or the development of an alternative pathway in
which the antibiotic is inhibited by the enzyme. The third mechanism entails the rontaft

the antimicrobialtarget resulting in a decrease in the binding of the antimicrobial agent or the
sequestering process of the drugs via protein (50S and 30S) binding. The fourth mechanism
encompasses posttranslational or posttranscriptional modifaaiof the antimicrolal target
resulting in the reduction of the binding of antimicrobtalget or modifications of the targets.

The fifth mechanism involves the decrease in antimicrobial uptike to modified cell wall
proteins The sixth mechanism of antimicrobial resistamesults in the active draining of drugs
out of the microbe. The seventh mechanism entails the overproduction of the antimicrobial

agents target by the microbesd®osaet al.,2014).



Examples of mechanisms of antibiotic resistance i
bacterial cell

inactivation of 00

@ antibiotic dru enzymes
g by enzy cell wall

° OQ g~ : ' cytoplasm
activationof @ , :
drug efflux pumps

Y'Y

9 modified drug target

efflux
pump

alteration of drug target

inhibition of plasmid
drug uptake OQ
9 9 9 ® 2009 Encyclopadia Britannica, Inc.

Figure 1.2: Examples of the different mechanism of antibiotic remige (EncyclopaediaBritannica,
2009).

Poor patient compliance or the use of tidependent antibiotics with a long shdife is one of

many causes of drug resistancea@saet al., 2014). The development of resistance &n
antimicrobial agents dependent on the duration of exposureMicrobistatic drugs are unlike
microbicide drugs in that they inhibit the growth of microbes and do not kill all microbes, thus
allowing some microbial cells to survive and therefore develop resistance dosetexposure

to the antimicrobial agent or drug (Levy and Marshall, 2004). The mismanagement of dose
amount and missed schedules doses further increases the selective pressure in favour of drug
resistance due to microbial cells not completely being eraditdy the drug $ingeret al,

2016). Due to poor patience compliance, drugs which are developed to treat infections have a
short dosage interval resulting in an increase in dosage number for microbial eradication (Levy
and Marshall, 2004). However, evetien there is good patient complia@cselective pressure

in favourof antimicrobial resistance still occurs due to the events that unfold within individual

dosing intervals (@bosaet al.,2014).



1.4.Fusariumfungal species

The Fusariumspecies is Igbally distributed in soil, plants, water and manmade habitdttgs
responsible for plant diseases and can be a serious opportunistic human pathogen which
affects immunocomprmised patiets (Kredicset al., 2015 Nucci and Anaisse, 2007he
infections caused byFusarium species aremainly through airborne transmission, skin
breakdown due to trauma, burns or insertion of vascular ctghse (Nucci and Anaisse, 2007;
Raadet al.,2002). Infections in humans can possibly manifest as a fever that doesspaind

to antimicrobial therapy. It may also cause localised infections, such as onychomycosis, keratitis
and other skinnfections (Changt al.,2006; Godoyet al.,2004;MoralesCadonaet al.,2014;
Takenaka, 2016Zaiaset al., 2014). In paediatricancer patientsCandidaspecies remairthe

most important cause of invasive fungal diseases (IFD) followed by invasive infections by
Aspergillus sppand other fungi (Castagnolat al., 2005, 2006;Hale et al., 2010). The
epidemiology of fungal infections varies markedly according to the geographic region. In Brazil,
Fusariumspecies posea major threat to cancer patients (Nucet al., 2013). TheFusarium
species are among the most resistant fungi and systemdccanventional antifungal agents fail

to treat those infected withhis species of fungi (GuarroRusariosis, 2013).

1.4.1. Susceptibility to vario us antimicrobial compounds

The Fusariunspecies are resistant to azole¢ghinocandinsaand polyenes antifugals(Nucciet

al.,, 2014). This poses a major challenge on the agricultural and medicinal sector to find
alternative means to inhibit the growth of thEusariumspecies. Currently on the market,
voriconazole is used to treat immunocompromised individuald has increased the survival
rate significantly. Amphotericin B deoxycholate gives relatively poor survival results in
comparison to voriconazole. Voriconazole is statistically associated with 60% survival rate,
whereas amphotericin B deoxychatais assoiated with 28% surval rate (Nuccet al.,2014).
Although these antifungal drugs offer more choices for treatment ag&insariumspecies, the
most suitable candidate to treat antifungal infeat® has still not been foun@ucciet al.,
2014).
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1.5. Current managementof antimicrobial resistance in wound infections

For many centuries maerous natural remediebave been used for the treatment of various
types of wounds which aim to increase blood clotting, absorb wound exudates, and hasten
healing. It is crucial that a moist environment is provided at the wound site for the migration of

various cells to facikite wound contraction.

Selecting an ideal wound dressing is dependent on the wound type, size, amount of exudates
and the riskof infection (Shaocet al., 2017; Zhanget al., 2014) Currently on the market
hydrogels foam or film, ointment, antibacteriadreams and/or antibacterial agents in

combination with polymers are beingsed wdely in clinical conditiondHussairet al.,2018).

In recent years bioactive agents have been incorporated to common antibacterial wound
dressing agentfHussairet al., 2018). Bioactive agents include natural and synthetic polymers,
skin substitutes, electrospun micro anmanofibers, foams, films, hydrocolloids, sponges,
membranes andeven hydrogels. The use of bioactive compounds in wound dressings is
significantly more déctive in the medicinal treatment for nehealing chronic wound@ussain

et al.,2018) Bioactive compounds are released via the hydrolysate activity of wound enzymes
presentin exudates or wound fluidBpatenget al.,2015) Hydrates, swelling and difion are

used to release the bioactive compounds from the dregs to the site of injury (Dia al.,
2011) Research has shown that the bioactive agents in the dressings are found to be less
effective due to the rapid absorption of counds by wound exdates (Da%t al.,2016) The
search of a perfect wound dressing material continues to be a challenge in the field of tissue

engineering.

1.5.1. Antimicrobial potential of herbal medicines

Since the beginning of time, human beings have reliedainre toprovidebasic needs such as
medicine and food (Gurib, 2006). The higher order plants such as conifers and flowering plants
are the main source of food for animals and people. These plants are found in abundance
across the world and provide inherent andiihct biological and chemical properties beneficial

to all species (De Wett al., 2005; Fennelet al., 2004). In recent years there has been

tremendous development in the organic synthesis of medicine, however, statistics obtained
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from the WorldHealth Organizatioik I & &aK2g¢y GKIF G ym: 2F GKS §2NI

traditional medicine fotreatment of various ailments (WHO, 20115

South Africa is world renowned for its plabiodiversity. Higher order plants have been used
for centuries as herbal medicine by traditional healers and indigenous people of Southern
Africa which has shaped the so@oltural heritage of Southern Afrigdhring &Weitz, 2006).
There are approximately over 30000 species of higher order plants in 8éuth and 3000 of
these plants have been used medaily (van Wyket al., 2008). Indigenous people of South
Africa believe that extracts from these plants obtained naturally are relatively less toxic and
have fewer side effects than the synthetic drugeduced. The use of these plants has played a
fundamental role in the daily lives of these people to treat and prewiments (Van Wylet

al., 2008. Mainly in rural areas, traditional healers are the health care providers which the

community consults (\WO, 2001).

The iconic Southern African medicinal plants are Cape aléése (feroy, dew f Q& Of | ¢
(Harpagophytumprocumbens)and buchu fAgathosma betulinp(McGawet al., 2000. These

plants have led to growing interedor their extensive medicinal proprties and have thus

enabled indigenous medicine to come to the forefront of medical research as a better

alternative to synthetically produced dru@€lcGawet al.,2000).

Most of the herbal materials which have shown to promote wound healing are known t

contain biochemical substances such as amino acids, vitamins, hydrocolloids, fats and some
inorganic substances which include mineral salts. The mechanism of wound healing and the
benefits of herbal materials have been tracked dotwrtheir antioxidant activity (Yatest al.,

2012. The antioxidant potential of herbs has beerkéd to their polyphenol and carotenoid

content. Caretenoids are structurally related to vitamin A and have been related to various

health benefits which inade decreasing the risk of certain cancers and égease ayer,

2010 > t 2f@LKSy2fa INB YyiGAZEARFYG O2YLRtdzyR& &d
reduce the risk of developing tygediabetes. Flavonoids in addition to their antioxidant action

also impart protection against ultraiolet light and havenetal chelating properties (Marcaiet
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al. 2015).Flavonoids are naturally occurring plant pigments and has been shown to significantly

reduce the risk of cardiovascular and lung disease.

1.5.2. Polyphenols

Polyphenols are commonly found in the botanical organs of medicinal herbs, fruits and
vegetables. They are found within thit\BHzA G 42 & SSRa I s {POypi@SosXkeyl YR @
responsibility is to maintain the colour, flavour and healing abilitiesany plantgPandeyet

al., 2009. They can inhibit the oxidation of other molecules. They can potentially terminate

any chain reaction due to the free radicals produced within the oxidative processes. In many
biological systems, such oxidative reactooften result in cell damage and other harmful
LINEPOS&daSa &4dzOK Fa Foy2N¥YEFEfE LXFGSESG F3IaNBIL
responses. Flavonoids are the largest family of polyphenols; however, not all flavareids

classified as polyphenolsThae are different flavonoids found within plants such as
FYGK20@lIyAyas bl @ly2ySas Fil g2y2ftas Fil @2y Sa

Polyphenols has been shown to act as wound healing agé&stamet al.,2018). Polyphenols
block the actionof harmful enzymes that caastissue damage due to ultravioleadiation,
wound ulceration and cell mutatior(®slamet al.,2018) Polyphenols are able to protect tissue
cells and body fluids from free radicals generatedthim the oxidative process. Some
polyphenols are able to slow down the growth of certain virulent viruses and microbes such as
S. aweus and E. coli The antimicrobial and antnflammatory properties of polyphenols
prevent swelling and itching afounds by releasing allgic mediators such as serotonin and
histamine Ambigaet al.,2007).
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1.5.3. Bulbine frutescens

Bulbine frutescens an indigenousouthern Africa plant, and is commonly found in they@e
where it is grown as a garden ptafvan Wyk & Gericke, 2000) is commonly known as snake
FE26SNE OFdQa GFAft X o0dz2NYy 28 f(MarWyklRGentke>2000)y G St ST
B. frutescensdelongs tothe Asphodelacedamily. The leaf idilled with a clear gel which is
similar in appearance and consistency to thiee veragel (Van Wyl& Gericke, 2000). There

are over fifty species dulbinespeciespart of the Asphodelacedamily, which has extensively
been used by traditional healefsr the treatment of bruises, burns, stings, rashes, eczema,
external sores and other skin related ailments (Van Wyk and Gericke, B0&gphodeloides
(wilderkopiva),B. alooidegrooistorm),B. natalensigrooiwortel), B. latifoliaand B. narcissifolia
(geelslangkop) have been used for the treatment of these skin related ailments (Van Wyk &
Gericke, 2000)The gel ofB. frutescenss used for the treatment of cracked lipsngworms,
wounds andherpes (Hutchinget al., 1996).B. frutescenss mainly ermployed as a vulnerary

due to its track record of displaying antimicrobial properties. It has also been used internally for

the treatment of coughs, colds, arthritis and insanity.

B. frutescenss an aloe succulent plant with a rosette of long, fleslgjloy-green leaves. The
long flower stems bear elongated clusters of yeHomnge or yellow flowers with fluffy
stamens. This study focuses @& frutescenglant species with yellow flowerdzigure 1.3
depicts a photographic image dB. frutescens The $ems and roots are comprised of
knipholonetype anthraquinones and have been employed in topical applications due to the
presence of glycoprotein@ringmanret al,, 2008. B. frutescenshrives in environments where
there is lots of sunlight and requir@ssmall amount of water to grow. It is resistant to drought,
heat and frost and can be grown anywhere including a pot on the balcony or even a windowsill.
It can grow in any type of soiB. frutescenpropagates best in spring. It only requires gugce

of stem to grow. It can be watered only once a week and attracts b#ggar round(Dyson,
1998; Joffe, 1993).
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Figure 1.3: Photographic image of tHulbine frutescenglant (Forest Starr & Kim Starr, 2009\
Clusters of yellow flowerdB: Rosette of long, fleshy, yellow green floweGs.Leaves oB. frutescens

plant.

1.5.4. Antimicrobial activity of B.frutescens plant extract in previous literature

Theantimicrobial activity oB. frutescendas beerextensivelyinvestigatedoy Coopassamy and
colleagues Coopoosamyet al., 2010. The findings of this study showed thBt frutescens
acetone and ethyl extracts are able to inhibit the activity of Gyaositive bacteria such as

Bacillus subtiligVlicrococcus kristinaand S. aureugCoopoosamyt al.,2010).

Previous phytochemical analysis has resulted in the isolation and charatitaripf the axially

chiral phenylanthraquinones knipholor§g) from the polar fractions oB. frutescenglant. This

Ad AffdzAaAGNFYGSR Ay TFAIdINE wmdn gKAOK 042 &Kz
RSYS(iKet|{yALK2f2yS=Z 3 6 2 NDifeetiiykyiplaionen @D | Yy R
glucopyranoside, and isoknipholoii2) (Mutanyatta et al., 2005). The polar fraction of thB.
frutescend Jt | y i O-Pgulfdtedl ghanylan@raquinones making this species a rich source

of novel bioactive compounds (Mutanyatt al., 2005).
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Figure 1.4:. Schematic representation of the chiral phenylanthraquinones knipholone (1) and

isoknipholone (2) found within theB. frutescenglant species (Patheet al., 2011).

Widgerow and Chait used the leaves gel to promote wound healing by increasihg
proliferation and ollagen depositionWidgerow andChait, 200). They included the gel of the
leaf in a microporous tape. Th& frutescenincreased the hydration by leaving a layer of fatty
vesicles of glycoprotein on the skin surface which extbéntibacteriaproperties(Widgerow

and Chait, 200 Pather and colleagues further established that the leaf gels stimulates

collagen deposition and possibly increases fibroplasia (Pathedr,2011).
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1.6. Nanotechnology and anoscience

Nanotechnology offers various new strategies for regenerative medicine. In recent years, the
molecular engineering of various sedsembling biocompatibl&Pswere developed as an
active area of nanoresearqtChakrabortyet al., 2011) Metal nanoparticlegNPs)like silver,

gold and zinc exhibit excellent properties such as low in vivo toxicity, and bacteriostatic and

bactericidal activitiesHustiset al.,2006; Raet al.,2009)

The physicist, Richard P. Feynman described the concept of nanotechrnla359 as,
GCKANBIX Syde 2F NBR2Y G GKS o020G2Yéd bly2YFdSN
permeability allowing more unique interactions than larger particles. The merging of
biotechnology and nanotechnology seem logical considettiegfad that biological sample

can interact with nanostructures on a nanometer scaleef/anadanet al., 2019. Interactions

with similarly sized biological materials possess the ability to traverse these materials and thus

allow for the discovery of novel andtriguing biological innovationgeevanadanet al., 2018§.

1.6.1. What is nanoscience and nanotechnology?

Nanoscience can be described as the production and structural manipulation of materials
between 1100 nm ranges, thus producinganomaterials which display novel properties
(Jeevanandamet al. 2018. These nanomaterials can be manipulated for a variety of

applications called nanotechnajy Qujitha et al.,2013).

Materials at nanoscale possess remarkable properties which haveolgdeat strides in the
research field of nanotechnology. Nanoparticles have been applied to a vast array of fields such
as healthcare, water remediation, communication technologies, healthcare, transport and
energy due to its exceptional novel charactécs at the nanoscal (Rajoriya, 2017Daset al.,

2012).
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Nanotechnology is an exciting and powerful discipline of science in the present century. The
biosynthesis ofNPsis ecofriendly, reliable and an important aspect of green chemistry
approach thaintersects biotechnology and nanotechnologyPshave magnetic, electrical and
optical properties which are influenced by the size, shape and interaction with stabilizers and

surrounding media (Ahiftuanet al.,2011).

1.5.2. Classification of NPs

NPs an be classified according to their composition, dimensionality and uniformity.
Dimensionality classifies NPs produced according to their morphology and shape. They can
either be onedimensional (1D), twaimensional (2D) or thredimensional (3D). They r©a
either be spherical, irregular or tubular shaped and can exist in fused, agglomerated or
aggregated forms (Buzes al.,2007; Novack &ucheli, 2007). The physiochemical properties

in conjunction with the large surfage-volume ratio make researcherseleve that these
nanomaterials are hazardous to the environment and biological organisms that live in it
(Kruszewsket al., 2011). Despite this, namaterials are continuously beindeveloped in

various industries.

NPs can be produced naturally or bgtlropic sources, such as engineered or unwanted/
incidental NPs. Studies conducted in the past has revealed that NPs can be present in nature
where they are synthesized by natural processes such agninieralizaion and bic
degradation (Huanget al., 2007). Underin vivo conditions NPs can be synthesized through
erosion, forestfires, friction, volcanic eruptions, marine wave strokes, physical and chemical
weathering of rocks, et(Kersharwanet al., 2014). NPs are generated through regular human
activities such as fuelombustion, welding fumes, industrial effluents, automobile exhaust, etc.

Engineered NPs are synthesized to serve a specific purpose for the benefit of mankind.

As shown in figure 1.5 belowanomaterials can beategorized intgpolymers, carbofbased
materials, magnetidbased materials, composites, dendrimers, quantum dots, and lipid NPs
These can béound in various shapes such as tubes, wires, crystals, rods, spheres and even

core-shell nanoparticlesHuanget al.,2007; Kersharwaniet al.,2014 Liu et al.,2014).
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1.5.3. Green nanotechnology

Tradtionally, metallic NPare synthesized by physical methods such as pulsed laser ablation or
ion sputtering and chemical methods such as solvothermal synthesis, hydrothermggl sol
methods, and redction. The chemical method of NP synthesis is expensive, it involves
chemicalghat can be hazardous when disposed in the environment and it requires stabilizing
agents to prevent NPs from aggregating (Akraaial., 2013; Mollick et al., 2015). For these
reasons, moreenvronmentally friendly approachetor synthess of metallic NB havebeen
RSOSt 2LISR OF t t SNRcrowrgaNiBrS yind plantyeiirscs have récently been used
for the synthesis of NPs (Binupriggaal.,2010).

The green synthesis of NPs can be achieved intracellularly and extracelldldnbar(et al.,

2013). Intracellular synthesis involves the synthesis of NPs using microorganisms. Bacteria and
fungi have been reported in previous literature to synthesise NPs by absorbing the metals and
using their cellular machinery to convert them into NR®Hick et al., 2015. However, the use

of microbes to synthesise NPs has its limitations. Microbes are expensive to maintain and they
require multistep processes to be isolatédkhtaret al.,2013. Synthesizing NPs extracellularly
using plants would eliminate tlse steps, be less tim@nsuming and more cogfffective
(Akhtaret al.,2013).

Plants are known as green factories in the genesis of NPs. The major advantage of using plant
extract for the biogenesis of AgNPs is that they are readily available, saf&pxiomave a wide

array of metabolites and can contribute to the reduction d¥esi ions quicker than microbes.

Interest of researchers grew dramatically as plant material used as the reducing agent in
synthesis of NPs minimizes the cost, time, waste and Bt is illustrated in figure 1.6t

provides a sustainable procedure ftire development of an ecériendly and simple method

for the fabrication of AgNPs leading to the introduction of a phbimogical approach. Green
YIy20SOKy2t238 Aa fa2 O2¥YV2@6A0I{ yRAWINEERORRS
of the plants or tleir extracts of plants as reducing or capping agents in the synthesis if AQNPs
(Reddy et al, 2014).
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Figure 1.6: Advantages of green nanotechnology.

1.6. Silver

Silver (Ag) is a soft greyighite lustrous element with atomic weighdf 47. Itis insoluble in
water, whereas its ratallic salts such as AgNgJsilver nitrate) and AgClilger chloride) are
soluble in water. Metallic silver in its finely dispersed form exhibits unique properties normally
associated with noble metals such as chemhistability, excellent electrical conductivity, anti
bacteriostatic effects, notinear optical behaviour and cataly activity (Henglein, 1989;

Mulvaney, 1996).

Silver has been known as an environmental hazard for over 7000 years even thougstdng

of human life has been associated with it. Since th& @&ntury it has been exploited for its
medicinal and antibacterial properties. However, the bioaccumulation proggrtoxic effects
and persistencef silver within the environment made it imperative for the usage of silver and

exposure to be controlledl@ébeeret al.,2013 Liet al.,2009; Luoma, 2008).
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1.6.1. Biosynthesis of AgNPs
The fabrication of NPs can occur via biological, physical, chkme&ectrochemical,
photochemical, sonolytic and radiolytic methods (Zakir, 2006). AQNPs can be synthesized either

by top-down (physical) and bottorap (chemical methods and via green pathway) approaches.

The top down approach involves the breakdown lflk material into the nanoscale size
without changing the elemental composition of the bulk material, while the bottgn
approach deals with fabricating NPs by collecting, consolidating and using individual atoms and
molecules to nanosizegarticles (Baet al. 2009; Mirunalini, 2011; Rosarin & Mirunalini, 2011) .
The topdown approach for NP production is mainly used for industrial scale synthesis, and is
not favoured by the scientific community. This method of synthesis is difficult, expensive and

requires complex instrumentation (dam & Lead, 2008; Powegsal.,2006).

The bottomup approach consists of chemical/physical methods or green synthesis or biological
methods (plants or microbes)Chemical and physical methqdsuch as sejel process or
chemical vapor depositionare costly and extremely toxic to the environment. -sialing of

NPs produced by physical processes are difficult and have a short shelf lifespan. Physical
methods require NPs to be capped with capping agents thus contributings teery low
thermal stability. Chemical processé@svolve multiple purification roundsusing explosive
solvents, high casumption for processessgnication and microfluidizatignand byproducts

have harmful effects on the environment.

Plants are knowras green factories in the genesis of NPse major advantage of using plant
extract for the biogenesis of AgNPs is that they are readily available, saf&pxiomave a wide
array of metabolites and can contribute to the reduction of silver ions quitka&n microbes
(Iravani & Zolfaghari, 20)3NPssynthesisedusing plants are found to be more polydispersed
with different shaped particles due to the presence of phytochemicals such as polyphenols,
flavones, organic acids and quinones within the plant extfRcathnaet al.,2010; Kumaet al.,

2008. It provides a sustainable procedure for the development of an-g@ndly and simple

method for the fabrication of AgQNPs
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Figure 1.7: Different approaches for synthesis of metallic NPsithnaet al., 2010.

1.6.2. The role of plant biomol ecules in the green synthesis of AQNPs
Phytosynthesis ophytofabrication or green synthesis involves the reduction of silver ions by
the plant biomass into AgNPs. Aqueous extracts are considered moifei@adly over organic

extracts making it the better alternative for green synthesis.

It is known thatalmost all plants such as herbs, shrubs or trees contain phenols, latex,
flavonoids, alcohols and proteins which can produce AgNPs from silver salts. The whole plant or
parts of the plant such as the roots, leaves, sedwhrk, fruits, pulp or secretp stbstances and

in vitro raised calli have been reported in previous studies for the syntluddiPs (Hure 1.9

(Manjumeeneet al.,2014).
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Figure 1.8: The different parts of plant used in green synthesis of NPs.

The nature of the @int extract directly influences the type of NPs synthesized with the source
of the plant extract being the most vital factor affecting the morphology and size distribution of
the NPs producedL(loma,2008 This can be attributedo the vast array ofbiomolecules

present within the plant extractManjumeenaet al.,2014).

Plants contain primary metabolites such as proteins, peptides, amino acidseducing sugars
which play a critical role in the stabilization and reduction of silver into AgNd&&. ahd
colleagues have shown that polysaccharidésy @ role in the synthesis of golémoparticles
(AuNPs) and beta-Blucose serves as a reducing agdmita(naet al., 2010. Starch has been

reported as a stabilizing agent in the synthesis of AgRRs$n@et al.,2010).

AgNPs have been synthesized frén veradue to the presence of natural phytochemicals
which act as natural cappingnd reducing agest(Yebpellaet al., 2011). The polyphenol,
rosmarinic acid, inC. aromaticushas been reported to beesponsible for the observed
antioxidant activityin AgQNPs (Vaja & Annudurai, 2013)Dioscorea bulbifertguber which has a
high amount of flavonoids and phenolic acid derivatives has been reported to syntAegides
(Ghoshet al.,, 20139.
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Phytochemical analysis ©f. kulbiferatuber extract strongly supports its reducing capability of
Ag to Ad. Pulicaria glutinosglant extract is rich in phenolic compounds, which are known to

play a vital role in the uction of silver ions (Kora &runachalam, 2012).

1.6.3. Mechanism involved in the green synthesis of AQNPs

Researchers have proposed a preliminary mechanism for the accumulatiNiPsHfter the
reduction of metal ions and the reduction process which is mediated by reducing agents or
enzymes which are bound to the cell wéesharwanet al., 2014) It has been reported that
biosynthetic products or reduced cofactors play an important factor in the reduction of
respective salts to form NP®lants have a complex network of enzymes and antioxidant
metabolites which work around the clock to prevent oxidative damage to cellular components.
Althougheach plants phytochemical profile varies, the reduction of ions seems to be the major
mechanism aking place within the synthesis of NPs. Though the exact mechanism involved in
AgNP synthesis may not be fully deciphered, it is believed that the biomolecules involved

directly cause the reduction processdocur (Jhat al.,2009).

Figure 1.9 illustites a hypothetical mechanism for the bioreduction of silver ions using plant
extracts to form AgNPs. The core mechanism for the bioreduction of silver ions firstly involves
the entrapment of the silver ions on the surface of proteins within the extractlbgtrostatic
interactions. Silver ions are then redutdy the proteins resulting in secondary structures
being formed, which contain silver nuclei. The silver nuclei then grow, through the reduction of
more silver ions and the aggregation at the nuglgiet al., 2007). This mechanism of plant
mediated synthesis can somewhat be associated with the phytoremediation process found

within plants (Andersoet al.,1998; Huanget al.,1996).

25



G 0 . 6 \ AgNps of variable
O shapes
® @
Aqueous solution
of AgNO3 +
Carhohydrates, proteins,
phenolics, akaloids, el -
flavonoids, polyols, terpeno ids, ¢ _ | g ps st.a
saponins, tartaric acids, cRric 5;1‘:‘;::: of mu&mit “:i - 1 by oragnic coating
acid, Functional groups
(aldehydes, ketones, peptides,
carbanylc acid, bydroxyl,
sulfhydryl) ) etc. present in or/ and
- “":’: m’ll oo Signatory colours of
pur m . .
ot uulh AgNps solutin
PEG, PVP, starch etc.)

Reducing agents

Figure 1.9: A hypothetical mechanism involved in the reductiohsilver ions to form AgNPs using

green synthesis (Rajoriya, 2017).
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1.6.4. Factors affecting the synthesis of ANPs

Although the plant material provides natural reducing and capping agents, the parameters for
the green synthesis of AgNPs are equadlgponsiblefor the reducing and capping ability of
AgNPsThe shape, sizend morphology of NPs produced ad@ectly affected by the reaction
conditions such as timgH, incubation temperature, concentration of extract and AgiNénd

pH (Chan & Don, 2013).

The rate of synthesis and final conversion to AgNPs has been reported to be faster with a larger
guantity of plant extracts and metal ions (Soegal., 2009). The amount of reducing agent
present within the reaction affects theability of the AgNPs. Previous studies have shown that
smaller NPs are produced at higher temperatures (Duéewl., 2010; Songet al., 2008).
Heating a reaction mixture to 95C using Magnolia leaf extrachs the reducing material

resulted in 90% formadn of AGNPs within a few minutes (Saiaal.,2008).

pH hasbeen shown D influence the synthesis of NP§he net charge on the biomolecules
changes from a positive to a negative charge thus creating repulsion between the negatively
charged ions withirthe biomolecules. Ihas been reported that increasing the pH results in
smaller NPs and prevents further nucleation from taking place (Shatlar,2004). Acidic pH
retards the formation of AgNPs whilst alkaline pH promotes the formation of AgNPsl€Sith
2015). Sathishkumar and colleagues were able to form spherical and decahedral NPs by
gradually increasing the pH of the medium (Sathishkuetaal.,2009. The stabity of AgQNPs
increases withincrease in the time of synthesis. Similarly, other faegtwithin the synthesis

such as salt concentration and amount of reducing agent present influence the desired

morphology of NPs.
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1.6.5. NPs against antimicrobial resistance

Metallic NPs have been used in previous studies to exaiiicrobial activikes against a range

of bacteriaand have been effective against numerous infectious diseases including antibiotic
resistant onesBaek & An, 2011; Devi & Joshi, 2012; Sondi & SalBpeli, 2004). Although
NPs such as silver (Ag), zioxide (ZnO), copper oxide (CuO) and nickel oxide (NiO) have
antimicrobial properties, the precise mechanism involved in the toxicity of the NPs against

bacteria still needs to be validated (Pelgrift & Friedman, 2013).

NPs can exert their effects by thBrect interaction with the bacterial cell wall, inhibition of
biofilm formation, generation oReactive Oxygen Speci@®0$ and induction of intracellular
effects (Aderibigbe, 2017; Al Matat al.,2017. Bassegodat al.,2018; Hemeg, 2017; Kateh
al., 2018; Natan and Banin, 2017; Raial., 2017; Siddiget al., 2018; Singh Ket al., 2014;
Slaviret al.,2017; Zaidet al.,2017).

It is well known that NPs adhere to the bacterial membranes via electrostatic interactions
consequently causing the disruption of the integrity of the bacterial membranes (Hajgiour

al., 2012). The increase in reactive oxygen species (ROS) productibedraslosely related to

the cytotoxicity of the NPs against bacteria. ROS damage can be achieved against the bacterial
membrane, DNA and mitochondria which eventually leads to bacterial death, as illustrated in
figure 1.10 below (Baek and An, 2011; Devddshi, 2012; Hajipowet al., 2012; Sondi and

SalopekSondi, 2004). NPs can generate distinctive ROS such as superoxide or hydroxyl radical
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Figure 1.10: NPs and their ions (eg.*Agrt") producing free radicals, resulting in the induction of
oxidative stress.The produced ROS irreversibly damages the bacteria resulting in bacterial death

(Hajipouret al.,2012).

Various metallic NPs use a multitude of mechanisms to simultaneously combat microbes. These
NPs include nitrioxidereleasing NPs (NO NPs), metahtaining NPs (MBIPs) and chitosan
containing NPs (CHRPs). These multiple simultaneous mechanisms of antimicrobial action
highly decreases the chance of the development of resistance to these NPs, as multiple
simultaneous gene mutations in the same microbial cell would be requireddsistance to
develop(Hajipouret al.,2012). NPs also possess the ability to target and deliver antimicrobial
drugs to the site of infection, thus reducing the dosage amount requioeiletat the infection

and potentially overcoming microbial resistance (Hajipeual.,2012).

NPs exert their bactericidal activity by being closely associated w@hkl Rroups. iie heavy

metal ions of noressential transition metals with high atomicmbers such as Agr Hg* can

easily bind to SH groups, such as in cysteine, which can directly disrupt the function of specific
enzymes or breakcS bridges necessary to maintain the integrity of folded proteins, causing

detrimental effects to the metab@m and physiology of the céMu et al.,2015)

29



The inhibition of the efflux pumps is another possible mechanism for the bactericidal activity of
NPs. Bonaee and colleagues adduced a novel efflux puntmipitory role of zinc oxide
nanoparticles irE.cdi and S. aureugBonaeeet al,, 2010). A 27% and 22% increase in the zone
of inhibition for ciprofloxacin in the presence of zinc oxide nanoparticl& aureusind E. colj
respectively Banoeeet al., 2010). A study conducted by Padwal and colleagussg
polyacrylic aciecoated iron oxide (magnetite) nanoparticles (PMAP) with rifampicin against
Mycobacterium smegmatiwith emphasis on the efflux inhibitory role of PAMNP determined

that the function of the efflux pumgPadwalet al., 2015) The @inction of the efflux pumps can

be inhibited by the metallic nanoparticles by blocking the extrusion of antibiotics outside the
cells or disrupting the efflux kinetics by terminating the proton gradient. This results in
deterioration of the driving force ssential for efflux pump activity (Chei al.,2008; Dibrowet

al.,2002; Padwagt al., 2015).

Biofilms provide resistance to bacteria, but this defiance gets intensified if the biofilm produced
is produced by drugesistant bacteria (Christenat al., 2015). NPs can act as abtofilm

agents by disintegrating the thick biofilm barrier through was modes of action (Ansat al.,

2014; MoronesRamirezet al., 2013; Roeet al., 2008; Velazque/elazquezt al., 2015. This

can be achieved by using antibiotics in symbiosis with NPs. A previous study has shown that the
symbiotic use of ampicillin @AgNPs greatly enhanced the inhibition in Graegative and
Grampositive bacteria by 55 and 70 %, respectively, in contrast with 20 % biofilm inhibition

after treatment with AQNPs alon&(runatharet al.,2014).

Efflux pumps play an integral role irlicto cell signalling of biomolecules to assist biofilm
formation. One mechanism that can potentially be used to combat drug resistance is to employ
the efflux pumps to block the quorwsensing mechanism, hindering biofilm formation

(Gurunatharet al.,2014).
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1.6.6. Application of AgNPs

Recently, AQNPs have been introduced into the market due to exploit of the novel properties of
materials produced by nanoscience and nanobiotechnology. AgNPs are said to be the most
widely commercialised nanomatersaland have extensive applications in different industries
(BraydichStolleet al.,2010).

According to Xiu and his colleagues the release of silver ions are responsible for the
antimicrobial activity of AQNPs. Many companies have thus incorporated AigiPsheir
products to serve as antimicrobial agents. It has also been incorporated in wound healing and
medicinal products such as contraceptive devices, bone prostheses, surgical instruments,
wound dressings and dental alloys. It has also been includagpliances such as refrigerators,

textiles, washing machines (Kruszeweial.,2011; Stensbergt al.,2011; Tiaret al.,2007).

AgNPs have been used for the treatment of HIV subtype I. Inrthigro study, it was shown
that AgNPs in the size ramgf 110 nm, bind to the HIV subtype | virus, preventing the virus
from binding to the host cells (Elechiguegetal.,2005). Applications for drug delivery systems
and treatment of diseases require a constant concentration of AQNPs in the blood t¢ tlaege

specific cells or organs (Moghigtial.,2001), (Panyam & Labhasetwar, 2003).

31



1.6.6.1. In vitro studies using AgNPs

The toxicity of AgNPs is influenced by the size, type, zeta potential, dispersion status,
agglomeration abilities and interactiowith biomolecules. (Asarest al., 2012). A study
conducted by AshaRani and colleagues has shown thaBiuman lung fibroblast and U251
human glioblastoma cells which were exposed to¢620 nm starch coated AgNPs at
concentrations between 25400 pgml for 24,48 and 72 hours respectively shextensive DNA
damage, oxidative stress, apoptosis, necrosis and low ATP levels. From the study it was
concluded that exposure to AGNPs over an extended period @f tesulted in metabolic arrest
(AshaRanet al.,2009).

In a separate studyN2A murine neuroblastoma cells were exposed ton®b polysaccharide
coated and uncoated AgNPs at centrations between 0.5 100 pgml for a period of 24
hours. Results from this experiment has shown that there was disruptionthanactin
cytoskeleton,a decrease in the cell proliferation rate as well as oxidative stress degradation of
mitochondrial integrity which persisted even after the administration of the nerve growth
factor (Schrandet al., 2008). In another study conducted by Yen and colleaguascoated
AgNPs (3.08, 5.75 and 24.85 nmgsadministered to J774 Al macrophagescancentrations

of 1-10 pgil for 24,48 and 72 hours respectivelZytotoxicity was onlprevalent in cells
which were exposed to smaller AgNE¥xe may suggedrtom thesefindingsthat only smaller

AgNPswhich enter the cells are able to cause damégenet al.,2009).

A study conducted by Greulich andlleagues used polyvinylpyrrolidoweated AgNPs to treat
human mesenchymal stem cells (hnMSCs). The AgNPs were liGGsiz®, spherical in structure

and was administered between 0.6550 pg/ml for a period of seven days. The treatment
regime decreased proliferation and chemotaxis, and increased the releaseBdQteulichet

al., 2009). AshaRani and colleagues havendemted an experiment which showed a
concentration dependent toxic effect of both polyvinyl acetate and stanaéited AgNPs on
human erythrocytes and haemagglutination resulting in swelling of cells, loss in biconcavity and

haemolysis (AshaRagi al.,2009).
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1.6.6.2. In vivo studies using AgNPs

In vivo studies using AgNPs are only limited to #amman organisms (Kruszewsltial., 2011).

A study conducted by McAuliffe and colleagues confirmed that NPs introduced into the human
body via ingestion, injemn or inhalation accumulates in any or all organs of the body via
circulatory and lymphatic system distribution (McAuli#¢ al., 2007; Panyalaet al., 2008).

AgNPs possesses the ability to not only traverse blood vessels, but cross biological barriers of
the body such as bloetistes barrier or blooérain barrier (Lankveldt al.,2010;McAuliffe et

al., 2007). The physiological functions of the humaody are affected by acute and chronic
exposure to AgNPs (Lankveidal.,2010;Sunget al.,2011).

In a separatestudy conducted by Lee and colleague€57BL/6 mice thahave several genes
linked with motor neuron disorders, neurodegenerative diseasd smmune cell function in
the brain was affected by exposure to AgNPs @tesd.,2010).Theinhalation and intratracheal
exposure to AgNPs between 1@00nm in size resulted in the accumulation of AQNPs in the
lungs and blooaf the C57BL/6 micl_eeet al., 2010).Anotherin vivostudy conducted bim
and cdleaguesinvolved the oral exposure of male and female Fischer F344 rats tonb6
AgNPs. This resulted in a dedependent increase in alkaline phosphatise and cholesterol
levels in the blood, bileluct hyperplasia, necrosis, fibrosis, pigmentation in liver tissue éKim
al., 2010). Furthermore, a study conducted witkliabetic rats showed that the topical
application of recombinanhuman epidermal growth factor (rhEGF) incorporated ftdgtic
co-glycolicacid) NPs fasttracked the wound closure, increased epithelisatiand improved

the fibroblast proliferation (Ryet al.,2009)
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1.6.6.3. Antibacterial effects of biogenic AgNPs
Table 1.2 shows a feviterature highlights in which the antimiobial activities of biogenic

metallic NPs showed exceptional results.

The functionalization of NPs using antibiotics provides a promising platform to combat bacterial
resistance and potentially also reduce the dose and toxicity of the drugs. NPsheaahility to

target or even deliver antimicrobial agents to the infected site, mitigating a substantially
hazardous effect on normal cells. Synergistic antibacterial efficiency of AQNPs and antibiotics
has been observed witk.colj S. aureusnd P. aeruginosat very low concentrationéSinghet

al., 2014). AgNPs is shown to significantly increase the antibacterial effect of several antibiotics
including amoxicillin, penicillin G, vancomycin, erythromycin ag&nsbli, S. aureuand MDR
bactena (Singhet al.,2014). The antibiotiefunctionalized NPs exhibit the potential to exge
antimicrobial resistancelhe combinatorial effect of AQNPs with natural alternative compounds

such as cinnamaldehyde and eugenol has also been rep(Biaghet al., 2014).
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Table 1.2: Applications of eefsiendly NPs in antibacterial therapyAbbreviations:NPs, nanoparticles; MDR, mditig resistant; ROS, reactioxygen

species.
Green synthesized NPs Target bacteria Antimicrobial effects References
AgNPs fronmPhyllanthus amarugxtract MDRPseudomonas aeruginosi Membrane damage, release of free ior Singhet al.,
inactivation of enzymes by interaction wit 2014
thiol groups
AgNPs fromHelicteres isordruit extract Extensively drugesistant (XDR Lipid  peroxidation, leakage of reducir Mapara et
P. Aeruginosé&solates sugars and  proteins, respiratory cha al.,2015
dehydrogenases inactivation, turbulence
membrane permeability
AgNPs fromArtemisia cappilarisextract MRSA Membrane damage, release of free ions Janget al.,,
2015
AgNPs from aloe vera extract Staphylococcus epidermidi®. Release of free ions, increase in membre Tippayawat
aeruginosa permeability, ROS production, DNA damage et al.,2016

AgNPs fromAcalypha indicdeaf extracts ~ Escherichia colVibrio cholerae Alteration in  membrane permeability an Krishnaraj

respiratory chain et al.,2010
AgNPs fromRhizopus oryzae E. coliP. aeruginosa ROSproduction, membrane damage, alteration Ramalingam
membrane permeability et al.,2016

AgNPs from extracts ofCocus nucifere Vibrio alginolyticus Klebsiella Interference with the molecular buitdp of Mariselvam

AYybdz2 NSaOSyOS pneumoniae P. aeruginosa bacterial cell wall et al.,2014
Bacillus subtilis Plesiomonas
shigelloides
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Ag, Zn NPs extracted fromCaltropis V. choleragE. coli Inhibition of adenyl cyclase, restraining biofil Salemet al.,
procerafruits or leaves formation 2015
Ag, Au, AgAu bimetallic NPs extractec E.colj Acinetobacter Biofilm inhibition Salunke et
from Plumbago zeylanica baumannij S. aureus al., 2014
Ag, Au and Ag/Au bimetallic NPs usir S. aureus  Streptococcus Antibiofilm activities Gopinath et
Gloriosa superbdeaf extract pneumoniae K. pneumoniagE. al., 2016
coli
AgNPs from Rosmarinus officinalisleaf B.subtilis E. coliP. aeruginosa Membrane damage Ghaedi et
extracts S. aureus al.,2015
AgNPs fronfFicus benghalensisxtract B. subtiliskE. coliP. aeruginosa Membrane damage Nayaket al.,
2016
AgNPs fromAcalypha indicaextract S.aureusE. coliP. aeruginosa Membrane damage Nayaket al.,
2016

AgNPs fromSkimmia laureoldeaf extract B. subtilis E. coli S. aureusP. Increase in membrane permeability, biofii Ahmed et

mirabilis inhibition al.,2015
AgNPs from Delphinium denudatum S.aureus, E. coli, B. cereus, Analgesic activit)¢ mechanism of action not ye Suresh et
extract aeruginosa determined al., 2014
AgNPs fromStyrax benzoirextract S.aureus, E.coli Increase in membrane permeability and loss Du et al.,
cellular components 2016
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AgNPs fromRosa chinensibower extract V. alginolyticus, V. Minicus, ' Membrane damage Menget al.,

parahaemolyticus 2016
AgNPs fromCaesalpinia sappaextract S. faecalis, E.coli, E. aerogen Novel nanobiotic Jun et al.,,
P. aeruginosa, A. niger, | 2015
albican
AgNPs fromCoffea arabicaseed extract L.acidophilus Membrane damage Dhand et
al., 2016
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In conclusion, based on the information provided in the literature review section of this thesis,
the aim of this study isd synthesizeAgNPs usind@ulbine frutescengel sap extract and
investigate their antimicrobial effectdhis will be achieved bgynthesizingAgNPs from leaf
extract of B. frutescenausing green chemistryCharacterizing AgNPs and investigating the
antimicrobial activity of the AgNPs against se&déc sensitive and resistant pathogenic

microbes.
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Chapter 2: Materialand Methodology

2.1. List of equipment, chemicals and reagents

Equipment Supplier

Autoclave Forma Scientific

Benchtop centrifuge Epperndorf Centrifuge 5417R
Dessicator ThomasScientific, South Africa

Field Emission TEM (Tecnai F20)
FTFIR PerkinElmer Spectrum 400

Incubator

Lamina flow

POLARstar Omega microplate reade
Thermo mixing heating block

Virtis Freeze Mobile 12SL (Freeze
dryer)

Vortex mixer (VX100)

Zetasizer Nan@S90 instrument

FEI Company, USA
PerkinElmerWaltham, Massachusetts
u.s

FormaScientific

Forma Scientific

BMG LABTECH, Germany
Epperndorff, Hamberg, Germany
United Scientific

Labnetinternational, Inc. Woodbridge
NJO7095, Whitehead Sceintific (Pty) L
ATA Scientific instruments, Taren Poil
Australia

Ecotherm Oven Labotec

Chemicals/ Reagents Supplier

Ampicillin SigmaAldrich,Schnelldorf
Carbendazim SigmaAldrich, Schnelldorf
Ethanol Merck Schuchardt, Germany
Folin-Ciocalteu reagent SigmaAldrich, Schnelldorf
Gallic acid SigmaAldrich, Schnelldorf

Millipore Ultra-purified distilled water
OmMy ®H amC)OY i Hy
Mueller Hinton Agar (R454082)

Mueller Hinton Broth (CM0405B)

NaCQ

Nutrient agar

Nutrient broth media
Peptone Yeast Broth
Potato Dextrose Agar
Saubaron Dextrose Agar

¢ KSNY2
Massachusetts
¢ KSNY2
Massachusetts
¢ KSNY2
Massachusetts
SigmaAldrich, Schnelldorf
Merck Schuchardt, Germany
Merck Schuchardt, Germany
Merck Schuchardt, Germany
Merck Schuchardt, Germany
Merck Schuchardt, Germany

{ OASYGATAQ
{ OASYGATAQ

{ OASYGATAQ

Microbes Supplier
E. coli ATCC
F. culmorum ARC, Pretoria

F. oxypsorum
F. proliferatum

ARC, Pretoria
ARC, Pretoria
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F. verticilloides
K. pneuminiae

UCT, Cape Town
ARC, Pretoria

MRSA ATCC
P. aeruginosa ATCC
S. aureus ATCC
S.epidermidis ATCC
S. pyogenes ATCC
Plastics Supplier

0.2 pum filter membrane (GVWP)
15 ml and 50 ml Conical tubes
96-well plates

Autoclave tape ( 3m comply steam
indicator tape)

Cotton swabs

Disposable capillary cuvette (DTS10
Disposable cuvette (DTS0012)
Glass wool

Parafilm (PM996)
Sterile loops

WhatmarPGrade 1 Qualitative
Filter Paper

Merck Schuchardt, Germany

SPL LifeSciences, Korea

Olympus

3M Science Applied to Life, South Afri

Lasec

Malvern Panalytical, United Kingdom
Malvern Panalytical, United Kingdom _
Thermo{ OASY GAFAOu hE
Massachusetts

Bemis, USA

Lasec, South Africa

Merck Schuchardt, Germany

Plant Material

Supplier

Bulbine frutescenglant material

Cape Flatdlature Reserve, UWC
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2.2.Preparationof B. frutescenglant extract

B. frutescenplants were purchased from Cape Flats Nature Reserve, located at the University

of the Western Cge in Bellville, South Africa.

The leaves were picked from trstem of the plant, cleaned with damp paper towel and cut
with a surgical blade into fine pieces. Figure 2.1 shows the -sexgon of the leaves, and
highlights the sap gel. Then, 300 g of leaves were added to 150 ml didiliedized water
(ddHO) (Milipore) and boiled slightly in a microwave until the amount of liquid within the
beaker increased. The solid particles were separated from the liquid solution by filtration
GKNRdzIK 3t &aa 622t O6¢KSN¥Y2 {OASYiATAOmg hEZ2AR
liquid represented the sap of the leaf in water. The volume of the leaf sap extract plus water
was 356 ml. The leaf sap extract was then filtered using Whatman number 1 filter paper (Merck
Schuchardt, Germany). The leaf sap extract was then placedrm ¥6lumes in 50 ml Greiner
centrifuge tubes, covered with parafilm and stored@80 °C overnight. The frozen leaf sap
extract was then freezdried and stored in desiccators containing activated crystals (Thomas

Scientific, South Africa) until use.

= Sap of the leaf

Figure 2.1: Crossection ofB.frutescensshowing gel sap of the leaves.
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2.3.Synthesiof AgNPs in the darkand sunlight

The preliminary method of synthesis was adapted from Vivek @ittagues (Vivelkt al.,
2011). Briefly, 50 mg/ml stock of leaf sap extract was prepared from the frexézeé material

in deionizedHO as the medium. The original pH was 7.11. Another 50mihgtock was
prepared and the pH was adjusted to 10. Serial dilutions were prepared (25, 12.5, 6.25, 3.125
1.56, 0.78 mg/ml) respectively. Nine hundred pl of 1 mM Ag\@as placed in 1.5 ml
microcentrifuge tubes and heated for 5 minutes at 10@ in the mxing heating block
(Eppendorf, Hamburg, Germany). Then 100 pl of the various extract concentrations were added
into the various tubes and immediately covered with foil to avoid Hghuced degradation or
synthesis. The reaction mixtures were shaken%Q #gom for nine hourst 100°C, and samples
were removed every hour during ¢h nine hours, and analyzed by Ultravieletible

spectrophotometry (POLARstar Omega microplate reader, BMG Labtech, Germany).

For synthesis of AgNPs using sunli§btmg/ml stock of leaf sap extract was preparedm the
freezedried material indeionizedHO as the medium. He original pH wag.11. Another 50
mg/ml stock was prepared and the pH was adjusted to 10. Serial dilutions were prepared (25,
12.5, 6.25, 3.125 giml) respectively. Nine hundred pl of AgNO.5, 1 2, 3, 4 and 5mM) was

placed in 1.5 ml microcentrifuge tubes and tleaction mixtures were placed in direct sunlight
over six hours. Samples were taken every 15 minutes for the first hour and foertaning 5

hours the reading was taken at two, three and six hours. Based on data obtained by Haiss and
colleagues, this was done to determine tbptimum conditions of synthesis by fully studying

the effect of time, pH, and concentration of extract andN&Y by using various extinction
coefficients and the peak absorbance values of AgNPs (ketigk, 2007). The Ultraviolet

visible (V-Vig spectra were collected in a range of 26660 nm at 1 nm increments.

2.4. Determination of the Total Phenolic Content (TPC)

The FolirCiocalteu (FC) reagent was used to determine the total phenolic conter. of
frutescens(Tobwalaet al., 2014). Varios concentrations of neutral angH 10B. frutescens
freezedried leaf extracts andB. frutescensynthesizedAgNPs (25 ul) were mixed with 1X FC

reagent (125 pl), and allowed to incubate at room temperature for 20 minutes in the dark.
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Then 125 pl of 7.5 WaCQ was added and allowed to incubate at room temperature for a
further 20 minutes in the dark. After the incubation period, the absorbance was measured at
760 nm on a microplate reader (BMG Labtech, Germany) and the gallic acid was used as a
standardto establish the calibration curve. The results were recorded as pg of gallic acid
equivalents (GAE)/ug oB. frutescenddried leaf extract, and pg of gallic acid equivalents
(GAE)/ug oB. frutescen®AgNPs. The equation below wased to calculate the TP& gallic
acid equivalents per dried weight of extract or AQNPs:

NG "06 0L £ & 00 WMWO 1 BB 6 ' OO & £ |

Qi 0 QWO QwanaqQ

2.5. Determination of Hydrodynamic Size, Polydispersity Indexd the Zeta

Potential measurements

The B. frutescensynthesizedAgNPs at pH 7.11 and 10 which displayed the highest peak
absorbance as well as uniformity based on-W¥ analysis was subjected to centrifugation at
10000 rpm for 30 minutes to stop thesynthesis reaction. The hydrodynamic size and
polydispersity indexRd) of the AgNPs was then determined in triplicate using the Malvern
Zetasizer Nan@S90 instrumentATA Scientific instruments, Taren Point, Austjdiaplacing a

one ml aliquot (compsed of 30 ul AgNPs with 970 pl ddM into a disposable cuvette
(DTS0012). Based on the DLS analysis of the optingiNP# and their respective BXis
spectrag synthesisconditions of one AgNP was chosen as the optimum for neutral pH and pH 10
respectively This experiment was replicated > 3 times with the same results produced each
time. The optimum conditions stated within this thesis can therefore be considered extremely
accurate (p < 0.0001)The zeta potential (ZP) of the selected optimum AgNPs was the
determined in triplicate by placing a one ml aliquot into a disposable folded capillary cell
(DTS1070). The ZP was measured directly after synthesis, efiteifugation to stop synthesis
reaction, and after washing steps. The measured hydrodyoame Pdl and ZP results were
analysed at 25 °CThe Pdl gives an estimation of the average uniformity of the nanoparticles
formed. A Pdl of more than 0.5 is considered polydispersed, and a Pdl of less than 0.5 is

considered monodispersed.
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2.6. Large scaleysthesis of AQNPs

The optimum neutral and pH 10 AgNPs weresapled to a volume of 50 ml and washed three
times by centrifugation at 10 000 rpm for 30 minutes, %% soft spin. The AgNPs were then

tested for antibacterial and antifungal activitias described below in section 2.8

2.7.Characterizatiorof extract and AgNPs

The scaledip B. frutescensynthesizedAgNPs were fither characterized usinglighresolution
Transmission Electron Microsco(yRTEM) Zeta Btential ZP and Fouriertransform Infrared

SectroscopyFTIRas described below.

2.7.1. HR-TEM analysis

The HRTEMmicrographs were obtained using the TECNAI F20 TEM microscopic instrument.
One drop of AgNPs in ligd suspension was placed on a nickefiper grid which is supported

by a thin film of amorphous carbon. The grid was then dried using xenon light before the
analysis of the sample. Within the process of analysing AgNPs produced, electrons are shot
through the sample at a high voltage resulting in the interaction betwdensample and the
electron beam causing a scattering discharge which changes in the electron beam. The
interaction between the electrons and the sample causes a difference in contrast between the
sample and the background nickel/copper grid. An image dymed which provides
information about the morphology of the NPs (Rao and Biswas, 2009). The core diameter of the
AgNPs was measured from the -FIRM images using the Image J software

(https://imagej.net/Welcomsg.

2.7.2. Fourier -transformed Infrared (FTIR) spectroscopy

Stocks solutions (50 mg/ml) of neutral and pH 10 extracts were subjected to centrifugation at
10 000 rpm for 30 minutes, 2%, soft spin. The supernatant was decanted into a clean tube
and the pelket was dried at 6%C overnight on 0.2 um filter membrane and then subjected to

analysis. The freezdried extract was analysed in its powdered form.

The neutral and pH 10 AgNPs were centrifuged at 10 000 rpm for 30 minut&s, &4t spin to

remove unreacted AgNQand extract. The supernatant was carefully decanted into a clean
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tube, the pellet collected and resuspended in d@HMillipore) where it was centrifuged again

as described above.

The pellet of AgQNPs were then dried at ®overnight on 0.2 um filter membrane and then
subjected to analysis. The spectra of freelzeed, 50 mg/ml extracts and AgNPs were recorded

on an Attenuated Total Reflectance (ATR) sampling tool using the FTIR spectrometer
(PerkinElmer Spectrum 400, Waltham, Madwusetts, USA). The spectra were recorded at
room temperature using the transmission approaaove the wave number range of 40Q0

650 cm' at a resolution of 4 crh The respective samples were placed onto the trough crystals.

The crystal plates were é&m pinned with an applied gauge of 630.

The IR beam was directed onto the optically dense crystal with a high refractive index at a
certain angle. In regions of the IR spectrum where the sample absorbs energy, the evanescent
wave wasattenuated. The attenuated beam thus returned to the crystal, then exited the
opposite end of the crystal and was directed to the detector in the IR spectrometer. The
detector then recorded the attenuated IR beam as an interferogram signal, which was then
used to generate an IR spectrum. The IR spectrum baseline was corrected, smoothened and
absorption expansion @eX) was applied to enhance the detection of the peakbe apparatus

was cleaned with 100 % ethanol and d@Hoefore reading the next samplend sample peaks

were labelled and then superimposed on one graph using the FTIR analysis software.

2.8. Determination of antibacterial activity using agar wetliffusion assay

The antimicrobial activities dB. frutescensynthesized AgNPs aigl frutesces leaf extracts
were tested by agar wetliffusion method against seven patpenic bacterial strains and four
fungal strains. The bacterial and fungal strains used within this thesis are indicatadlen2.1.
The same AgNP concentrations were used fothbantibacterial and antifungal studies as
indicated in Table 2.2The AgNPs used for antimicrobial studies were washed withh@dy
centrifuging the AgNPs at soft spin, 25 10 000 rpm for 30 minutes for the removal of any
access AgN§and extract. AQNPs were resuspended in 100 pl of2@dMhe experiment was

repeated in triplicate for antibacterial and antifungal studies.
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Bacteria were individually plated on NA (Nutrient Adderck Schuchardtusing the quadrant
streak technique tosolate individual bacterial colonies. The bacteria were incubated &C37

for 24 hours.

Inoculum suspension was prepared for each individual bacterium in MHB (Mtigtitm
Broth, Sigma Aldrich) and grown at ®7in a shaking incubator until@5 Mad-arland standard

was reached1 x 18 CFU/ml) The spectrophotometer absorban¢6.08 ¢ 0.1) reading was
measured using the plate readefPOLARstar Omega microplate reader, BMG Labtech,
Germany) 5 x 1 CFUmI of each bacterial strain was spread onto NAages using a sterile
cotton swab.Seven wlls of 6 mm diameter were created using a gel puncher. Fifty pl of five
different concentrations of AgQNPs and extracts, shown in Table 2.2, were adgedatelyto

each well. 50 pl of 0.1 mg/ml Ampicillin stoakhfch gives 5 pg ampicillin) and MHB were
added to the remaining wells as positive and negative controls, respectively. The agar plates
were allowed to dry for approximately 15 minutes at@ The agar plates were then inverted,

to allow for the diffusionof the samples through the agar, and incubated at’G#or 16 ¢ 24
hours. Zones of inhibition were measured by using a calliper. Antimicrobial effects of extracts

and AgNPs were indicated by the formation of a clear zone around the well/s.

For antifungal analysiSDA (Saubaron Dextrose Agilierck Schuchardtand PDA (Peptone
YeastMerck Schuchardlates were prepared and the fungi wasbscultured and grown at

25°Cfor 3¢ 5 days. Ora clean SDA / PDA plate, simf diameter wells wee created using a

gel puncher. A plug of the fungal strain from subtured plate was inserted in the centre of

the plate. Fifty ul of five different concentrations of AQNPs were added to each well. Fifty ul of
five different concentrations of AgQNPs weadded to each well. Fifty ul of 0.3 g/l carbendazim
anti-fungal compound was added as a positive control. Fifty ul of 100% ethanol was added as a
positive control. The agar plates were allowed to dry for approximately 15 minute8Gt¥he

agar plates wre then inverted and incubated at 2& for 3 ¢ 5 days until a zone of clearance

was visualised. The results were obtained by measuring the diameter of the zone of inhibition

using a calliper.
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Table 2.1: Details of microorganisms within this study.

Microorganism

ATCC number

Media plated

Staphylococcus aureus 25923 Nutrient agar
Staphylococcus epideriaiis 12.228 Nutrient agar
Staphylococcus pyogenes Nutrient agar
Escherichia coli 35218 Nutrient agar
Klebsiella pneumonia 13883 Nutrient agar
Methicillin-resistant Staphylococcugsureus(MRSA) 33591 Nutrient agar
Pseudomonasaeruginosa 27853 Nutrient agar
Fusarium culmorum PPRI 10138 SDA/PDA agar
Fusarium oxysporum PPRI 19027 SDA/PDA agar
Fusarium proliferatum MRC 2059 SDA/PDA agar
Fusarium verticilloides MRC 826 SDA/PDA agar
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Table 2.2: Sample concentrations for antimicrobial activity analysibbreviations: [mg/ml]¢

concentration in mg/ml.

[Extract] mg/ml [NP]mg/ml
Neutral pH (7.11) 50 0.6
25 0.3
12.5 0.15
6.25 0.075
3.125 0.0375
1.56 0.01875
0.78 0.09375
pH 10 50 0.47
25 0.235
12.5 0.1175
6.25 0.05875
3.125 0.029375
1.56 0.0147
0.78 0.0074

The concentrations indicated in table 2.2 reflect the concentration of the AgNPs after synthesis

and the purification proces3.he concentrations were not adjusted for antimicrobial analysis.

2.9. Broth microdilution method for determining the minimum inibitory

concentration (MIC)

Bacteria were individually plated on NA (Nutrient Adderck Schuchardtusing the quadrant
streak technique to isolate individual bacterial colonies. The bacteria were incubated®at 37
for 24 hours. Inoculum suspension wasepared for each individual bacterium in MHB
(Mueller-Hinton Broth, Sigma Aldrich) and grown at ®7in a shaking incubator until .5
MacFarland standardias reachedl1 x 1§ CFU/mI) The spectrophotometer absorban(@.08¢
0.1) reading wasmeasured using the plate readdPOLARstar Omega microplate reader, BMG
Labtech, Germanyp x 1 CFUmI of eachbacterial strain waplaced into each well of a 96
well microtier plate. A twefold serial dilution ofboth neutral pH and pH 10 AgNPs were
performed with fresh nutrient broth in microcentrifuge tubes prior to transferring into the 96
well microtiter plate. Positive and negative controls were premhi@nd placed in the 96 well
microtiter plates. The plate was then incubated &7 °C for 24 hous in an ambient air

incubator.
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The percentage of growth reduction was observedhat1, 2, 3, 4, 5", 6", 20" 24" hour mark

by the turbidity of the suspension and measuring the absorbance at 45@sing the plate
reader. The turbidity is directlyproportional to bacterial growth. Ten pl of Alamar Blue was
placed in each weltovered in foil as Alamar Blue is sensitive to lmid placed in ambient air
incubator. Themicrotiter plate was incubated fo4 hours and the fluorescence aatisorbance
was measured everydur using theplate reader as the Alamar Blue reagent reacts differently
with different microorganisms. The fluorescence was read at-H3D nm excitation
wavelengths and 590 nm emission wavelength. The absorbance was réa@ aim and 630
nm reference wavelength$srowth curves were plotted to observe inhibitory effects of neutral

pH and pH 10 AgNPs against various bacterial strains over a period of 24 hours.
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Chapter 3Resultsand Discussion

Introduction

The present @S & G A 3 G A Brfen Syithesisi 6f SiRer anoparticles (AgNPs) from
Bulbine frutescensleaf sap extract and investigating their antimicrobial effeéts ¢ | a
conducted to study the green synthesis of AgNPs by reduction‘abAg using the sap extract

of leaves ofB. frutescensat various reaction conditions. The various outcomes during the
course of investigation portrayed in the form of different tables and figures, are described and

discussed in this chapter.

3.1. The effects of different paramets on the green synthesis of AgNPs in the

dark

3.1.1. Effect of timeand reducing agent concentration

During the experiment the colour intensified as the reaction time proaggds The solution
changed from colourless to ayellow-orangebrown colour development, indicating the
formation of AgNPs. At lower concentrations of extract the reaction mixture tookhnhenger
to change from colouess to yelloworangebrown; whereas in the higher concentrations the
reaction mixturecolour developed much faster into a yellawangebrown. After 1 hour of

synthesis silver particle aggregates were fdat the bottom of the microcentrifugaubes.

3.1.2. The effect of stirringon AgNP synthesis

The constant stirring of AgQNPs at 450 rpesulted in the solution forming a more distinct and
darker shade of brown and with extended time, flakes of silver were visible within the reaction
mixtures. Prolonged stirring increased the probability of collision between particles which
ultimately ledto aggregation. This can be seen by the shoulder created at lower concentrations
of extract(figure 3.1andfigure 3.2. TheSurface Plasmoneglonance $PRalso became wider

and started shifting towards longer wavelengths when stirring was extended. t@tigeng

time also allows for nucleation to occur over an extended period of time.
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The growth processes are occurring at different rates indicating that there is variation for nuclei
formed at different reaction timegNoginovet al., 2007) Theeffect of pH 10 and neutral pH
(7.11) showed that the reaction mixtures with neutral pH extract exhibited a lighter and pale
yellow colourwhich later transgressed into a darker brown colour development.

Figure 3.1 and 3.ihdicate the UWisible spectra of AQNPs synthesized at neutral pH and pH 10
over a period of 9 hours in the dark. From the obtained results, it is evident that AgNPs are
synthesized at all extract concentrations. The-\W¥ spectra show the sharp peakoguced

within a range of 390 to 430 nm. It is known that AgNPs synthesized at higher temperatures, in
this case 100C, are smaller in size. A shoulder was also created at 4n660.78 mg/ml for
neutral pH(7.11) AgNPs; and for pH 10 AgNPs a shouldee@ed the 8th hour of synthesis

for 6.25 mg/ml, indicating that any AgNPs synthesized after the 8th hour is not suitable for
application based work. A shoulder is also created at pH 10 AgNPs at an extract concentration
of 3.125, 1.56, and 0.78 mg/ml. Fnothe results illugtated infigure 3.1 and 3.2t is evident

that higher concentrations of extract were suitable for synthesis at°@ia the dark.

From the tme dependent graph in figure 3iBis evident that the reducing agent is still not
depletedafter 9 hours of synthesis because as the time duration increases, the AgNP synthesis
also increased and never reached a plateau, which would have indicated depletion of either
AgNQ or extract. The sediment found at the bottom of the Eppendorf could piadig be due

to agglomeration of AgNPs with longer exposure to high temperatures. Based on thesUV
spectra and time dependent course graph, it was evident that the optimum extract
concentration lies between 12.5 and 6.25 mg/ml for the neutral pH (7&dyact for
synthesizing AgNPs with 1 mM AgiNend 12.5 mg/ml pH 10 extract is suitable for synthesizing
AgNPs with 1 mM AgNO

Unfortunately, the results of these experiments could not be replicated due to unknown
factors. Various reaction parameterluding temperatures at@ 50, 70 and 88C, and mixing
heating blocks were investigated. However, no AgNPs were synthesized. It was thus decided

that synthesizing AgNPs in sunlight could be an alternative for the progress of this project.
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3.1.3 The effect of time on AgNP synthesis using sunlight

Figure 3.4 displays the colour change of reaction mixtirsynthesis in direct sunligliver a
period of 60 minutesA colour change is immediately visualised after placing the AgNPs in
direct sunlight. The colour of the reactions containing higher concentratior®. dfutescens
extract changed from a pale yellow to dark brown within 15 minutes. The extract control and
AgNQ control was unaffected by the direct sunlight and displayed no colour change. The
colour of the AgNPs intensified as the reaction time increased. After 60 minutes of synthesis,
the NP solution turned grey to a milky consistency and the silver aggsegeere found at the

bottom of the microcentrifuge tube.

55



[mg/mi]

t=0 min

t=15 min

t=30 min

t= 45 min

t=60 min

50 25 125 6.25 3.125

Neutral pH

pH10

Figure 3.4 Visible colour change of reaction mixture after 60 minutes of synthesis in direct sunlight.

56



It was observed in the timdependent course over axshour period figure 35 - 3.7) that
the colour of the reaction increased within proportion to the reaction time untd 60
minutes after which the absorbance decreaséd\-Vis analysis confirms that there is a
correlation between the colour development and the absorbance exhibitgd the
synthesized AgNPAs the absorbance increaseldetcolour intensity increasedHowever, as
soon as the reaction colour turns grey to a milky consisteéheyabsorbance decreases. The
extract on its own already has a yellowish brown colour. The extraotrol and AgN®
control was unaffected ¥ the direct sunlight and did nathow any visible UVis spectra,
ruling out the possibility that the SPRs formed at various conditions are due tozAyi@
extract. This colour change intensified to reddisitown colour when Agions were reduced
to Ad. This finding is corroborated by Noginov and colleagues as the same result was

observed (Noginoet al.,2007).
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Figure 3.8nd 3.9represents the UWis spectra of neutral pH (7.11) and pH 10 AgNPs with
0.5 mM AgN®@at variousB. frutescengeaf extract concentrations over a period of 6 hours in
direct sunlight. From the results, it is evident that AQNPs are synthesized ektedlt
concentrations with 0.5 mM AgN@xcept at 50 mg/ml extract. This can be attributed to the
fact that the ratio of plant extract to AgN@ much larger for the reduction process to occur.

A shoulder was created in the nucleation phase of synthes$ich could possibly be an
indication of another peak being formed. Both AgNPs synthesis with 25 mg/ml of extract
were complete after 15 minute§he synthesis of ANPs using 12.5 ar&b6ng/ml extract is

completeafter 45 minutes. And the reaction wasroplete after 60 minutes for 3.125 mg/ml.
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Figure 3.10 and 3.1rkpresents the UWis spectra of neutral pH (7.11) and pH 10 AgNPs with

1 mM AgNQ@at variousB. frutescenseaf extract concentrations over a period of 6 hours in

direct sunlight. AgNPs were formed at all extract concentrations with 1 mM AdiOtral

LI QR !'Ibta Ftd +Fty SEGNI OG O2yOSyiN}iGAz2Yy 2F od¢
uniformed peaks with a higher absorbance compared to pH 10 AgNPs. The reaction was
complete in 45 minutes for 50 mg/ml of extract for both AgNPs. The reactioannplete

FFGSNI cn YAydziSa F2NJ SEGNI OG O2yOSy iGN} GA2ya H
The reaction was complete for pH 10 AgNPs after 45 minutes for 50 and 12.5 mg/ml, 60
minutes for 25 and 6.25 mg/ml. The reaction was complete for both Agiti3.125 mg/ml

extract concentration after 15 minutes.
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Figure3.11 UV-Visspectra ofpH 10AgNPs synthesizedith 1 mM AgNQat variousB. frutescendeaf extract concentrations ovea
period of 6 hoursin direct sunlight. (A) 50 mg/mi(B)25 mg/ml(C)12.5 mg/m (D)6.25 mg/mi(E)3.125 mg/ml
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Figure 3.12 and 3.1B8presents the UWis spectra of neutral pH (7.11) and pH 10 AgNPs with

2 mM AgN@at variousB. frutescengeaf extract concentrations over a period of 6 hours in
RANBOG adzyt AaKGd ¢KS NBFOGAZ2Y FT2N) ySdzi NI £ LJ
120 minutes (2 hours) of synthesis, 15 minutes for 12.5 and 3.125 mg/ml, and 60 minutes for

6.25 mg/ml. The reaction is complete for pH 10 AgNPs after 15 minutes for 50 and 6.25
mg/ml, 120 minutes for 25 mg/ml, and 4%ninutes for 12.5 and 3.125 mg/ml.
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Figure3.12 UV-Visspectra of neutralpH AgNPs synthesized with mM AgNQat variousB. frutescendeaf extract concentrations

overaperiod of 6 hoursin directsunlight. (A) 50 mg/mli(B)25 mg/ml(C)12.5 mg/m (D) 6.25 mg/mi(E)3.125 mg/ml
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Figure3.13:UV-Visspectra ofpH 10 AgNPs synthesizetith 2 mM AgNQat variousB. frutescendeaf extract concentrations over
aperiod of 6 hoursin direct sunlight. (A) 50 mg/mi(B)25 mg/miI(C)12.5 mg/m (D) 6.25 mg/mI(E)3.125 mg/mi
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Figure 3.14 and 3.1 presents the UWis spectra of neutral pH (7.11) and pH 10 AgNPs with

3 mM AgN@at variousB. frutescengeaf extract concentrations over a period of 6 hours in
directadzy t AIKGP ¢KS NBIFOGAZ2Y F2NJ ySdziNdnig/mLI QR
after 45 minutesfor 3.125 and 6.25ng/ml after 60 minutes of synthesis. The reaction is
complete for pH 10 AgNPs after 45 minuteswfthesidor 50, 25 and 6.25mg/ml of extract,

60 minutes for 12.5 mg/ml, and o AgNPswas produced at 3.125 mg/ml extract

concentration forpH 10AgNPs.
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Figure3.14: UV-Visspectra of neutralpH (7.11) AgNPs synthesizedth 3 mM AgNQat variousB. frutescendeaf extract concentrations
overaperiod of 6 hoursin direct sunlight.(A) 50 mg/ml(B)25 mg/mli(C)12.5 mg/ni (D) 6.25 mg/mi(E)3.125 mg/ml
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Figure3.15 UV-Visspectra ofpH 10 AgNPs synthesizegith 3 mM AgNQat variousB. frutescendeaf extract concentrations ovea period of 6 hoursin

direct sunlight. (A) 50 mg/mi(B) 25 mg/ml(C)12.5 mg/m (D) 6.25 mg/mi(E)3.125 mg/ml
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Figure 3.16 and 3.1répresents the UWis spectra of neutral pH (7.11) and pH 10 AgNPs with

4 mM AgN@at variousB. frutescengeaf extract concentrations over a period of 6 hours in
RANBOG adzyft A3IKiGd ¢KS NBIFOGAZ2Y F2NJ ySdziNI ¢
minutes of synthesis, 60 minutes for 25 and 12.5 mg/ml, and 15 minutes for 6.25 and 3,125
mg/ml of synthesis. The reaction is complete for pH 10 AgNPs after 30 minutes of synthesis
for 50, 12.5 and 3.125 mg/ml of extract, 180nutes (2 hours) for 25 mg/ml, dril5 minutes

for 6.25 mg/ml. The AgNPs produced at pH 10 3.125 mg/ml are very broad and can therefore

be excluded as potential candidates for therapeutic based application work.
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Figure3.16: UV-Visspectra of neutralpH (7.11) AgNPs synthesizedth 4 mM AgNQat variousB. frutescenseaf extract concentrations
overaperiod of 6 hoursin direct sunlight.(A) 50 mg/ml(B)25 mg/ml(C)12.5 mg/m (D)6.25 mg/mi(E)3.125 mg/ml
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Figure3.17: UV-Visspectra ofpH 10 AgNPs synthesizesith 4 mM AgNQat variousB. frutescendeaf extract concentrations over
aperiod of 6 hoursin direct sunlight. (A) 50 mg/ml(B)25 mg/ml(C)12.5 mg/m (D) 6.25 mg/ml(E)3.125 mg/ml
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Figure 3.18epresents the UWis spectra of pH 10 AgNPs with 5mM Agli 50 mg/miB.
frutescensextract after 45 minutes of synthesi®A\gNPs were only produced at 50 mg/ml
extract after 45 minutes obynthesisfor pH 10 All other concentrations (25, 12.5, 6.25, and
3.125 mg/ml) of pH 10 extract produced no AgNFH®m the results obtainedho AgNPs are
LINE RdzZOSR 6 Al K y(&atrzadidhéwn)Ldl QR SE G NI O
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Figure3.18:UV-Visspectra ofpH 10 AgNPs synthesizesith 5 mM AgNQand 50 mg/mIB. frutescendeaf

extract concentrationafter 45 minutes of synthesis directsunlight.
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It is well known that AgNPs possess characteristic absorbance peak between 390 nm to
450 nm(XuandKall,2002) In this study there has been no rise in the peak above this range.
There are no peaks that have shifted below this range during the time period of 6 hours
which gives a clear indication that the nano solution has no other impurities, mrgancies

or evensolvents.

The shift observed within the absorption peak is highly indicative of the size, morphology,
quantity and NPs natural growth formation which is further explainesihg DLS and ZP

analysis. Thdifference in themorphology of the NPs synthesised may be the possible reason

for the difference in optical properties presented within the VA & & LISOG NI Q& 2060

various extract and AgN@oncentrations (XandKall,2002).

The collective oscillation of electne of the AgNPs produced are in resonance with the light
wave bringing to the fore a unique SPR absorption band which is also the origin of the
observable colour change over a time period. When a particular wavelengthtchedato

the size of NPs dipolescillation is generated (Henglein, 192k and ESayed, 2008This

is in alignment with previous research conducted which shows that in the compensated form
of the induced polarization, the electrons in the NPs resonate, introducing a strong
absorption (Huanget al., 1996), (Moskovit@and Vickova, 2005Mulvaney, 1996)The SPR
broadens over a period of time due to electron surface scattering which can potentially

enhance small aggregates (Larkd E}FSayed, 2003).
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3.1.4. The effect of temperature on AgNP synthesis

Temperature plays a vital role in the control of the nucleation of the AgNPs fabrication. In this
study one can conclude that sunlight produced better AQNPs in comparison to synthesis in the
dark at various temperatures on skiag heating blocks in the laboratory. Under controlled
settings in the laboratory, the reaction mixture failed to show any visible colour change. These
findings were similar to those published in the literature (Rastogi and Arunachalam, 2011;
Rajoriyaet al., 2016). The characteristic absorbance for AgNPs was recorded at different
temperatures (37, 50, 70, 80 and 190 in the dark and no AgNPs were synthesized at any of
these temperatures. NPs were only synthesized between¢288 °C in direct sunlight.
Temperatures above 28 resulted in aggregation and retardation of the secondary reduction
process. This could be attributed to the photosensitization of molecules present iBthe

frutescengxtract.

It has been observed that there should be direct lgght, 0% cloud cover with a UwMdex
between 7 and 10, and humidity of above 40 % for the synthesis of AgNPs that fall within the
size range of -1100 nm, and visible SPR between of 850 nm and low Pdl. This study has
shown that the NP size is dependent dretlight exposure. The higher absorption will display a
greater reduction resulting in smaller AQNPs whereas less light absorption will result in a lower

reduction rate leading to larger size AgNPs.
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3.1.5. Theeffect of AgNQ and extract concentrationon the sizedistribution and
uniformity of AQNPs

The optimum neutral and pH 10 AgNPs were selected by looking at théidpectra of the
individual AgN@concentrations with various extract concentrations. The most uniform peaks

which fall within a UWisible range of 39@ 450 nm were chosen. This illustrated irfigure

3.19and3.20.
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