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ABSTRACT  

 

The field of nanotechnology continues to offer solutions for biotechnologists whose 

target is to improve the quality of life by finding new therapies to combat diseases. 

Gold nanoparticles (AuNPs) have been showing great potentials in many biomedical 

applications. The antibacterial activity of the AuNPs presents a therapeutic option for 

conditions caused by bacterial infections such as chronic wounds. Also, these versatile 

particles can offer solutions in the treatments of infectious diseases and can also be 

exploited as “smart” vehicles to carry drugs, such as antibiotics, for improved 

efficiency. Moreover, the anti-inflammatory activity of AuNPs makes them useful in 

the management of prolonged inflammation caused by bacterial infections.  

The synthesis of AuNPs can be achieved by variety of physical and chemical methods 

that have been successfully applied in labs and industry. Nonetheless, the drawbacks 

of these “conventional” methods in terms of high cost, adverse health side effects and 

incompatibility with the ecosystem cannot be overlooked. Thus, new safer and more 

cost-effective protocols have been reported for the synthesis of AuNPs. Plants have 

provided alternate synthesis methods in which the reducing capabilities of the 

phytochemicals, found in the aqueous plant extracts, can be used to chemically 

synthesize AuNPs from gold precursors. 

The biosynthesis and characterization of AuNPs from the phytochemicals of several 

South African plants is investigated in this study. The study also reports the 

optimization of the AuNPs biosynthesis by varying reaction conditions such as 

temperature and plant extracts’ concentrations. Furthermore, the study highlights the 

wound healing activity of the AuNPs synthesized from selected plants by investigating 

their antibacterial activity on bacterial strains known to cause chronic wounds. The 

ability of these AuNPs to carry ampicillin in order to enhance the antibacterial activity 

is also described herein. The cytotoxicity of the biosynthesized AuNPs was evaluated 
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on human normal fibroblasts cells (KMST-6). Additionally, the immunomodulatory 

effect of the biosynthesized AuNPs on the cytokines production from macrophages and 

Natural Killer (NK) cells was examined. 

The study was successful to produce biocompatible and safe AuNPs synthesized from 

the tested aqueous plant extracts. The resulted AuNPs showed different 

physicochemical properties by varying the reaction conditions. The AuNPs exhibited 

antibacterial activity against several Gram-positive and Gram-negative bacteria. Also, 

ampicillin was successfully loaded on the biosynthesized AuNPs, which led to the 

formation of more antibacterial active conjugated AuNPs compared to the free AuNPs. 

The green synthesized AuNPs were also found to have anti-inflammatory responses as 

shown by the reduction of pro-inflammatory cytokines from immune cells. In vitro 

assays showed that the biogenic AuNPs were not toxic to KMST-6 cells. Overall, the 

data suggest that plant extracts produce biologically safe AuNPs with antibacterial and 

anti-inflammatory activities that can be exploited in the treatment of chronic wounds 

and in the management of chronic inflammation. 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Background 
 

The emerging field of nanotechnology has contributed to different industrial sectors 

with their many applications in the areas of biotechnology, electronics, drug delivery, 

cosmetics, material science, engineering, and biosensors (Manke et al., 2013). Metallic 

nanoparticles (MNPs) have shown potentials in many industrial and biomedical 

applications for their optical, electrical and photothermal properties (Geethalakshmi 

and Sarada, 2012). One of the advantages of the MNPs is the ease of their synthesis 

and modification (Nath and Banerjee, 2013). Among the MNPs, gold nanoparticles 

(AuNPs) have received considerable attention because of their unique optical 

properties and biocompatibility (Ahmed et al., 2016). AuNPs are incorporated in many 

applications in separation science (Sýkora et al., 2010), the food industry as well as 

space and environmental sciences (Santhoshkumar et al., 2017). AuNPs are also 

important for different biomedical applications such as drug delivery, diagnosis and 

treatment of diseases (Abadeer and Murphy, 2016; Huang et al., 2006; Qiu et al., 2016).  

The preparation of MNPs involves a variety of chemical and physical methods, such 

as chemical reduction (Yu, 2007), photochemical reduction (Mallick et al., 2005), 

electrochemical reduction (Liu and Lin, 2004), laser ablation (Tsuji et al., 2003) and 

lithography (Jensen et al., 2000). These methods are expensive and involve the use of 

several toxic and environmentally harmful chemicals (Lukman et al., 2011). Thus, the 

use of the AuNPs synthesized by these methods can be limited when considered for 

biomedical applications. Conversely, the green synthesis of AuNPs involves the use of 

safe biological reagents that produce biocompatible and eco-friendly AuNPs (Khan et 

al., 2013). 
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AuNPs have been successfully synthesized from different biological sources such as 

proteins, flagella, bacteria and fungi (He et al., 2007; Kitching et al., 2015; Wang et al., 

2012, 2008). Compared to the aforementioned biological systems, the use of plants is 

more attractive to researchers as they are readily available, safer and contain a variety 

of reducing phytochemicals. Also, in contrast to the microbial-derived chemicals, the 

plant-derived phytochemicals require shorter incubation periods with gold salt to 

synthesize AuNPs (Nath and Banerjee, 2013). Phytochemicals are not only responsible 

for the biosynthesis of AuNPs but also they act as capping agents to prevent the 

aggregation of AuNPs and control their growth (Lukman et al., 2011). Examples of 

these reducing phytochemicals are proteins, amines, phenols, carboxylic acids, 

ketones, aldehydes, etc. (Siddiqi and Husen, 2017). Several studies reported the 

synthesis of AuNPs using plant extracts (Balashanmugam et al., 2016; Dorosti and 

Jamshidi, 2016; Khan et al., 2013; Rajan et al., 2017; Yuan et al., 2017). These 

synthesis methods are not only eco-friendly, but also cost-effective and can be easily 

modified for large-scale synthesis (Geethalakshmi and Sarada, 2012). These plant-

derived AuNPs can enhance the bioavailability and biological activity of the 

phytochemicals responsible for the bioactivity (Jaewook Lee et al., 2014; Park et al., 

2011; Rao et al., 2016). 

Galenia africana and Hypoxis hemerocallidea are two examples of medicinal plants 

that are indigenous to South Africa. They are widely exploited by local tribes to treat 

many diseases such as human immunodeficiency virus (HIV), acquired immune 

deficiency syndrome (AIDS), diabetes and wound infections (Bassey et al., 2015; 

Drewes et al., 2008; Lall and Kishore, 2014). The biological activities of G. africana 

and H. hemerocallidea were also reported by several studies (Drewes et al., 2008; 

Mabona and Van Vuuren, 2013; Steenkamp and Gouws, 2006; Vries et al., 2005). 

Furthermore, the chemical investigations of the two plants have led to the isolation of 

several phytochemicals that can be incorporated in the biosynthesis of AuNPs (Drewes 

et al., 2008; Vries et al., 2005). Among those phytochemicals, hypoxoside is a major 
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secondary metabolite of H. hemerocallidea that has shown several biological activities 

(Katerere, 2013).   

The disruption of skin integrity in the wound site renders the host at risk of 

physiological imbalance, severe disability or, in some cases, death (Wang et al., 2018). 

The wound healing process is activated immediately upon injury and consists of four 

stages including haemostasis, inflammation, proliferation stages and remodelling and 

scar formation (Broughton et al., 2006). Microbial infections can deter the wound 

healing process. Microbial pathogens can reduce the number of fibroblasts and 

collagen regeneration via the activation of inflammatory mediators as a result of the 

production of microbial toxins (Su et al., 2017). Therefore, wound-healing agents with 

antimicrobial activity can contribute towards effective and quicker healing (Machado 

et al., 2018). Several studies have reported the antimicrobial activities of AuNPs. The 

antibacterial mechanism of the AuNPs is not yet fully understood, but it is believed 

that the coating materials surrounding their gold cores play an important role in their 

antibacterial actions (Nadeem et al., 2017). The extracts of G. africana and H. 

hemerocallidea plants contain phytochemicals with antibacterial activity that could aid 

in the wound healing process (Elbagory et al., 2017). The synthesis of AuNPs using 

extracts produced from plants with known antibacterial activities can potentially 

produce nanoparticles (NPs) with significant antibacterial activities.  

The antibacterial action of AuNPs can be enhanced by conjugating antibiotics into their 

surfaces. The use of AuNPs as antibiotics carriers can reduce the side effects of the 

antibiotics, increase their cellular uptake (Wang et al., 2017) and decrease bacterial 

resistance to antibiotics (Mühling et al., 2009). Several antibiotics were successfully 

loaded into AuNPs and showed improved antibacterial effects compared to the free 

drugs or unconjugated AuNPs (Brown et al., 2012; Nirmala Grace and Pandian, 2007).  

Moreover, AuNPs have been found to regulate the immune system that includes a 

number of different cell types, such as macrophages and Natural Killer (NK) cells that 

fights infections, diseases or foreign biological invasion (Jiao et al., 2014). Some 

reports showed that some AuNPs have anti-inflammatory properties (Sumbayev et al., 
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2013). Phytochemicals have also been shown proven their immunomodulatory (Ebadi 

et al., 2014). The anti-inflammatory effect of H. hemerocallidea was reported 

(Ojewole, 2006). It is then believed that phytochemicals can form the basis for new 

immunomodulatory therapies that can either stimulate immune responses for 

immunocompromised patients or suppress the immune responses if wanted in case of 

organ transplant, autoimmune patients or chronic inflammation conditions (Brindha et 

al., 2016).  

Bacterial infections stimulate the macrophages and NK cells to dispatch pro-

inflammatory cytokines to orchestrate the immune cells into the infected tissue (Arango 

Duque and Descoteaux, 2014). In some cases however, persistent inflammation 

(chronic inflammation) can lead to undesired complications (Rauch et al., 2013). In 

chronic inflammation, continual recruitment of innate and adaptive immune cells 

occurs, which leads to the production of high levels of pro-inflammatory modulators 

(Meirow and Baniyash, 2017).  Patients with unmanaged chronic inflammation can be 

susceptible to several diseases, for example, diabetes, cancer, inflammatory bowel 

syndrome and rheumatoid arthritis (Pahwa and Jialal, 2018). Anti-inflammatory 

agents, therefore, can prove useful in the management of bacterial infections (Sheth, 

2013).  

 

1.2 Problem statement and rationale   
 

The inorganic chemicals, such as sodium/potassium borohydride, hydrazine and salts 

of tartrate, or organic chemicals such as sodium citrate, used in the conventional 

synthesis of AuNPs have drastic effects on the health and the environment (Lukman et 

al., 2011).  Sodium citrate, specifically, is widely used in the literature for AuNPs 

synthesis yet it has been shown to have extreme toxic effects both in vivo and in vitro 

experiments (Freese et al., 2012; Vijayakumar and Ganesan, 2012). The surface 

modification of the AuNPs, using biocompatible coating materials, could prove useful 
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in increasing the bioavailability of the AuNPs for biomedical applications (Fraga et al., 

2013). Accordingly, the green synthesis of AuNPs using safe phytochemicals found in 

plant extracts can prove more beneficial compared to the conventionally synthesized 

AuNPs.  

The biosynthesis of AuNPs from plants is governed by several factors such as reaction 

incubation time, pH, temperature and phytochemical and gold salt concentrations 

(Ahmed et al., 2016). As such, there is a need to establish an easy and quick method to 

screen large number of plant extracts with the ability to optimize one or more of the 

reaction’s conditions during the synthesis.  

Further, the search of new antibacterial agents has becoming a global priority due to 

the rapid emergence of bacterial resistance to the current antibiotics (Zhang et al., 

2011). It is estimated that by 2050 resistant bacterial infections will cause around 10 

million deaths annually worldwide (Lai et al., 2018). Among many health 

complications, microbial infections can deter the wound healing progress and promote 

the development of chronic wound infections, which is complicated by the antibiotic 

resistance (Pîrvănescu et al., 2014).  Chronic wound infections place a fiscal burden on 

both governments and patients. Globally, there are around 20 million cases with 

chronic wounds that cost around 31 billion US $ per year for their management (Leaper 

et al., 2015).  Moreover, chronic wound infections reduce patient’s quality of life and 

reproductivity.  For instance, in unhealed diabetic foot ulcers, bacterial infections can 

result in limp amputations in up to 14 of every 1000 diabetic patients (Singh et al., 

2005).  

Further, bacterial infections can cause persistent inflammation, which can lead to 

several health complications, including rheumatoid arthritis, inflammatory bowel 

disease, multiple sclerosis, psoriasis and eczema (Coutinho and Chapman, 2011). Thus, 

the use of anti-inflammatory agents can be useful in the management of the side effects 

of the bacterial infections. 
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MNPs, including AuNPs, have shown potent antibacterial and immunomodulatory 

activities. MNPs can be form the basis of novel antibiotics to replace the conventional 

antimicrobial agents (Wang et al., 2017).  

 

1.3 Hypothesis  

 

The phytochemicals present in the plants aqueous extract can reduce the gold precursor 

into AuNPs. These biogenic AuNPs can provide safer options for the treatment of 

chronic wound infections and expected to have a role in management of chronic 

inflammation through their immunomodulatory effects.   

 

 1.4 Research aim 
 

The aim of this study is to biosynthesize AuNPs from several South African plant 

extracts and to evaluate their antibacterial activity against several bacterial strains 

known to cause wound infections in addition to the investigation of their 

immunomodulation effect on selected immune cells in vitro.  

 

1.5 Research objectives  
 

1- Collection of South African plants from the Western Cape province and the 

preparation of aqueous extracts for each plant collected. 

2- Synthesis of AuNPs from the collected plants using green methods. 

3- Optimization of the AuNPs synthesis by varying the reaction temperature and 

reactants’ concentrations.  
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4- Characterization of the biosynthesized AuNPs using different spectroscopic 

and optical techniques.  

5- Evaluate the stability of the biosynthesized AuNPs in several biological buffers 

and media.  

6- Evaluate the cytotoxicity of the biosynthesized AuNPs on normal human 

fibroblasts cells (KMST-6). 

7- Investigate the antibacterial effects of the biosynthesized AuNPs on several 

Gram-positive and Gram-negative bacteria associated with wound infections.  

8- Functionalization of the biosynthesized AuNPs with ampicillin and measure 

their physicochemical properties and their antibacterial effects.  

9- Isolate hypoxoside from H. hemerocallidea and evaluate its ability to produce 

AuNPs.  

10-  Examine the immunomodulation activity of the biosynthesized AuNPs on the 

cytokine production from macrophages and NK cells.  

 

1.6 Thesis outline 
 

This thesis is divided into 7 chapters. Chapter 1 introduces the scope of the study, its 

aims and objectives. Chapter 2 presents a literature review on the different aspects 

about the field of nanotechnology, its background and the different types of 

nanomaterials. The chapter also describes the potential applications of AuNPs in 

biomedical research, specifically as antibacterial and immunomodulatory agents, the 

methods used for their synthesis and the importance of biogenic AuNPs.  The chapter  

also highlights the process of wound healing and its different stages, the role of immune 

system and its cellular components and their cytokines. Chapters 3 - 6 describe the 

results obtained in this study following the established objective. Chapter 3 and 4 are 

published research articles and they are included in their journal format. Chapters 5 

and 6 are article drafts and appear according to the required format of their journals. 

Chapter 3 describes the collection of different South African plants and the 
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biosynthesis and characterization of AuNPs from their aqueous extracts using a 

developed method. Chapter 4 describes the biosynthesis of AuNPs from H. 

hemerocallidea and G. africana and their antibacterial activity against bacterial strains 

associated with wound infections. Chapter 5 reports on the conjugation of ampicillin 

onto biogenic AuNPs from H. hemerocallidea. Chapter 6 is an evaluation of the  

immunomodulatory effects of the biogenic AuNPs from H. hemerocallidea and 

hypoxoside. Finally chapter 7 is general conclusions that summarizes the findings of 

each research chapter and includes also a brief recommendations for future work.       
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1 Background on Nanotechnology: “There is plenty of room in 

the bottom” 
 

The term “nano”, which refers to one billionth of a unit (10-9), is derived from the Greek 

word “nanos” that means “very small or dwarf” (B. Ahmad et al., 2017). Thus, one 

nanometre (nm) equals 10-9 meter (m). The nanoscale is widely used to describe the 

small diameters in which larger scales would inappropriate or difficult to apply. For 

instance, the diameter of a human hair is approximately 10 µm (10,000 nm), whereas 

the diameter of a DNA strand is about few nm. Atoms have diameters of tenths (10-1) 

of nm (Vo-Dinh, 2006).  

Nanotechnology can be defined as “the design, characterization, production and 

application of materials, devices and systems by controlling shape and size on the 

nanoscale” (Ramsden, 2009). The synthesis and the self-assembly of the nanoparticles 

(NPs) are considered the cornerstone of nanotechnology (Gardea-Torresdey et al., 

2002). NPs are defined by the American Society for Testing and Materials as particles 

that have at least two or more dimensions ranging in size from 1 to 100 nm (B. Ahmad 

et al., 2017). More recently however, the British Standard Institution defined NPs as 

particles that have one or more dimensions at the nanoscale (≤ 100 nm) (Manke et al., 

2013). NPs used in the biotechnology field, however, can have a particle size up to 500 

nm and seldom exceed 700 nm (Mody et al., 2010).  

The use of nanosize particles has been documented in ancient history. Old Romans 

glassmakers in the 4th century A.D. used nanosized metals to fabricate glasses. An 

example of these works is the Lycurgus cup, which depicts the death of King Lycurgus 

from that era. The cup was made of gold and silver NPs and if a light source is placed 

inside, these NPs can alter the colour of the cup from green to red (Figure 1.1) (Poole, 
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2003). This optical phenomenon is one of the unique characteristics of the NPs that 

will be discussed later.    

 

Figure 1.1 The cup of Lycurgus displayed in the British Museum (Kaushik, 2017). 

 

During the annual meeting of the American Physical Society in 1959, Richard 

Feynman, a Nobel Prize laureate for physics, gave one of the classic science lectures 

of the 20th century entitled “There is plenty of room in the bottom”. In his speech, he 

envisioned, for the first time, the potential of manipulating matter of “atomic scale” on 

different aspects of modern science (Nouailhat, 2008). Several research outputs on 

“small” metal particles were conducted for the first time during the 1950s and 1960s, 

yet the term “nanotechnology” was not yet used. For example, porous silicon was first 

fabricated in 1956(Poole, 2003). The magnetic fluids (ferrofluids) that contain 

nanosized magnetic particles suspended in liquids were first synthesized in the 1960s 

(Poole, 2003). It was not before 1974 when the term “nanotechnology” was first 

introduced by Dr. Norio Taniguchi of Tokyo Science University after attempting to 

design nanosized materials (Sharon et al., 2012). The numerous inventions in the 

development of NPs since the 1980s have been testaments to Feynman’s vision in 1959 

(Bhushan, 2010).  
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The potential of nanotechnology is reflected by the global expenditure towards the 

research and development (R&D) of nanosized materials. The USA announced the 

National Nanotechnology Initiative (NNI) in the fiscal 2001 budget. Through this 

initiative, a coalition between the government, private and research sectors would work 

together to achieve economic and social benefits by supporting different aspects of 

nanotechnology science (Bhushan, 2010). In 2002, a three years plan, called the Sixth 

Framework Program or FP6, was set by the European Union prioritizing the funding 

of nanotechnologies (Bhushan, 2010). By 2003, the total global public expenditure 

towards nanotechnology was around 3.5 billion US $ contributed mainly by the EU, 

Japan and USA (Figure 1.2) (Bhushan, 2010). 

 

Figure 1.2 Global public expenditure in nanotechnology R&D in US $ Billion (Bhushan 2010). 

 

The financial support for the nanotechnologies R&D led to the development of several 

nanomaterials-based products that incorporated in a myriad of industrial applications. 

Table 1.1 shows some of these applications of the nanomaterials that on the market or 

under development.  
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Table 1.1 Applications of nanomaterials in industry (Pitkethly, 2004).  

Field Under development In use 

Energy • Dye-sensitized solar cells using 

TiO2  

• H2 storage using metal hydrides 

• Improved anode and cathode 

materials for fuel cells 

• Thermal control fluids using Cu 

• Automotive catalysts 

• Nanocrystalline Ni and metal hydrides for batteries 

• Environmental catalysts, ceria in diesel 

 

Healthcare/biomedical • Nanocrystalline drugs for easier 

absorption  

• Inhalable insulin 

• Anticancer treatments 

• Antioxidant drugs based on 

fullerenes 

• Ag-based antibacterial wound 

• dots dressings, ZnO fungicide 

• Drug carriers for drugs with low water solubility  

• Au for biolabeling and detection 

• Magnetic resonance imaging contrast agents using superparamagnetic 

Fe2O3 

• Sunscreens using ZnO and TiO2 

Engineering • More efficient Thermal barrier 

coatings  

• Spark plugs 

• Delivery of herbicides 

• Thermal spray coatings 

• Cutting tools 

• Automotive tires 

Consumer goods  • Packaging using silicates Glass coatings for antiglare mirrors using 

TiO2 

• Ski wax 

• Sports goods: tennis balls, 

rackets using nanoclays  

• Water/stain-repellent textiles 

Environmental • Environmentally friendly antifouling 

paints and coatings 

• Soil remediation using Fe 

• Self-cleaning glass 

• Antireflection coatings 

Electronics • EMI shielding using conducting and 

magnetic materials 

• Electrically conductive plastics 

• Light-emitting Si LED nanoparticles 

for displays 

• Chemical-mechanical planarization alumina 

• Computer chips 

• Optical fibres based on Si 
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The impact of nanomaterials-based products on the nanotechnology market proved 

highly profitable. Data from several market indicators showed that the nanomaterial 

market has been thriving since the new millennium.  A report from Mordor Intelligence 

suggests that the value of global nanomaterials market was at about US $4.1 billion in 

2015, and this value will continue to grow to US $11.3 billion by 2020. A more 

optimistic report by Allied Market Research estimated the nanotechnology market in 

2015 at about US $14.7 billion and to reach US $55.0 billion by 2022 (Figure 1.3) 

(Inshakova and Inshakov, 2017).  

 

Figure 1.3 Nanotechnology market revenue expectation by different (optimistic and pessimistic) market indicator 

agencies (Inshakova and Inshakov, 2017). 

 

2.2 Nanoparticles: classification and types  
 

The size reduction of the bulk materials gives rise to NPs, which are dictated by the 

quantum physics and have unique physicochemical properties that can be utilized in 

many applications. Hence, the key aspect of nanotechnology, its potential in different 

industries and the unique properties of its NPs revolve around a major and simple 

platform: “The miniaturization of bulk materials”. NPs are considered  nanostructured 

materials (NMs) according to the classification of nanotechnology systems (Figure 

1.4). MNPs, including AuNPs, are nonpolymeric nanostructures that also include 

several other nonpolymeric nanostructures e.g. Silica NPs and carbon nanotubes 

(CNTs) (Figure 1.4) (Bhatia, 2016).   
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Figure 1.4 Different types of nanotechnology systems (Bhatia, 2016).  

 

There are hundreds of NMs that were manufactured in the past few decades, and thus 

there is a need to classify them. Pokropivny and Skorokhod (2007) reported a 

classification of the NMs based on their dimensionality (Pokropivny and Skorokhod, 

2007). In their classification, NMs can be divided into four categories; zero-dimension 

(0D), one-dimension (1D), two-dimension (2D) and three-dimension NMs (3D) 

(Figure 1.5).  

1- 0D NMs have all their dimensions at nanoscale. Examples of the 0D NMs are 

MNPs such as spherical and some cubes and polygons of AuNPs (Malhotra and 

Ali, 2017).  

2- 1D NMs have two dimensions at the nanoscale and one at the macroscale. 

Nanowires and nanofibers are two examples of the 1D NMs (Malhotra and Ali, 

2017).  
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3- 2D NMs, such as nano thin-films and nanosheets, have only one dimension in 

nanoscale of their three sides (Malhotra and Ali, 2017).  

4- 3D NMs possess no nanoscale dimensions, yet they contain building units of 

nanoscale materials, which are confined in their 3D macrostructure (Malhotra 

and Ali, 2017).   

 

 

Figure 1.5 Classification of nanomaterials according to their dimensionally (Malhotra and Ali, 2017). 

 

2.2.1 Types of NPs 
 

NPs can also classified depending on their physical and chemical properties, particle 

size and morphology. Below are examples of these NPs:  

 

2.2.1.1 Carbon-based NPs 
 

2.2.1.1.1 CNTs 
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CNTs are graphene sheets composed primarily of hexagonal carbon units that are rolled 

up to form seamless cylinders (Figure 1.6) (Bhatia, 2016). CNTs can be configured to 

have one or multiple graphene layers (single-walled carbon nanotubes, SWCNTs, or 

multi-walled carbon nanotubes, MWCNTs) (Khan et al., 2017). MWNTs can be more 

than 100 nm in diameter, while SWNTs are only 0.8 to 2 nm in diameter. The lengths 

of CNTs can range from less than 100 nm to several centimetres (De Volder et al., 

2013). Thus, CNTs merge both nano and macro scales together. These tubular 

structures are used as filters, gas adsorbents for environmental remediation and 

supporting medium for organic and inorganic catalysts (Khan et al., 2017).  

 

 

Figure 1.6 Graphene layer rolled into SWCNTs and MWCNTs. 

 

The surface of the CNTs can be easily be functionalized to accommodate different 

biological, organic and inorganic structures that can render them useful in several 

biomedical applications such as; biosensors, gene and drug delivery, diagnostics, drug 

delivery and biomedical imaging (Figure 1.7) (Alshehri et al., 2016). 
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Figure 1.7 Schematic illustration showing the several biomedical applications of the CNTs (Alshehri et al., 2016).

   

 

2.2.1.1.2 Fullerenes  
 

Known as buckyballs, fullerenes are hollow nanosized spherical structures whose 

surface has 20 or more carbon atoms arranged in pentagonal and hexagonal formation 

(Figure 1.8) (Bhatia, 2016).  

 

Figure 1.8 Schematic illustration of different types of fullerenes based on their size (Huy and Li, 2014). 
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The inclusion of one or more atoms to the buckyball gives rise to different types of 

fullerenes. For instance, endohedral fullerenes have another atom enclosed within the 

buckyball structure. In contrast to endohedral fullerenes, exohedral fullerenes (or 

fullerenes derivatives) have another chemical group attached to the buckyball surface. 

Heterofullerenes, on the other hand, have one or more of carbon atoms in their 

buckyball structure replaced by hetero-atoms such as, Nitrogen or Boron (Figure 1.9) 

(Thakral and Mehta, 2006).   

 

Figure 1.9 Different types of Fullerenes based on their structure (Thakral and Mehta, 2006). 

 

Like CNTs, Fullerenes can be also easily functionalized for different biomedical 

applications. Fullerenes have been found to have free radical scavenging properties, 

anti-HIV and anticancer activities (Thakral and Mehta, 2006).   

 

2.2.1.2 Ceramic NPs 
 

Ceramic NPs are the oxides, carbides, phosphates and carbonates of different metals 

and metalloids such as, calcium, titanium, silicon, etc. (Thomas et al., 2015). They can 

be synthesized in amorphous, polycrystalline, dense, porous or hollow forms (Khan et 
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al., 2017). For that reason, these NPs can be applied in different applications such as 

catalysis, photocatalysis and photodegradation of dyes (Khan et al., 2017). For 

biomedical applications, ceramic NPs are also regarded as excellent carriers for drugs, 

genes, proteins and imaging agents (Thomas et al., 2015).  

 

2.2.1.3 Polymeric NPs  
 

Polymeric NPs composed of  macromolecules (or polymers) that comprise many 

repeating units attached together to form chain-like molecules. Polymeric NPs are 

mainly used for drug delivery, although some other biomedical applications have been 

reported such as bioimaging and biosensing (Moreno-Vega et al., 2012). Polymeric 

NPs are mostly nanocapsule or nanosphere in shape. The nanocapsule particles have 

their carried drug in an aqueous or oily cavity encapsulated in a polymeric shell. The 

drug in the nanosphere systems, however, is uniformly dispersed along with the 

polymer in a matrix-like structure (Figure 1.10) (Crucho and Barros, 2017).   

 

Figure 1.10 The nanocapsule and nanosphere structures of the Polymeric NPs (Crucho and Barros, 2017). 

 

2.2.1.4 Lipid-based NPs 
 

Similar to the polymeric NPs, the lipid-based NPs contain a solid inner matrix of 

soluble lipophilic matter encapsulated with surfactants or emulsifiers (Rawat et al., 
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2011). However, the synthesis of the lipid-based NPs involves the use of physiological 

lipids (Kaur et al., 2015), which are more biocompatible and biodegradable than the 

polymers used in the synthesis of the polymeric NPs. The lipid-based NPs are therefore 

used to develop biocompatible nanosized drug, deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA) carrier systems (Ganesan and Narayanasamy, 2017). Ranging 

in size between 50 to 100 nm, the solid lipid nanoparticles (SLNs) are the first 

generation of the lipid-based NPs, which are prepared from lipids that remain solid at 

both room and body temperatures (Figure 1.11) (Wong et al., 2007). However, the 

nanostructured lipid carriers (NLCs) are improved generation of the SLNs in which the 

drug is immobilized by a mixture of solid lipid and liquid lipid phases resulting in the 

increase in the drug loading capacity (Figure 1.11) (Yingchoncharoen et al., 2016).   

 

Figure 1.11 A diagram of the two types of the lipid-based NPs; SLN and NLC (Yingchoncharoen et al., 2016). 

 

2.2.1.5 Semiconductors NPs 
 

The semiconductors NPs have the properties of conductors and insulators (Suresh, 

2013). The semiconductors NPs play an important role in photocatalysis, photo optics 
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and electronic devices. They are also effective in water splitting applications (Khan et 

al., 2017). Semiconductors NPs are synthesized from different atoms, which are, based 

on their periodic table position, denoted II-VI, III-V or IV-VI. For instance, 

semiconductors NPs made from ZnO, ZnS, CdS, CdSe and CdTe are known as II-VI 

semiconductors NPs (Suresh, 2013).  

 

2.2.1.6 MNPs  
 

MNPs have attracted researchers for over a century and are utilized in various fields 

including, physics, chemistry, electronics, optics, material and biomedical sciences 

(Shankar et al., 2016). These particles can be easily fabricated and functionalized with 

antibodies, ligands, drugs, etc. and hence they provide a plethora of potential 

applications in biomedicine, targeted drug delivery, magnetic separation, gene delivery 

and diagnostic imaging (Mody et al., 2010).  

Made of metal precursors, MNPs can be synthesized from gold (B. Ahmad et al., 2017; 

Arunachalam et al., 2013; Ayaz Ahmed et al., 2014; Rouhana et al., 2007), silver 

(Ajitha et al., 2015; Khan et al., 2013), titanium (Prasad et al., 2007), zirconium (Eshed 

et al., 2011), strontium (Frasnelli et al., 2017), copper (Umer et al., 2014), etc. These 

MNPs have unique optical properties because of their famous localized surface 

plasmon resonance (LSPR) (Khan et al., 2017). These optical properties play a key 

factor in determining the potential of MNPs in the biomedical applications (Khan et 

al., 2017).  

 

2.3 AuNPs 
 

AuNPs, sometimes referred to as colloidal gold, are suspended nanosized gold particles 

(Mody et al., 2010). In the 1850s the scientific study of AuNPs was first conducted by 

Michael Faraday, who observed differences between the colloidal and bulk gold in 
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terms of their physical and chemical (physicochemical) properties (Mody et al., 2010). 

Now, the AuNPs are the one of most reported MNPs in the literature (Shankar et al., 

2016).  

 

2.3.1 The Physicochemical Properties of the AuNPs 
 

2.3.1.1 LSPR 
 

The reduction in size of the bulk materials into NPs provides materials with a large 

surface-to-volume ratio leading to an increased number of surface atoms and gives rise 

to the quantum size effect (Raikar et al., 2011). NPs, therefore, have unique 

physicochemical properties different from their bulk forms. These properties include 

higher electrical and heat conductivity, improved catalytic activity, optoelectronic 

properties, enhanced or hindered particles aggregation and enhanced photoemission 

(Abdelhalim et al., 2012).   

The optical properties of the AuNPs result from the interaction of their free electrons 

with light. This interaction is known as the LSPR effect in which the free electrons of 

the AuNPs undergo a collective coherent oscillation with respect to the gold lattice in 

the presence of the electromagnetic field of the photons (light) (Figure 1.12)  (Jain et 

al., 2008).  

 

Figure 1.12 A schematic representation of the oscillation of the free electrons around a nanoparticle (Yeh et al., 

2012). 
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The LSPR effect of the MNPs produce absorption bands in the visible-light region 

between 500 to 600 nm (Rastogi and Arunachalam, 2012). These bands are unique to 

MNPs and are not visible in the bulk gold or tiny particles (particle diameter < 2 nm) 

(Yeh et al., 2012). Depending on LSPR position in the visible spectrum, the aqueous 

solutions of AuNPs show a range of colours such as brown, orange and red, etc.  (Jain 

et al., 2008). Several factors affect the position of LSPR bands such as size, shape and 

surface charge of the AuNPs, the solvent used, the surface ligand, temperature and the 

distance between the neighbouring NPs (Yeh et al., 2012). To illustrate, spherical 

AuNPs with 10 nm particle diameter exhibit a strong absorption maximum (λmax) 

around 520 nm, which give these particles their famous red colour (Jain et al., 2008). 

However, a red-shift of the bands from the blue to the red end of the visible light 

spectrum is observed with NPs of bigger sizes (Jain et al., 2008). For example, 40 nm 

spherical AuNPs produce λmax around 530 nm (Jain et al., 2008). Also, a study by Link 

and El-Sayed showed λmax values of 517, 521, 533 and 575 nm corresponding to AuNPs 

of different particle sizes (9, 22, 48 and 99 nm, respectively) (Figure 1.13) (Link and 

El-Sayed, 1999).  

 

 

Figure 1.13 UV-Vis spectra of 9, 22, 48 and 99 nm AuNPs showing of λmax values of 517, 521, 533 and 575, 

respectively (Link and El-Sayed, 1999). 

This red-shift is accompanied by a change of the AuNPs solutions to a blue colour. 

Figure 1.14 shows the effect of different size of AuNPs on the colour of their solutions. 
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The solution of the smallest AuNPs appears bright red, while the solutions of AuNPs 

of bigger size appear bluish red (Mody et al., 2010). 

 

Figure 1.14 The effect of changing the size of the AuNPs on the colour their solutions (Mody et al., 2010). 

 

The shape of the AuNPs also plays an important role in determining the position of 

their LSPR bands. Gold nanorods (AuNRs), for instance, exhibit extra absorption 

bands at the near infrared region (NIR) (650-900 nm). The appearance of such bands 

is because nanorods have two resonances: one from the plasmon oscillation along the 

nanorod short axis and another from their long axis (Murphy et al., 2005). This “double 

oscillation property” depends on the nanorod’s aspect ratio (length-to-width ration) in 

which the LSPR band undergoes a red-shift from the visible region to the NIR of the 

light spectrum, with the increase in the aspect ratio of the AuNPs (Jain et al., 2008). 

Figure 1.15 illustrates the effect of changing the aspect ratio of the AuNPs on their 

solutions’ colours and their Ultraviolet-Visible (UV-Vis) spectra (Murphy et al., 2005). 

The AuNPs showed a shift in their LSPR bands towards the NIR with the increase of 

their aspect ratios from 1.35 to 4.42 (Figure 1.15).  
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Figure 1.15 The UV-Vis spectra, TEM and aqueous solutions of GNRs with different aspect ratio of; (a) 1.35, (b) 

1.95, (c) 3.06, (d) 3.50, (e) 4.42 (Murphy et al., 2005).  

 

2.3.1.2 Fluorescence quenching properties of the AuNPs 
 

AuNPs can also quench the fluorescence of nearby fluorophores. This property results 

from the overlap between the emission spectrum of excited fluorophores and the LSPR 

band of the AuNPs, also known as the fluorescence resonance energy transfer (FRET) 

phenomenon (Yeh et al., 2012). Xue and co-workers (2013) investigated the quenching 

effect of AuNPs of different shapes and sizes. The AuNPs studied quenched the 

fluorescence of the fluorophore perylene diimide. The authors concluded that the 

quenching ability was dependent on both the shape and the size of the AuNPs, in which 

the smallest spherical AuNPs had the strongest quenching effects (Xue et al., 2013).  

 

2.3.2 Potential of AuNPs in biomedical applications 
 

The wide use of AuNPs in biomedical applications is attributed to their versatility. In 

addition to the physicochemical properties of the AuNPs, which hugely dictate their 
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biomedical use, the ability to modify or control other features of the AuNPs can also 

have an impact in determining their role in biological systems.  

 

2.3.2.1 Controllable morphologies 
 

AuNPs can be fabricated in different sizes, shapes and structures that make them useful 

for a specific biomedical application (Zhang, 2015) (Figure 1.16). Because of the 

position LSPR of the AuNRs near the NIR for example, they are considered excellent 

materials for in vivo biomedical imaging and drug delivery applications (Ma et al., 

2013). Gold nanoshells (AuNSs) have spherical structures and compromised of a silica 

core surrounded by a thin layer of gold (Zhang, 2015). AuNSs can have their optical 

properties adjusted by controlling the core diameter and shell thickness and thus 

included in microscopy and biomedical imaging (Jihyoun Lee et al., 2014). Another 

form of AuNPs that are included in many biomedical applications, such as cancer 

treatment and as antibacterial agents, are the gold nanospheres (AuNSPs). AuNSPs are 

solid balls of gold synthesized by the chemical reduction of chloroauric acid (Zhang, 

2015). Other types of the AuNPs include hollow gold nanospheres and nanocages, 

which have photothermal properties (Zhang, 2015). Because of their facile synthesis 

compared to other morphologies, spherical AuNPs have received more attention from 

researchers in the literature (Zeng et al., 2011).  
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Figure 1.16 Schematic illustrations and electron microscope images of the different shapes of AuNPs; (A) AuNSs, 

(B) AuNRs and (C) AuNSPs (Jihyoun Lee et al., 2014). 

 

Further, the size of the AuNPs can determine their role in biomedical applications. The 

size of the AuNPs can influence their cellular uptake, in vivo distribution and 

pharmacokinetics (Au et al., 2010a; Li and Huang, 2008). The blood circulation 

duration of the AuNPs and their accumulation location and the ability of the body to 

excrete them are also affected by their sizes (Cobley et al., 2011). The size of the 

AuNPs can also control their interaction with the biomolecules located extra- or 

intracellularly (Zhang, 2015). A study by Jiang et al. (2008) showed that AuNPs of 40 

and 50 nm coated with antibodies caused membrane receptor internalization and 

induced cell responses more than other AuNPs of other sizes (Jiang et al., 2008).  

The size of the AuNPs also plays an important role in their passive targeting to tumour 

cells. As the spaces in the tumour capillaries are larger (100 nm to 2 µm) than those in 

the endothelial lining of normal vessels, AuNPs can easily gain access to the tumour 

mass through the damaged surfaces of the blood vessels that supply nutrients to the 

tumour cells (Yuan et al., 1995). Moreover, AuNPs can be retained in the tumour cells 

because of the absence of lymphatic system in the tumour mass (Zhang, 2015) and also 

because of low diffusivity of the AuNPs (Pluen et al., 2001). This ability of the AuNPs 
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to target the tumour cells is referred to as the enhanced permeability and retention 

(EPR) effect (Figure 1.17).  

 

 

Figure 1.17 Schematic diagram showing the accumulation of AuNPs in cancer cells through the gaps in the 

endothelial cells (leaky tumour vasculature) (Lim et al., 2011). 

 

2.3.2.2 Controllable surface chemistry  
 

AuNPs can provide an excellent platform by which biomolecules are delivered to a 

certain location in the body. Through functionalization (or conjugation) of the AuNPs, 

biomolecules can be attached on their surface. This process can be done chemically 

using chemical functional groups or by means of electrostatic interaction between the 

biological molecules and the AuNPs (DeLong et al., 2010).  

Despite being mostly non-reactive, the surface of gold can establish stable gold-thiolate 

bonds to molecules with thiol (–SH) or disulphide (S–S) groups (Cobley et al., 2011). 

Long hydrocarbon chains ligands (capping agents) with thiol or disulphide groups can 

protect the colloidal gold from aggregation and increase their stability in different 

biological conditions (DeLong et al., 2010). For example, Mercaptocarboxylic acids 

are commonly used NPs ligands that can be adsorbed on the surface of the AuNPs with 

their (–SH) inner end (Figure 1.18). The outer end of these ligands (–COOH) provides 
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an electrostatic repulsions that maintain the stability of the AuNPs (DeLong et al., 

2010). Another example of a stabilizing ligand is Polyethylene glycol (PEG), which 

can provide stability to the AuNPs by increasing the steric bulk effect (Kanaras et al., 

2002). PEG can also prevent the uptake of the AuNPs by the reticuloendothelial system 

(RES), which provides longer blood circulation for the AuNPs (Cobley et al., 2011). It 

is also possible to replace a bounded capping agent with another for surface 

modification. For instance, PEG can replace other capping agents by mixing with 

AuNPs for few hours (Au et al., 2010b).  

 

Figure 1.18 Schematic diagram of mercaptocarboxylic acids capping a single AuNP (DeLong et al., 2010). 

 

Biomolecules can also be attached onto the surface of AuNPs through electrostatic 

interactions (DeLong et al., 2010). For instance, positively charged AuNPs can bind 

with the phosphate ester backbone of nucleic acids, or the negatively charged 

carboxylate groups (DeLong et al., 2010).  

Thiolated biomolecules can bind with the AuNPs via thiol-thiol interactions. One 

example of this is the conjugation of thiolated aptamers with AuNPs for sensitive and 

selective detection of cancer cells by utilizing the optical properties of the AuNPs and 

the selectivity of aptamers (Medley et al., 2008) 
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Moreover, biomolecules can be attached to AuNPs by conjugate chemistries (click 

chemistry) (Cobley et al., 2011). One of the common protocols used to achieve this is 

the binding of (–COOH) of a capping agent (in mercaptocarboxylic acids for example) 

with an amino group of a biomolecule using 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) HCl-mediated reaction as shown in Figure 1.19 (Sperling et al., 

2006).  

 

 

Figure 1.19 Schematic diagram showing EDC-mediated functionalization of AuNPs (DeLong et al., 2010).  

Abbreviations: BM, biomolecules; NHS, N-hydroxisuccinimide 

 

2.3.2.3 Nanotoxicity and bioavailability of the AuNPs 
 

There is a high concern regarding the toxicity of the AuNPs considered for any 

biomedical application, and hence it is important to evaluate their potential toxicity 

both in vitro and in vivo (Fraga et al., 2013; Kagan et al., 2005). Large number of 

studies evaluated the toxicity of AuNPs by investigating their cellular uptake, 

intracellular localization, apoptotic effects, DNA damage, bio-distribution, organ 

accumulation and elimination and their effect on the immune system (Jia et al., 2017). 

Interestingly, there have been conflicting reports regarding the toxic effects of the 

AuNPs (Mukherjee et al., 2016; Patra et al., 2007; Peng et al., 2009; Zhang et al., 2009), 

possibly because of the variations in the experimental conditions among the published 

literature that usually entail different cell lines, tissues, organs and the use of animal 

models with different administrative routes, doses and exposure time. Also, the use of 
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AuNPs of different physicochemical properties can play a part in the variation of the 

results from the different studies (Alkilany and Murphy, 2010). Pan et al. evaluated the 

toxicity of AuNPs of different sizes (0.8 to 15 nm) on different normal and cancerous 

cell lines. They found that AuNPs with particles size of 1.4 nm induced the highest 

toxicity with IC50 value ranging from 30 to 56 µM. Conversely, 15 nm AuNPs were 

nontoxic up to 100-fold higher concentrations than the smaller particles. In their study, 

not only different sizes of AuNPs induced different cell toxicity but also different 

cellular responses. 1.4 nm AuNPs were found to induce rapid cell death via necrosis 

after 12 h of incubation, whereas the 1.2 nm AuNPs caused programmed cell death by 

apoptosis (Pan et al., 2007). Another study by Favi et al. investigated the cytotoxicity 

of gold nanostars (AuNSTs) and AuNSPs on human skin fibroblast and rat fat pad 

endothelial cells. The AuNSPs in their study exhibited lethal concentration at 40 µg/mL 

for both cell lines. In comparison, the AuNSTs only showed lethal dose at 400 µg/mL. 

The authors concluded that AuNSTs may prove safer material for biomedical 

applications (Favi et al., 2015).  

The coating material also determines the toxicity of the AuNPs. Fraga et al. tested the 

cytotoxicity of 20 nm AuNPs in human liver HepG2 cells with two surface coatings, 

citrate and 11-mercaptoundecanoic acid (MUA). Although both AuNPs did not show 

cytotoxicity, yet the citrate AuNPs induced genotoxicity in contrast to the MUA-

AuNPs. The authors highlighted the impact of the surface coating on the safety of the 

AuNPs (Fraga et al., 2013). Further, the cytotoxicity of AuNPs stabilized with citrate 

and two natural stabilizers (starch and gum arabic) was evaluated by Vijayakumar and 

Ganesan. The citrate AuNPs showed high toxicity on the cell lines used in their study, 

and the author highlighted the role of high acidity of the citrate for such toxicity 

(Vijayakumar and Ganesan, 2012). Another study by Freese et al. measured the 

cytotoxicity of different sizes of AuNPs stabilized with different concentrations of 

sodium citrate. The authors reported increased cell death with the increase in the 

amount of citrate coating the AuNPs. The authors recommended that the amount of 
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sodium citrate should monitored to ensure the biosafety of the citrate AuNPs (Freese 

et al., 2012).  

While it is generally accepted that AuNPs are toxic both in vitro and in vivo at a certain 

range of concentrations, yet the toxicity can be reduced or eliminated with proper 

surface modifications (Jia et al., 2017). A report by Truong et al. studied the influence 

of the AuNPs surface functionalization in vivo on dechorionated embryonic 

zebrafishes. The AuNPs used were functionalized with three ligands: 2-

mercaptoethanesulfonic acid (MES), N,N,N-trimethylammoniumethanethiol (TMAT), 

or 2-(2-(2-mercaptoethoxy)ethoxy)ethanol (MEEE). TMAT-AuNPs were toxic to the 

embryos, while MES-AuNPs exhibited sublethal malformations. In the molecular 

level, both TMAT and MES-AuNPs caused inflammation, immune response and mis-

regulation of transport mechanisms to the exposed embryonic zebrafishes. In contrast, 

the MEEE-AuNPs showed no biological response. The authors concluded that the 

surface functionalization of the AuNPs can influence the biological response (Truong 

et al., 2013).  

Ultimately, in order to include the AuNPs in biomedical applications, they will be 

administered into living systems at either the cellular or organismal levels. These 

systems contain a variety of electrolytes, proteins, nutrients, metabolites, etc. 

Therefore, it is expected that these AuNPs will interact with these biomolecules, which 

can lead to changes in their physicochemical properties such as hydrodynamic size, 

surface charge and colloidal stability, and thus it is important to measure the chemical 

and physical changes that occur to the AuNPs after introducing them to such living 

systems (Alkilany and Murphy, 2010).  

Similarly, the growth media for any cell line (for in vitro studies) consist of serum 

proteins, essential amino acids, vitamins, electrolytes and other chemicals such as 

antibiotics. These components could interact and alter the physicochemical properties 

of the AuNPs (Alkilany and Murphy, 2010). For instance, aggregation of the AuNPs 

via electrostatic forces can occur after mixing with biological media that contain 

electrolytes with high ionic strength (Vesaratchanon et al., 2007). The aggregation of 
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the AuNPs can change their interactions with the cells, leading to difficulties in 

interpreting the data concerning their uptake and bio-distribution (Alkilany and 

Murphy, 2010). The protein contents found in biological media can undergo non-

specific binding on the surface of the AuNPs resulting in changes in both surface charge 

and chemistry and the formation of protein “corona” around the AuNPs (Nel et al., 

2009). Cationic and anionic AuNRs were found, for example, to adsorb proteins, e.g. 

bovine serum albumin (BSA), from the growth medium after only 5 min of mixing. 

This interaction resulted in an increase in the particles’ diameters and a change in their 

surface charge to a value equal to the charge of the serum proteins (Alkilany et al., 

2009). The investigation of the AuNPs’ stability and biocompatibility can be done by 

observing the changes in their LSPR bands, sizes or surface charges after the incubation 

with different biological media (Elbagory et al., 2017) or buffer solutions with different 

pH values (Wagers et al., 2014).  

 

2.3.2.4 Examples of biomedical applications of the AuNPs 
 

2.3.2.4.1 Photodynamic therapy (PDT)  
 

PDT is an alternative therapy that aims to treat cancer with less side effects associated 

with the conventional cancer therapy such as chemo and radiotherapy (Lucky et al., 

2015). PDT uses photosensitizers (PS) that can be activated using laser of a specific 

wavelength at the tumour site. The activation of the PS leads to the generation of energy 

that can be transferred to the molecular oxygen resulting in the production of reactive 

oxygen species (ROS) that can oxidize cellular molecules causing tumour cell death 

(Elahi et al., 2018; Lucky et al., 2015). Besides treating oncological diseases, PDT is 

considered in the treatment of skin and infectious diseases (Elahi et al., 2018). AuNPs 

are excellent carrier system for the PS for improved targeting to the tumour site. Wieder 

et al. (2006) showed, for example, that the AuNPs conjugates with the PS, 
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phthalocyanines, were taken up by HeLa cells, which resulted in more than twice the 

cell death compared to the free phthalocyanines (Wieder et al., 2006).    

 

2.3.2.4.2 Photothermal therapy (PTT) 
 

PTT, also known as thermal ablation or optical hyperthermia, is well recognized in the 

treatment of cancer (Riley and Day, 2017). AuNPs induce heat when exposed to light 

energy at the targeted tumour cells leading to cell death (Riley and Day, 2017). This 

phenomenon is a result of the unique optical properties of the AuNPs. The amount of 

the heat generated by the AuNPs is, therefore, highly dependent on their shape and size 

(Kim and Lee, 2017).  

 

2.3.2.4.3 X-ray imaging as contrast agents 
 

In medical x-ray imaging, a contrast agent is used to increase the contrast between 

tissues with similar and/or low x-ray attenuation without the need to increase the 

radiation dose to the patient (Cole et al., 2015). Recently, a clinical study reported the 

risk of developing thyroid dysfunction after the sudden exposure to high levels of 

iodinated contrast agents (Rhee et al., 2012). AuNPs represent a high x-ray absorption 

coefficient compared to the recognized x-ray contrast agents such as barium sulphate 

or iodinated compounds, and hence AuNPs can be employed as a safer x-ray contrast 

agent for enhanced images’ resolutions (Elahi et al., 2018). AuNPs can also overcome 

the limitations of some x-ray contrast agents. For instance, as opposed to the tri-

iodobenzenes, an iodinated x-ray contrast agents, AuNPs can deliver longer imaging 

window for their longer vascular retention time (Hainfeld et al., 2006). AuNPs can be 

also considered a safer alternative without posing the risk of developing side effects by 

administering higher doses of the tri-iodobenzenes to overcome their rapid systemic 

elimination (Elahi et al., 2018; Hainfeld et al., 2006).  
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2.3.2.4.4 Sensors  
 

Sensors are devices that produce detectable responses to physical alterations or 

changed chemical concentrations (Li et al., 2010). Sensors consist of a sensing element 

to provide selective binding to an analyte (such as metal ions, small molecules, proteins 

and nucleic acids, etc.), and a signal transducer for signalling the binding event (Saha 

et al., 2012). The detection of chemical and biological agents using sensors has many 

applications in biomedical, forensic and environmental sciences in addition to anti-

bioterrorism applications (Saha et al., 2012). AuNPs are considered important materials 

in the fabrication of novel sensors (Saha et al., 2012). For instance, in colorimetric-

based sensors, the binding of the target analyte to AuNPs’ surface leads to the 

aggregation of the AuNPs and subsequently results in a change in the colloidal gold’s 

colour from red or pink to bluish colour, which can be manifested with the broadening 

and the red-shift in the LSPR peaks (Priyadarshini and Pradhan, 2017). Utilizing the 

fluorescence quenching property of the AuNPs is the basis for fabrication of 

fluorescent-based sensors (Wang et al., 2015).  

 

2.3.2.4.5 Drug delivery carriers  
 

Drug delivery is a process by which the biologically active molecules (drugs) can be 

released at a certain rate in a specific location in the body (Kong et al., 2017). The 

concentration of the drugs is therefore increased at the target site (via passive and active 

targeting) without the exposure to the healthy tissue leading to reduced toxicity of the 

drug (Peer et al., 2007). Drug delivery can also improve the drugs’ solubility, in vivo 

stability and pharmacokinetics (Ghosh et al., 2008). The different properties of the 

AuNPs make them excellent carriers in the drug delivery systems (DDSs). The high 

surface-to-volume ratio of the AuNPs allows the loading of large drug payload on their 

surfaces (Elahi et al., 2018). Also, the ERP effect of the AuNPs provides the basis for 

the selective targeting to the action site (Peer et al., 2007). AuNPs can carry multiple 
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drugs, proteins, vaccines, genes or nucleotides. They can also control their load release 

by internal biological triggers or externally by light activation (Kong et al., 2017).    

 

2.3.3 Synthesis of the AuNPs 
 

Generally there are two approaches for AuNPs synthesis; the top-down and bottom-up 

approaches (Figure 1.20). The top-down approach aims to fabricate nanoscale 

materials by physically breaking down bulk materials using externally controlled tools 

to cut, grind, mill and shape materials into a desired shape and size (Nath and Banerjee, 

2013). This approach includes, ball milling, lithography and laser ablation (Elahi et al., 

2018; Eustis and El-Sayed, 2006). In laser ablation for example, colloidal NPs solutions 

with tunable properties can be synthesized by reducing gold salt by the photo-induced 

effects of a 532 nm laser beam (Elahi et al., 2018). Although this synthesis method is 

considered a green approach to synthesize AuNPs, yet its main drawbacks is the high 

energy required per unit of AuNPs produced and the limited control over the growth 

rate of the AuNPs (Nath and Banerjee, 2013). Ball milling is another physical approach 

for the synthesis of AuNPs in which moving balls apply their kinetic energy to the 

crushed material leading to the breakage of the chemical bonds and the reduction in 

size of the crushed material (Xing et al., 2013). Ball milling can create high pressure 

and temperatures (above 1000 °C) (James et al., 2012), which limits its use for research 

purposes. Generally, the top-down method is limited due to the difficulty in controlling 

the size and shape of NPs (Nguyen et al., 2011).  
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Figure 1.20 Schematic diagram showing different approaches for AuNPs synthesis. 

 

On the other hand, the bottom-up approach is based on the self-assembly of atoms into 

nanoscale structures (Figure 1.20) (B. Ahmad et al., 2017). Sedimentation and 

reduction techniques, including sol gel, chemical reduction, green synthesis and 

spinning are examples of the bottom-up approach (Iravani, 2011) (Figure 1.21).   
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Figure 1.21 Different examples of NPs synthesis techniques (Iravani, 2011). 

 

The AuNPs can be chemically synthesized by reducing the gold precursor (gold (III) 

tetrachloroaurate) using reducing agents in an aqueous medium. Sodium citrate is a 

commonly used reducing and anionic stabilizing agent that was first used by 

Turkevitch et al. to synthesize 15 nm spherical AuNPs (Turkevich et al., 1951). The 

Turkevitch method has been modified by several studies to fabricate spherical AuNPs 

with different diameters ranging from 15 to 150 nm by manipulating different reaction 

parameters, such as changing the ratio of sodium citrate to the gold salt or altering the 

reaction’s temperature (Tran et al., 2016). The reduction method by sodium 

borohydride is also used in the synthesis of the AuNPs, which, unlike sodium citrate, 

is rapid and performed in room temperature (Male et al., 2008). Furthermore, capping 

agents can be employed to avoid aggregation or further growth of the AuNPs (Zhao et 

al., 2013). Examples of these capping agents include, sodium citrate, oxygen-based 
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ligands, phosphorus ligands, sulphur ligands (e.g. thiolates), nitrogen-based ligands, 

polymers and surfactants (e.g. CTAB) (Zhao et al., 2013).   

 

2.3.3.1 Growth mechanism of the AuNPs 
 

The classical citrate method (reduction of the gold precursor with sodium citrate 

(Na3C6H5O7) in aqueous solution near the boiling point) is adapted as a model reaction 

to understand the mechanism of AuNPs formation, mainly because of its simplicity 

(among other conventional chemical methods) and its reliability in producing 

monodispersed AuNPs (Polte et al., 2010).   

Polte’s research group described the growth mechanism of the citrate AuNPs as a seed-

mediated growth (Figure 1.22) (Kettemann et al., 2016). After a few seconds of starting 

the reaction (addition of sodium citrate to the gold precursor (containing Au3) at high 

temperature) around 1–2 % of the gold precursor is reduced (step 1). This is followed 

by the particle growth by the coalescence of the reduced seeds (nuclei) of the Au0 

leading to the formation of stable seed particles with a diameter of 3 nm (step 2). 

Afterwards, the remaining precursor is attached and undergo autocatalytic reduction 

reaction on the surface of these seeds particles (steps 3 and 4), in a step that determines 

the final particle size. As such, when a higher number of seed particles are formed in 

the first two steps, which can be influenced by a change of reaction conditions, the 

remaining precursor is attached on more seed particles (steps 3 and 4) leading to a high 

number and smaller particles and vice versa (Kettemann et al., 2016). Several studies, 

however, reported that the growth mechanism of the AuNPs is mediated by the Ostwald 

ripening of the seed particles rather than their coalescence (Jang et al., 2012; Liebig et 

al., 2016). In both pathways the particles number decreases with the increase of particle 

size, and hence it experimentally difficult to distinguish between the growth due to 

coalescence and growth due to Ostwald ripening. Thus, a scientifically accepted 
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mechanism is unattainable and the growth mechanism of AuNPs remains speculative 

(Polte, 2015). 

 

 

Figure 1.22 Growth mechanism of the citrate AuNPs. 

 

2.3.3.2 Characterization of the AuNPs 
 

The interdisciplinary field of nanotechnology have many characterization techniques 

that are utilized to measure the morphologies, size, particle size distribution and 

physicochemical characters of the synthesized NPs. Monitoring the different AuNPs 

properties is important to determine their stability and their biomedical application. 

The LSPR bands of the AuNPs are detected in the visible region using UV-Vis 

spectroscopy in which an UV-Vis spectrum of a sample is recorded after the exposure 

to an ultraviolet light beam of different wavelengths. The light beam can promote, at a 

certain wavelength, the free electrons of the AuNPs to a higher orbital level, which is 

accompanied by energy absorption by the sample. A computer can then calculate the 

wavelength (λmax) that caused the highest energy absorption by the sample (Joshi et al., 

2008).    
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In contrast to ordinary optical microscopy, which is limited by the wavelength range 

of light, the High-Resolution Transmission Electron Microscopy (HRTEM) can 

investigate the morphology of the AuNPs at the atomic scale whereby a beam of 

electrons instead of light is used (Bhatia, 2016). This technique when coupled with 

Energy Dispersive X-ray (EDX) spectroscopy can provide more information on the 

surface elements of the NPs and estimate their quantities (Joshi et al., 2008).  

Further, the particle size of the NPs can be determined by the Dynamic Light Scattering 

(DLS) technique. This technique detects the Brownian motion phenomenon of the NPs 

in a solution to estimate their size as smaller particles move quicker than bigger 

particles (Joshi et al., 2008).  

Finally, the Fourier transform infrared spectroscopy (FTIR) can be utilized to 

determine the surface chemistry of the AuNPs, such as carbonyls and hydroxyls 

moieties that adhere on the surface during the biosynthesis of the AuNPs (Shah et al., 

2015) 

 

2.3.3.3 Green synthesis of AuNPs 
 

Most of the chemicals involved in the chemical synthesis of AuNPs are not only 

flammable and bio-toxic but also hazardous to the environment. Additionally, the 

conventional chemical methods use high energy and expensive organic chemicals with 

limited production rate (B. Ahmad et al., 2017). For example, the use of conventional 

reducing agents, such as hydrazine hydrate, sodium borohydride, dimethylformamide 

and ethylene glycol, may cause the absorption of harmful chemicals on the surfaces of 

NPs resulting in adverse effects on the human body (Iravani, 2011). The toxicity of 

sodium citrate was also studied (Section 2.3.2.3). Hence, there is a growing need for 

clean, green, biocompatible, cost effective and eco-friendly approach for fabricating 

AuNPs (B. Ahmad et al., 2017). Using reducing microbial enzymes (from bacteria, 

fungi, yeast and algae) or the plant phytochemicals set the basis for the green synthesis 
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(biosynthesis) to reduce the metal salts into their respective NPs (Durán et al., 2011). 

The biosynthesis of biogenic AuNPs is promising because it is a single-step in nature 

and can be easily scaled up for large scale synthesis (Ramajo et al., 2009). This 

approach follows the 12 principles of green chemistry (Table 1.2), which were 

published in 1998 by Anastas and Werner in the first textbook on green chemistry 

(Anastas and Warner, 1998). Based on those principles, the biosynthesis of AuNPs 

involves three main steps: (1) the selection of bio-friendly and nontoxic solvent 

medium, (2) the use of environmentally benign reducing agent, and (3) the 

incorporation of safe stabilizing agent (Nath and Banerjee, 2013). Applying these rules 

through the field of green nanotechnology can lead to the production of inherently safer 

NPs with reduced hazardous waste generation (Dahl et al., 2007).       
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Table 1.2 The 12 principles of green chemistry (Anastas and Warner, 1998). 

1. It is better to prevent waste than to treat or clean up waste after it is formed 

2. Synthetic methods should be designed to maximize the incorporation of all materials used in 

the process into the final product 

3. Wherever practicable, synthetic methodologies should be designed to use and generate 

substances that possess little or no toxicity to human health and the environment 

4. Chemical products should be designed to preserve efficacy of function while reducing toxicity 

5. The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made 

unnecessary wherever possible and innocuous when used 

6. Energy requirements should be recognized for their environmental and economic impacts and 

should be minimized. Synthetic methods should be conducted at ambient temperature and 

pressure 

7. A raw material of feedstock should be renewable rather than depleting wherever technically 

and economically practicable 

8. Unnecessary derivatization (blocking group, protection/deprotection, temporary modification 

of physical/chemical processes) should be avoided whenever possible 

9. Catalytic reagents (as selective as possible) are superior to stoichiometric reagents 

10. Chemical products should be designed so that at the end of their function they do not persist 

in the environment and break down into innocuous degradation products 

11. Analytical methodologies need to be further developed to allow for real-time, in process 

monitoring and control prior to the formation of hazardous substances 

12. Substances and the form of a substance used in a chemical process should be chosen so as to 

minimize the potential for chemical accidents, including releases, explosions, and fires 

 

 

2.3.3.4 AuNPs biosynthesis from plants 
 

The biosynthesis of AuNPs using plants is preferable than the use of microbes. The 

handling of plant materials is easier, inexpensive and safer compared to 

microorganisms (Malik et al., 2014). The use of plants to fabricate NPs incorporates 

the use of several phytochemicals present in extracts e.g. terpenes, carbohydrates, 

eugenols, polyphenols that contain chemical functional groups like carboxyl, hydroxyl 
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and aldehydes that undergo the chemical reduction of gold salt into AuNPs (Singh et 

al., 2010). Similar guidelines are usually adapted by researchers to fabricate AuNPs 

from plant extracts. First, different plant parts (leaf, bark, stem, root, etc.) are washed, 

cut into small pieces and mixed with distilled water to obtain their extracts. Secondly, 

the extracts are filtered and centrifuged to remove undissolved materials. The gold salt 

can then be mixed in different ratios with the extracts in which the synthesis of the 

AuNPs can be done using one pot and single step method. The addition of external 

capping agents may not be needed as the plant phytochemicals act as reducing and 

capping agents. The change in colour of the mixture to a characteristic red colour of 

the AuNPs can visually monitor the reaction. Finally, the biosynthesized AuNPs are 

centrifuged and kept for further characterization. To date, several research groups 

reported the use of plant extracts in the production of AuNPs of different sizes, shapes 

and biological activities. Some of recent reports of the biosynthesis of AuNPs from 

plants are listed in Table 1.3. 
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Table 1.3 Different examples of biosynthesized AuNPs from plants reported recently in the literature.   

Plant species Part of the 

plant  

Size of AuNPs (nm) Shape of AuNPs Activity tested Reference 

Abelmoschus esculentus Seeds 45–75  Spherical Antifungal (Jayaseelan et al., 2013) 

Actinidia deliciosa Fruit 7–20 Mostly spherical Anticancer, antibacterial, 

catalytic activities 

(Naraginti and Li, 2017) 

Anemarrhena asphodeloides Rhizome 190 and 258  Spherical Anticancer (Lee et al., 2018) 

Citrus maxima Fruit 25.7±10  Rod and spherical Catalytic activity (Yu et al., 2016) 

Couroupita guianensis Flower 25–45  Mixed  Anticancer  (Geetha et al., 2013) 

Cymbopogon citratus Leaves 20–50  Mixed  Mosquitocidal (Murugan et al., 2015) 

Kalopanacis Cortex Stem bark 41.07±3.05  Mixed  Anti-ischemic therapy  (Park et al., 2017) 

Mentha piperita Leaves 78 Hexagonal Anticancer (N. Ahmad et al., 2017) 

Mussaenda glabrata Leaves 10.59 Mixed  Antibacterial, dye degradation (Francis et al., 2017) 

Nigella arvensis  Leaves 3–37 Spherical Anticancer, antibacterial (Chahardoli et al., 2018) 

Phoenix dactylifera Pollen 95  Spherical Anticancer (Banu et al., 2018) 

Platycodon grandiflorum Root 14.94 ± 2.14  Mostly spherical Catalytic activity (Choi et al., 2018) 

Pleuropterus multiflorus Root 104.8 Spherical Anticancer (Castro-Aceituno et al., 2017) 

Plumeria alba Flower 28–15  Spherical  Antibacterial, catalytic activity (Mata et al., 2016) 

Prunus domestica Gum 5–30 Mostly spherical Anticancer, antibacterial (Islam et al., 2017) 

Rhaphidophora aurea Aerial roots 10–35 Spherical  Anticancer (Jannathul Firdhouse and Lalitha, 

2017) 

Sphaeranthus indicus Leaves 25  Spherical Potential in growth media (Balalakshmi et al., 2017) 

Stereospermum suaveolens Root bark 27.19 ± 5.96  Spherical Anticancer, antibacterial (Francis et al., 2018) 

Trianthema decandra L. Leaves 37.7–79.9  Mixed  Antibacterial (Geethalakshmi and Sarada, 2013) 
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2.3.3.4.1 Factors affecting AuNPs reaction with plants’ phytochemicals  
 

In addition to the biosynthesis of AuNPs, plant extracts were also used to biosynthesize 

other metal NPs such as silver, copper, titanium, palladium, platinum, etc. (Chung et 

al., 2017; Logeswari et al., 2015; Nasrollahzadeh et al., 2015; Siddiqi and Husen, 

2016). During the biosynthesis of AuNPs, and MNPs in general, the reducing 

phytochemicals first convert the metal ions (e.g. gold ions) from their mono or divalent 

oxidation states to their zero-valent states and then the nucleation of the reduced metal 

ions takes place (Shah et al., 2015). This is followed by a growth period during which 

small NPs aggregate to form NPs of different morphologies and sizes (Akhtar et al., 

2013). Finally, the phytochemicals surround (cap) the growing NPs and stop their 

growth at the most energetically favourable morphology (Figure 1.23) (Shah et al., 

2015). 

 

 

Figure 1.23 Growth mechanism of MNPs using plant extracts (Mittal et al., 2013). 
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The quality, size and morphology of the produced AuNPs can be significantly 

influenced by the concentration and type of phytochemicals found in the plant extracts, 

the pH of the reaction medium, reaction time and temperature.  

 

2.3.3.4.1.1 Influence of pH 
 

Studies have shown that changing the pH value of the reaction medium can influence 

the morphology and the size of the biogenic AuNPs. Specifically, high pH values can 

produce smaller particles compared to lower acidic pH values (Dubey et al., 2010). 

Armendariz and colleagues found that larger (25 to 85 nm) AuNRs can be obtained, 

using Avena sativa (Oat) biomass, at pH 2.0, whereas smaller (5.0 to 20 nm) AuNRs 

were synthesized at pH values of 3.0 and 4.0. The authors suggested that more 

functional groups were less accessible at low pH value in contrast to higher pH values 

(Armendariz et al., 2004). This inaccessibility of the functional groups at low pH would 

allow the AuNRs to aggregate to form larger particles rather than to nucleate new 

AuNRs seeds to have smaller sizes (Armendariz et al., 2004).   

 

2.3.3.4.1.2 Influence of plant extract concentration      
 

The concentration of the phytochemicals can also manipulate the biosynthesis of the 

AuNPs. For example, Chandran et al. showed that varying the volume of the Aloe vera 

extract added to the gold salt dictated the shape of the biosynthesized AuNPs. In their 

study, the synthesis of triangular AuNPs with large edge lengths was achieved after the 

addition of 0.5 mL of the Aloe vera extract, whereas the addition of 4.0 mL of the 

extract to the reaction medium led to the reduction of the average edge lengths of the 

synthesized AuNPs triangles and the formation of more spherical AuNPs (Chandran et 

al., 2006). Another study by Haung et al. reported the formation of different shapes of 

AuNPs with varying the amount of Cinnamomum camphora (camphor) leaf extract 
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mixed with the gold precursor (Huang et al., 2007). The authors concluded that a 

stronger interaction between the phytochemicals and the nascent AuNPs takes place 

with the increase in biomass. This strong interaction produce spherical AuNPs by 

preventing the addition of gold atoms to the surface of the AuNPs, which stop the 

formation (growing) of the AuNPs into other different shapes (Huang et al., 2007).  

 

2.3.3.4.1.3 Influence of reaction temperature 
 

It is generally accepted that any reaction is influenced by changing the temperature. 

Changes in size, shape and the yield of the AuNPs were observed with varying the 

reaction temperature (Shah et al., 2015). It was also found that higher temperatures 

increases the formation rate of the AuNPs (Gericke and Pinches, 2006). In a study by 

Gericke and Pinches, the formation of AuNRs was favoured at high temperature, while 

AuNSPs were synthesized at low temperature (Gericke and Pinches, 2006). Further, an 

increase in the sharpness of the LSPR bands was observed with the increase of the 

temperature from 25 °C to 150 °C during the biosynthesis of the AuNPs from 

Tanacetum vulgare fruit extract (Dubey et al., 2010). This observation was also 

reported for the AuNPs synthesized from Chenopodium album leaf extract (Dwivedi 

and Gopal, 2010). As the shape of LSPR bands is dependent on the characteristics of 

the AuNPs, such as their size, this sharpness of the bands might indicate the production 

of smaller AuNPs with the increase of temperature (Akhtar et al., 2013). Other studies, 

however, reported a broadening of the LSPR bands with an increase in the size of the 

AuNPs at high temperature (Tsi Ndeh et al., 2017). This variation might be because of 

different heat response from the different phytochemicals found in each plant extract 

(Dzimitrowicz et al., 2016).  
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2.3.3.4.1.4 Influence of incubation time 
 

The incubation time, or the time given for the reactants to complete their reaction’s 

steps, is too another factor that can affect the biosynthesis of the AuNPs. Many reports 

discussed the effect of incubation time and its effect on of the LSPR bands. For 

instance, the Chenopodium leaf extract mediated AuNPs showed sharper absorption 

peaks with the increase in contact time with the precursor. The LSPR of the 

Chenopodium AuNPs appeared after 15 min citing the formation of the AuNPs in the 

reaction medium. The reaction continued until 2.0 h at which no more significant 

changes in the LSPR bands could be detected, which was considered a sign of the 

absence of newly formed AuNPs (Dwivedi and Gopal, 2010). A similar observation 

was also reported by Dubey et al. with the AuNPs biosynthesized from Tansy fruit 

(Dubey et al., 2010). To ensure that the AuNPs are stable after the reaction, it is 

recommended to have an optimum duration to complete the nucleation phase followed 

by the encapsulation by the acting capping agents (Veerasamy et al., 2011). A constant 

λmax value of the LSPR band over time can also be indication of complete reaction. For 

instance, Ahmad et al. observed initial increase in the λmax value after 5.0 min during 

the biosynthesis of AuNPs from palm seed oil. The authors attributed such observation 

to the reduction of the gold salt and the increase in the number of the AuNPs. On the 

other hand, a constant value was reached after 60 min as a result of a complete reduction 

of the available gold ions (Ahmad et al., 2016).  

 

2.3.3.4.2 Possible phytochemicals involved in the biosynthesis of the 

AuNPs.  
 

As mentioned in Section 2.3.3.4, the bio-reduction of AuNPs using plants is mediated 

through the phytochemicals occluded within their aqueous extracts mainly free sugars 

(polysaccharides) and/or glycosidic containing derivatives (e.g. saponins), proteins, 

alkaloids and polyphenolic compounds (e.g. tannins and flavonoid derivatives) in 
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addition to low percentage of lipophilic compounds coming to the solution by 

cosolvation. These phytochemicals provide polyfunctional matrix that can initiate the 

reduction of the gold ions and the stabilization of the AuNPs. Moreover, it appears that 

the reducing action of the plant extracts is not induced by one type of phytochemical, 

but it differs from plant to another depending on the major contents in each plant. For 

instance, polyphenols and flavonoids contents were found to be responsible for the 

formation of AuNPs from black tea (Begum et al., 2009). The AuNPs synthesis from 

Memecylon umbellatum was attributed to the saponin content of the plant 

(Arunachalam et al., 2013). Organo-sulphur compounds were suggested to be the 

reducing agents to synthesize AuNPs from Allium sativum (garlic) (Rastogi and 

Arunachalam, 2013). AuNPs were also successfully synthesized from the aldehyde 

containing cinnamon essential oils (Chanda et al., 2011). The formation of AuNPs from 

Cinnamomum camphora was associated with the presence of terpenoids (Huang et al., 

2007). Dzimitrowicz and co-workers concluded that phenolic compounds play 

essential role in the synthesis of AuNPs from some of Lamiaceae plants (Dzimitrowicz 

et al., 2016). On the other hand, pure phytochemicals were reported to have dual actions 

(as reducer and stabilizer) like Epigallocatechin gallate (EGCG) (Nune et al., 2009), 

apiin (apigenin-7-O-apioglucoside) (Kasthuri et al., 2009), and guavanoic acid 

(Kasthuri et al., 2009). 

 

2.4 Plant diversity of the Cape Region 
 

The Cape region is located at the southwestern tip of Africa (Figure 1.24) and has a 

unique flora (plant life occurring in a specific region) that is contrast to the flora of the 

immediately adjacent lands (Goldblatt and Manning, 2002). The characteristics of the 

Cape Region Flora (CRF), which is commonly referred to as the Cape Flora or the Core 

Cape Sub-region of the Greater Cape Floristic Region, are so distinct and unusual that 

is has been regarded as one of the world’s six floral kingdoms. With a total area of 

90,000 km2 (less than 5% of the total area of the southern African continent), the CRF 
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has one of the world’s botanical diverse flora with estimate 9300 species of plants grow 

in the region, nearly 70% of which are occurring nowhere else in the world (Manning 

and Goldblatt, 2012). Among the several plant species that were collected for this study 

from this region, both G. africana and H. hemerocallidea are two famous medicinal 

plants in the South African folk medicine that are discussed further below.  

 

 

Figure 1.24 Map of South Africa showing the Cape Flora Kingdom or Cape Region Flora. 

 

2.4.1 Background on G. africana and H. hemerocallidea plants 
 

Of the investigated plants in this study, both G. africana and H. hemerocallidea are 

two famous South African medicinal plants. G. africana (family: Aizoaceae), also 

known as “kraalbos” or “geelbos”, is aromatic, woody perennial sub-shrub (Figure 1.25 

A). The plant can be found in the area from Northern Cape and Namaqwaland to the 

Karoo and Eastern Cape, South Africa. Kraalbos is active invader and can be spotted 

around kraals (enclosures for livestock) and along the roads. This plant can grow up to 
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1 m in height and has small oppositely arranged green leaves that turn yellow with age 

(Van Der Lugt et al., 1992).   

 

Figure 1.25 Photographs of (A) G. africana, (B) leaves and flower of H. hemerocallidea and (C) corms of H. 

hemerocallidea. 

 

H. hemerocallidea (Family: Hypoxidaceae) is a geophytic plant that survives winter 

conditions with the aid of its underground rootstock “the corm”. Figure 1.25 B shows 

the characteristic “star-like” yellow flower of H. hemerocallidea, while Figure 1.25 C 

shows its corm that can reach a diameter of 10 to 15 cm. When the corms are cut a 

resinous substance oozes out to seal the wound and prevent infections (Nair, 2006). 

The genus Hypoxis has approximately 90 species, the largest in the family 

Hypoxidaceae (Bassey et al., 2015). 29 of these species are endemic to South Africa 

(Singh, 2009). The plant grows in a vast area stretching from the Eastern Cape province 

to KwaZulu-Natal, to Lesotho, Gauteng, Limpopo and north to Mozambique, 

Zimbabwe and further north into East Africa (Drewes et al., 2008). The plant has many 

names in local African languages, but is famous for its English name (African Potato) 

(Drewes et al., 2008).  

Kraalbos is used to treat venereal sores, asthma, coughs and eye infections. Indigenous 

tribes use the leaves from this plant to relieve toothache (Mativandlela et al., 2009). 

The corms of H. hemerocallidea, on the other hand, are used traditionally to treat 

psychiatric disturbances and as a diuretic. It is also used to kill small vermin and to 

treat gall sickness in cattle (Hutchings et al., 1996). The infusion of this plant is widely 
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exploited by the Zulu tribe to cure impotency (Bryant, 1916). Moreover, the extracts 

of H. hemerocallidea are used to treat many diseases including diabetes, urinary 

infections, cancer and in the management of HIV/AIDS (Drewes et al., 2008). In 

addition to these medicinal uses, both G. africana and H. hemerocallidea plants are 

also known for their wound healing properties. A lotion from G. africana decoction is 

used to alleviate inflammation and to treat skin diseases (Lall and Kishore, 2014). H. 

hemerocallidea extracts can be applied topically to relieve skin wounds and rashes 

(Bassey et al., 2015). 

Many researchers sought to validate the medicinal importance of G. africana and H. 

hemerocallidea.  Indeed, many reports illustrated several activities for the two plants 

as anticancer, antioxidant, antidiabetic, antibacterial, antifungal and in treatment of 

skin diseases (Drewes et al., 2008; Mabona and Van Vuuren, 2013; Steenkamp and 

Gouws, 2006; Vries et al., 2005). G. africana, for instance, was found to have anti-

tuberculosis activity with a Minimum Inhibitory Concentration (MIC) of 0.78 and 1.20 

mg/mL against Mycobacterium smegmatis and Mycobacterium tuberculosis, 

respectively  (McGaw et al., 2008). The 5,7,2-trihydroxyflavanone isolated from G. 

africana has been found to have antibacterial activity against Mycobacterium 

smegmatis and Mycobacterium tuberculosis (McGaw et al., 2008). The acetone and the 

ethanolic extracts of H. hemerocallidea have been shown antibacterial activities against 

Staphylococcus aureus. Also, different extracts of H. hemerocallidea exhibited 

efficient antibacterial activity against several bacterial strains. This activity was 

enhanced when the extracts of H. hemerocallidea were combined with other medicinal 

plant extracts (Ncube et al., 2012).  

Little is known about the chemical composition of G. africana. Yet, the few chemical 

reports of G. africana revealed that the plant is rich in flavonoids. Three flavanones 

and two chalcones were isolated from the ethanolic extract of G. africana, whose 

fractions showed also antifungal activity (Vries et al., 2005). Another phytochemical 

study of the ethanolic leaves extract of G. africana led to the isolation of three known 

flavonoids; (2S)-5,7,2′-trihydroxyflavanone, (E)-3,2′,4′-trihydroxychalcone and (E)-

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



54 
 

2′,4′-dihydroxychalcone, and the new (E)-3,2′,4′-trihydroxy-3′-methoxychalcone. The 

3,2′,4′-trihydroxychalcone, in particular, was found to be most active against M. 

smegmatis (MIC = 174.8 µM) (Mativandlela et al., 2009).  

In contrast to G. africana, the phytochemical contents of H. hemerocallidea are well 

investigated. The major constituent of H. hemerocallidea’s corms was found to be a 

di-glycoside norlignan called “hypoxoside” (Figure 1.26) (Drewes et al., 1984). 

Several pharmacological studies reported the activity of the hypoxoside and it is 

suggested that hypoxoside is mainly responsible for the biological activity of H. 

hemerocallidea. This activity, however, was shown to be increased upon the enzymatic 

removal of the two glucose units of this compound by β-glucosidase to yield the active 

aglycone derivative “rooperol” (Figure 1.26) (Drewes et al., 2008).  

 

 

Figure 1.26 Chemical structures of hypoxoside and rooperol. 

 

Further, the gas chromatographic analysis of H. hemerocallidea led to the detection of 

the phytosterol “β-sitosterol” (Boukes et al., 2008). The immune boosting effect of 
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phytosterols and β-sitosterol is known (Bouic, 2001) and hence might be responsible 

for the immune modulation activity of  H. hemerocallidea in the treatment of 

HIV/AIDS. 

 

2.5 Wound healing  
 

Being the largest organ in mammals, the skin covers the entire body surface and serves 

as a physical barrier against harmful mechanical, chemical and biological damages. 

Additionally, the skin maintains the physiological homeostasis of the mammalian body 

(Wang et al., 2018). Skin consists of two layers; a superficial thin or thick epidermis 

layer and a deeper connective tissue of the dermis layer composed mainly of collagen-

rich Extracellular Matrix (ECM). The epidermis is composed of several layers of 

keratinocytes and separated from the dermis by the basement membrane. The 

keratinized water-impermeable epidermis layer is mainly responsible for the physical 

defence of the body, a role shared also by the dermis layer besides its function in 

supporting the underlying blood vessels, lymphatic system and sensory nerves and in 

providing flexibility to the skin (Zhong et al., 2010). 

Wounds induced by physical, chemical or thermal injuries can disrupt the integrity of 

the skin and, in other cases, can also cause unwanted anatomical and physiological 

effects on underlying living tissues (Agyare et al., 2016). The disturbance in the skin 

integrity can render an individual vulnerable to physiological imbalance, severe 

disability or death (Wang et al., 2018). When an injury occurs, several cellular and 

extracellular pathways are activated to restore tissue integrity in a process known as 

wound healing. These pathways are orchestrated through four synchronized processes 

of the wound healing starting from the haemostasis (coagulating) response, followed 

by the inflammation and proliferation stages and finally the remodelling and scar 

formation (Figure 1.27) (Broughton et al., 2006).   
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There are two types of wounds; acute and chronic. In the acute wounds, which are 

usually a result of cuts or surgical incisions, full restoration of the anatomical and 

physiological features of the injured tissue is completed within the expected timeframe, 

leading to efficient wound healing (Menke et al., 2007).  On the other hand, chronic 

wounds do not progress through the different stages of wound healing and remain in 

recurring and prolonged pathological inflammation stage. Factors that can lead to the 

development of chronic wounds include, bacterial infection, hypoxia, foreign bodies in 

addition to systemic health issues such as, diabetes mellitus, malnutrition and 

immunodeficiency (Agyare et al., 2016). The cost of managing chronic wounds related 

health problems is significant. In the united states, the annual expenditure on such 

problems exceeds one billion dollars (Ueno et al., 2006).   

 

2.5.1 Wound healing stages 
 

2.5.1.1 Haemostasis stage  
 

At the beginning of the injury, the first response of the body is to halt any bleeding 

induced by the insult (Broughton et al., 2006). This leads to the vasoconstriction of the 

blood vessels in the wounded area. The first mechanism of the wound healing is to 

enforce a balance to the vasoconstriction response of the body through haemostasis 

(Pool, 1977). Lack of the blood supply to the wound results in hypoxia and acidosis to 

the affected tissue, which promotes the production of nitric oxide and adenosine along 

with other vasodilator metabolites that can relax the arteries (Velnar et al., 2009). 

Vasodilation is also achieved through the release of histamine from mast cells. The 

relaxation of the blood veins can facilitate the entry of the inflammatory cells to the 

wound site to initiate the inflammation stage (Singh et al., 2017).  

The formation of the blood clot during the haemostasis stage is also an important step 

to stop blood loss. Blood clot formation is initiated by several intrinsic and extrinsic 
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pathways to activate the thrombin action and in return leads to the formation of the 

fibrin plug (Jespersen, 1988). Thrombin also activates platelets to form a platelet plug 

and trigger the production of critical growth factors that are involved in the regulation 

of the wound healing process (Singh et al., 2017). The following inflammatory stage is 

triggered through the production of several inflammatory signalling molecules such as, 

prostaglandins, leukotrienes and thromboxanes by breaking down of arachidonic acid, 

which is released as a response to the injured cell membranes (Toy, 2005).  

 

2.5.1.2 Inflammation stage 
 

The loss of the physical barrier in wounds renders the body susceptible to the invasion 

by microorganisms. The main aim of the inflammatory stage is to prevent infections 

(Broughton et al., 2006). This stage is orchestrated by several immune cells that are 

activated in the wound site at different time frames. The “first immune responders” are 

the highly motile neutrophils that infiltrate the wound within an hour (Singh et al., 

2017). The release of these phagocytic cells is mediated through several chemical 

signalling mechanisms including, complement cascade, interleukin (IL) activation and 

transforming growth factor (TGF) signalling, specifically TGF-β (Singh et al., 2017). 

Neutrophils can kill bacteria through different mechanisms such as, phagocytosis, the 

release of toxic molecules and the production of chromatin and protases “traps” that 

can capture and destroy bacteria (Broughton et al., 2006; Singh et al., 2017).  

Within 48 to 72 h, the larger phagocytic cells, macrophages, arrive to the wound site. 

Unlike neutrophils, macrophages have a longer life span and can survive the high acidic 

environment present in the wound site at this stage (Larson et al., 2010). The infiltration 

of macrophages is triggered by the release of IL-4 from several granulocytes (Mosser 

and Edwards, 2008). In addition to their role in subsiding infections, macrophages also 

carry growth factors e.g. epidermal growth factor (EGF) and TGF-β that can initiate 

the production of different important cells in wound healing process such as, 
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keratinocytes, fibroblast and endothelial cells (Broughton et al., 2006), promote 

angiogenesis and stimulate the formation of granulation tissue (Singh et al., 2017). The 

absence of macrophages in this stage can lead to critical disturbances in wound healing 

resulting in delayed wound healing (Velnar et al., 2009).       

The last immune cells that enter the wound are the lymphocytes, which are incorporated 

in the production of extracellular matrix scaffold and collagen remodelling (Singh et 

al., 2017). The inhibition of T-lymphocytes was found to decrease the wound strength 

and weaken the collagen deposition (Peterson et al., 1987).    

The inflammation stage is also critical in determining the final fate of the wound 

healing. Indeed, the only difference between acute and chronic wounds is in the 

occurrence of prolonged inflammation response in chronic wounds marked by the 

presence of neutrophils throughout the healing process (Diegelmann, 2003). The 

persistent activation of neutrophils is possibly due to several reasons including, tissue 

trauma by pressure, leukocyte trapping, ischemia-reperfusion injury or bacterial 

overgrowth (Menke et al., 2007).  

 

2.5.1.3 Proliferation stage  
 

The proliferation stage marks the beginning of a complicated healing cascade, which 

aims to repair the defected wounded tissues. The different processes of this stage 

include, angiogenesis, fibroblasts migration and collagen deposition, and epithelization 

(Singh et al., 2017).   

 

2.5.1.3.1 Angiogenesis  
 

The development of new blood vessels is important in wound healing process and takes 

place simultaneously during all stages of the repairing process. The angiogenic factors 
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are secreted during the haemostasis stage to promote angiogenesis (Pierce et al., 1991). 

Local vascular endothelial cells respond to various angiogenic factors such as 

fibroblasts growth factor (FGF), vascular endothelial growth factor (VEGF), platelet 

derived growth factor (PDGF), angiogenin, TGF-α and TGF-β (Velnar et al., 2009). 

The mixed Metalloproteinases (MMP) secreted from the neutrophils also assist in 

triggering angiogenesis (Singh et al., 2017). This promotes the proliferation of the 

vascular endothelial cells in four steps: (1) Release of proteases by endothelial cells to 

degenerate the basal lamina in the damaged vessels to allow their migration to the 

ECM; (2) chemotaxis; (3) proliferation; and finally (4) remodelling (Velnar et al., 

2009). As the angiogenesis stage continues, the initial avascular wound site develops 

new capillaries from the offshoots of the intact vessels, which contributes to the tissue 

oedema and the formation of granulation tissue (Singh et al., 2017).    

 

2.5.1.3.2 Fibroblasts migration and collagen deposition 
 

The haemostatic clot stimulates the proliferation of fibroblasts through the production 

of growth factors (mainly TGF-β and PDGF) following the wound insult (Goldman, 

2004). By the third day, the fibroblasts fill the wound site and produce collagen and 

fibronectin resulting in the formation of the granulation tissue that replaces the clot 

(Singh et al., 2017). Considered a key player in the proliferation and remodelling stages 

of wound healing, collagens are proteins that lay down the foundation of the 

intracellular matrix within the wound and give unity and strength to all tissues (Velnar 

et al., 2009). By the end of first week of the insult, the fibroblasts change into 

myofibroblasts, which attach to fibronectin and collagen in the ECM and assist in 

contracting the wound and bringing its edges closer (Singh et al., 2017).  
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2.5.1.3.3 epithelization 
  

The process of epithelial-mesenchymal transition (EMT) allows the epithelial cells to 

gain motility and move across the wound surface (Yang and Weinberg, 2008). This 

allows the epithelial cells to migrate from the edges of the wound and cover the wound 

surface and attach to the underlying matrix. Afterwards, the motile epithelial cells 

switch to proliferative phenotypes as a result of changes in cytokines concentrations 

leading to a complete the wound repair (De Donatis et al., 2010).  

 

2.5.1.4 Remodelling stage 
 

The remodelling stage is the final stage of the wound healing process in which the new 

epithelium is developed and the scare tissue is formed (Velnar et al., 2009). This stage 

involves a balanced equilibration between the synthesis and degradation of cells with 

the collagens are deposited in the wound and become more organized (Singh et al., 

2017). As the wound healing progresses, the density of fibroblasts and macrophages is 

reduced by apoptosis (Greenhalgh, 1998). The angiogenesis of new capillaries also 

stops, the blood flow decreases and the metabolic activity at the wound site declines 

(Baum and Arpey, 2005). Eventually, the scar matures and its colour changes from red 

to pink to grey over time (Singh et al., 2017). Figure 1.27 summarizes the whole wound 

healing stages and the cells involved.  
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Figure 1.27 Wound healing stages. 
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2.5.2  Bacterial infection and wound healing 
 

Bacterial overgrowth has been found to affect the wound healing by inducing 

prolonged pathogenic inflammation (Section 2.5.1.2). This inflammation results from 

the production of bacterial endotoxin, which leads to the increase of proinflammatory 

cytokines e.g. IL-1 and tumour necrosis factor-α (TNF-α) (Power et al., 2001). 

Bacterial infection was also found to decrease platelets number (Robson et al., 1990). 

Wounds with bacterial infection can undergo severe tissue necrosis accelerated by the 

production of cytotoxic enzymes and free oxygen radicals (Edwards and Harding, 

2004). Additionally, the release of vasoconstrictive metabolites from bacteria 

aggravates the tissue hypoxia and increase bacterial proliferation (Robson et al., 1990).     

Furthermore, the interruption of wound healing process by the bacterial overgrowth is 

not limited to the inflammation stage. An oedematous, haemorrhagic and fragile 

granulation tissue and excessive scar formation can occur because of bacterial enzymes 

(Power et al., 2001). Also, the migration of epithelial cells can be stopped by bacteria 

(Lawrence, 1987), which can also increase the production of neutrophils proteases that 

can kill epithelial cells (Orgill and Demling, 1988).  Moreover, bacteria associated with 

wound infections were found to reduce the proliferation of fibroblasts and delay the 

production of collagen (Robson et al., 1990).  

Gram-positive bacteria, such as S. aureus and Streptococcus pyogenes are commonly 

found in the initial stage of the skin infection process, whereas Gram-negative 

microorganisms, such as Escherichia coli and Pseudomonas aeruginosa, are only 

detected at a later stage when wound chronicity develops (Cardona and Wilson, 2015).  
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2.5.3 AuNPs as antibacterial agents in wound healing 
 

There are several in vitro assays that can be performed to assess the wound healing 

ability of any potential wound healing agent. These assays investigate the ability of 

these agents to affect one or more stages of the wound healing stages to promote 

effective wound healing. For instance, the overproduction of ROS and proteases 

secreted by an abnormal high number of neutrophils can overcome the action of 

proteases inhibitors that protect the normal tissue (Yager and Nwomeh, 1999). Hence, 

testing the antioxidant activities can be useful in the search for a new wound healing 

agent that can supress the effect of neutrophils’ oxidants. Measuring the effect of a 

potential wound healing agent on the proliferation of fibroblasts is another method to 

assess its efficiency in wound healing during the proliferation stage (Houghton et al., 

2005). Furthermore, as bacterial infections are a major cause of chronic wounds 

(Section 2.5.2), the investigation of the antibacterial activity is also another aspect that 

can be considered for any potential wound healing agent. Several MNPs, among them 

AuNPs, have been found to have both bactericidal and bacteriostatic activities 

(Mohamed et al., 2017) and thus they can also be incorporated in the treatment of 

wound infections.   

Investigating the antibacterial activity of NPs is also important to find new antibacterial 

therapies against the emerging antibiotic-resistant bacteria (Slavin et al., 2017). This 

resistance results from several reasons including, the overuse or the inappropriate 

prescribing of antibiotics, which has led the emergence of untreatable bacterial 

infections causing significant economic and clinical burdens globally (Ventola, 2015). 

Figure 1.28 illustrates the different mechanisms of different classes of antibiotics: β-

lactams (e.g. penicillin, carbapenems, cephalosporins), aminoglycosides (e.g. 

amikacin, kanamycin, gentamicin), glycopeptides (e.g. vancomycin, teicoplanin, 

decaplanin), macrolides (e.g. azithromycin, erythromycin, clarithromycin), 

tetracyclines (e.g. tetracycline, doxycycline, minocycline), and quinolones (e.g. 

ciprofloxacin, levofloxacin, moxifloxacin) and the mode of bacterial resistance. β-
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lactams, for instance, are four-membered β-lactam ring agents, which kill bacteria by 

targeting the bacterial enzymes responsible of cell wall biosynthesis (penicillin-binding 

proteins(PBP)) (Essack, 2001). Several Gram-positive (Bell et al., 2002) and Gram-

negative bacteria (Clark et al., 2003) have developed resistance to β-lactams through 

drug inactivation by β-lactamases, target site alterations of PBP, decreased 

permeability and efflux (Essack, 2001). 

 

 

Figure 1.28 A diagram illustrating; (A) mechanisms of action for the different classes of antibiotics; (B) mode of 

bacterial resistance (Slavin et al., 2017).  
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2.5.3.1 Antibacterial mechanism of action of AuNPs 
 

There is still uncertainty on how AuNPs, and MNPs in general, undergo their 

antibacterial action (Wang et al., 2017). Generally, NPs are thought to kill bacteria by: 

(1) disruption of cell wall; (2) release of ROS (Gurunathan et al., 2012), metal ions 

(Dutta et al., 2011) or perform non-oxidative mechanisms (Leung et al., 2014); (3) 

penetration of cell wall; (4) interaction with DNA or proteins to induce the antibacterial 

effects (Wang et al., 2017).  As opposed to the mode of action of the current antibiotics, 

MNPs act on different bacterial biomolecules at once and exert their antibacterial action 

by becoming in contact with the bacterial cell wall. It is thus hypothesized that it would 

be difficult for bacteria to develop resistance against MNPs (Slavin et al., 2017; Wang 

et al., 2017). It was also found that MNPs can induce their antibacterial effect 

physically on the cell wall. For example, MNPs with high aspect ratio surfaces, spikes 

or pillars could rupture bacterial cell wall by applying high local stresses (Sjöström et 

al., 2016). Penders and co-workers investigated the antibacterial action of the citrate 

AuNPs of different shapes (spheres, stars and flowers). The authors found that 

nanoflowers, which has numerous protrusions on their surfaces compared to the other 

two types were more toxic to the bacteria presumably because of their rough surface 

(Penders et al., 2017).  

MNPs were found to be more active against Gram-negative compared to Gram-positive 

bacteria (Shamaila et al., 2016). This observation was attributed to the difference in the 

cell wall structure of different Gram stained bacteria (Shamaila et al., 2016). The cell 

wall of Gram-positive bacteria have a thick layer of peptidoglycan (e.g. 80 nm in S. 

aureus), whereas Gram-negative bacteria only have a thin layer of peptidoglycan (e.g. 

8 nm in E. coli) with an extra layer of lipopolysaccharide on their outer layer (Figure 

1.29) (Slavin et al., 2017). The thick peptidoglycan is thus may act as a protective layer 

for the Gram-positive bacteria against the action of the MNPs.  
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Figure 1.29 Cell wall structure of Gram-positive and Gram-negative bacteria (Slavin et al., 2017). 

 

The electrostatic attraction is another suggested physical interaction between MNPs 

and bacteria. The negatively charged lipopolysaccharide layer of Gram-negative 

bacteria can facilitate the biosorption of the positive ions released by most MNPs, 

which leads to the accumulation and uptake of such ions causing intracellular stress 

(Slavin et al., 2017). Although Gram-positive bacteria also carry negative charge on 

their surface, yet it was demonstrated that Gram-negative bacteria are more negatively 

charged (Sonohara et al., 1995), which may cause stronger attraction between the 

bacteria and the MNPs (if positively charged) or their released positive ions. Hayden 

and colleagues illustrated the deposition of cationic AuNPs on the surface of the E. coli 

and Bacillus subtilis and concluded that the cationic AuNPs either coalesce on the 

hydrophobic spots on the cell membrane or the AuNPs aggregate on the anionic regions 

already present on the bacteria surface (Hayden et al., 2012). 

The antibacterial activities of the biosynthesized AuNPs from plants are well 

established in the literature. The AuNPs from the Chinese A. deliciosa showed 

antibacterial activity against the β-lactam resistant P. aeruginosa as determined by their 

maximum zone of inhibition (Naraginti and Li, 2017). In another study, the zone of 

inhibition also showed that AuNPs from the Indian M. glabrata were toxic to both 
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Gram-positive and Gram-negative bacteria including S. aureus, P. aeruginosa and E. 

coli (Francis et al., 2017). E. coli was also susceptible to the biosynthesized AuNPs 

from Ziziphus zizyphus (Ennab leaves) (Aljabali et al., 2018).  

 

2.5.3.2 Antibiotics conjugation to AuNPs 
 

MNPs are extensively incorporated in DDSs studies to improve the therapeutic actions 

of the drugs (Section 2.3.2.4.5). Using MNPs as antibiotics carriers may also prove 

useful in the management of bacterial resistance or improve the antibiotics’ efficiency. 

For instance, the small size MNPs, which can easily penetrate bacteria, facilitates the 

cell uptake of antibiotics of poor membrane transport (Wang et al., 2017). Also, as they 

can avoid bacterial extrusion mechanisms such as efflux, MNPs can assist in avoiding 

bacterial resistance to antibiotics (Mühling et al., 2009). The side effects of some 

antibiotics, such as ear and kidney toxicity of vancomycin, can be decreased with the 

enhanced targeting effect of the MNPs towards infection site (Wang et al., 2017).  A 

controlled (sustained) release of an antibiotic can also be achieved by activating the 

MNPs through stimulatory responses (e.g. chemical compounds, magnetic field, pH, 

heat and light) (Lv et al., 2016; Wang et al., 2017; Wu et al., 2016).  

Brown et al. used the thioether moiety of ampicillin to conjugate the antibiotic to citrate 

AuNPs by simple mixing for 24 hr. Intriguingly, the functionalized AuNPs showed  

bactericidal effect against several bacterial strains, among them β-lactamase gene 

carrier E. coli strain. A similar bactericidal effect was not, however, attainable by the 

unconjugated AuNPs against any of the tested bacterial strains (Brown et al., 2012). In 

another study, the citrate AuNPs was also used as a drug carrier for different 

aminoglycosidic antibiotics. The functionalized AuNPs exhibited higher inhibition 

zones more than the corresponding pure drugs against different Gram-positive and 

Gram-negative bacteria (Nirmala Grace and Pandian, 2007).  
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Further, antibiotics also possess reducing capabilities that enable them to reduce gold 

ions into AuNPs. The combined reduction power of ampicillin, kanamycin and 

streptomycin and sodium borohydride was utilized to synthesize AuNPs that 

demonstrated higher antibacterial activity more than the free antibiotics (Bhattacharya 

et al., 2012). Kanamycin alone was found to formulate kanamycin-capped AuNPs after 

5 min of incubation with gold salt at 80 °C. The antibiotic capped AuNPs were able to 

kill bacteria including  kanamycin resistant strains (Payne et al., 2016).  

 

2.6 Immune system and immunomodulation effects of the AuNPs 
 

A healthy immune system help in fighting infections, diseases or foreign biological 

invasion without targeting the body’s heathy cells to avoid allergies and autoimmune 

diseases. This system is regulated by several cells, cell products, tissues and organs  

(Brindha et al., 2016). The immune response, against infections or malignant cells, is 

controlled by the interaction between an innate (natural and non-specific) and an 

acquired (adaptive and specific) components of the immune system. The innate 

immune cells (e.g. macrophages, NK cells, neutrophils and dendritic cells (DCs)) are 

the first responders against foreign particles. These phagocytic cells kill invading 

microbes by using a combination of degrading enzymes (e.g. proteases in neutrophils), 

antimicrobial enzymes and ROS and reactive nitrogen species (RNS) production 

(Brindha et al., 2016; Hancock and Scott, 2000). The acquired immune cells (B and T 

lymphocytes) are triggered by the innate cells and use specific antigens, usually small 

fragments of the pathogen, to identify their targets.   

 

2.6.1 Macrophages 
 

Since their discovery by the Russian zoologist Elie Metchnikoff early last century, 

macrophages have been long considered a major immune effector cells (Gordon, 2016). 
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Beside their role in the innate immune response, macrophages also trigger the acquired 

immune response by expressing fingerprint antigens (histocompatibility complexes 

(MHC) class II) on their surface in order for the T lymphocytes to recognize the 

microbes. The T lymphocytes would then activate B lymphocytes to produce 

antibodies “specific” to the antigens for the microbes to form antibody-bound 

complexes, which in return increases the activity of the macrophages towards the 

identified microbes (Arango Duque and Descoteaux, 2014). Yet, these cells have also 

been shown to contribute in body haemostasis and development (Sieweke and Allen, 

2013). Macrophages can clear up to 2 × 1011 erythrocytes in a single day that enable 

the body to recycle and reuse around 3 kg of iron each year. Additionally, macrophages 

take part in tissue remodelling by removing cell debris, and can effectively clear 

apoptotic cells (Mosser and Edwards, 2008). These cells can be found in all body 

tissues and are differentiated from the CD14+ monocytes that are part of the peripheral 

blood mononuclear cells (PBMCs) (Hopper et al., 2015).  

Macrophages are usually at rest and they can be activated by a variety of external 

stimuli including cytokines (Edwards et al., 2006), microbial components, which can 

be recognized by Toll-like receptors (TLRs) present on the surfaces of the macrophages 

(Akira et al., 2006), and a group of host-cell derived “danger signals” (Oppenheim and 

Yang, 2005). Interestingly, different stimuli give rise to different populations of 

macrophages. The classically activated macrophages (M1) is activated from monocytes 

by the action of the cytokines produced from T helper 1 (Th1) cells including, TNF-α 

and Interferon-gamma (IFN-γ) or lipopolysaccharide (LPS) (Arango Duque and 

Descoteaux, 2014). The M1 population produce pro-inflammatory cytokines, which 

induce Th1 immune response (Edwards et al., 2006). M1 macrophages are also known 

to have microbicidal and cytotoxic activities by releasing ROS and RNS (Nathan and 

Shiloh, 2000). On the other hand, the M2 populations (M2a, M2b and M2c) include 

different types of macrophages that vary in their biochemistry and physiological 

properties (Edwards et al., 2006). Contrary to M1, the different M2 phenotypes increase 

the immune responses of the T helper 2 (Th2) cells and induce immunosuppression 
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activities, promote tumour growth and aid in wound healing (Arango Duque and 

Descoteaux, 2014). For example, M2a macrophages, originally termed alternatively 

activated macrophages, can stimulate the collagen production during the granulation 

tissue formation (Mosser and Edwards, 2008). Table 1.4 summarizes the cytokines and 

other biomolecules responsible for the differentiation of the different macrophages 

populations and their secretions.        

Table 1.4 The different cytokine promotors for the different macrophages phenotypes and their cytokine 

productions 

Macrophage phenotype Promotors Cytokines secretions 

M1 TNF-α, IFN-γ, LPS TNF-α, IL-1β, IL-6, IL-12, IL-

23, 

M2a IL-4, IL-13 IL-10, TGF-β, IL-1Ra 

M2b IL-1Ra,  LPS, immune 

complexes, apoptotic cells. 

TNF-α, IL-1β, IL-6, IL-10 

M2c IL-10, TGF-β, glucocorticoids. IL-10, TGF-β 

 

2.6.2 NK cells 
 

NK cells can be described as lymphocytes with natural cytotoxicity towards cancer 

cells with cytokines-producing effector functions (Trinchieri, 1989). NK cells are 

activated through the binding of their NKG2D receptors with activating ligands (such 

as UL-16 binding proteins and MICA/B), which are expressed in the viral or tumor 

cells but downregulated in normal cells (Molfetta et al., 2017). NK cells can also be 

regulated by the action of cytokines. For instance, it was found that IFN-α and -β, IL-

12, IL-18 and IL-15 secreted by the DCs can promote the cytotoxicity of NK cells 

(Walzer et al., 2005). It was also found that IL-2 enhance the proliferation and 

cytotoxicity of the NK cells (Trinchieri, 1989).  

Upon activation, NK cells can kill their targets by one of two pathways. First, activated 

NK cells can promote apoptosis of target cells by releasing a cell membrane-lysing 

protein known as perforin and a group of serine proteases-like enzymes (granzymes) 

(Smyth et al., 2005). The second pathway incorporates the activation of death receptors 
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(e.g. Fas/CD95) on the target cells by their associated ligands (e.g. FasL) found on NK 

cells (Smyth et al., 2005). Also, NK cells are a major source of IFN-γ, which promotes 

macrophages (M1) differentiation (Table 1.4) leading to the production of the pro-

inflammatory cytokines and the deployment of more macrophages to counteract the 

biological stress (Mosser and Edwards, 2008). A similar immune regulatory role by the 

NK cells is also established with activating DCs and T lymphocytes (Figure 1.30).  

 

Figure 1.30 Regulation of the DCs, T lymphocytes and macrophages by NK cells. After activating NK cells by 

DCs and macrophages (green arrows), the activated NK cells in turn activate inactive DCs, T cells and 

macrophages by secreting IFN-γ and TNF-α (red arrows). The NK cells can also kill the activated T cells and 

macrophages and inactive DCs cells by inducing cytotoxicity (Vivier et al., 2008). 

 

2.6.3 Cytokines 
 

Cytokines are low molecular weight proteins that control intercellular communication, 

regulate systemic inflammation, cell proliferation and chemotaxis (Arango Duque and 

Descoteaux, 2014). When cytokines are produced from lymphocytes (e.g. NK cells) 

they are called lymphokines. Other names for cytokines include monokines (cytokines 

from monocytes) and chemokines (cytokines intended for chemotaxis). ILs are also 

cytokines that are produced by one leukocyte to act on another leukocyte (Zhang and 
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An, 2007). Since their discovery, there are over 100 types of cytokines identified in the 

literature, 33 of which are ILs (Dinarello, 2007). Cytokines can have an autocrine 

action when acting on the cells that secrete them or paracrine action when acting on 

nearby cells and in some situations they can have an endocrine action on distant cells 

(Zhang and An, 2007). It is common to have different cytokines that induce a similar 

action in a cascade fashion. Additionally, cytokines are  pleiotropic, meaning that one 

cytokine can act on different cells (Arango Duque and Descoteaux, 2014). The 

combination and individual effect of the cytokines on the immune cells (Figure 1.31) 

controls the activation and regulation of both the innate and the antigen-specific 

immune cells, and with their redundant behavior, cytokines present a challenge for 

immunology researchers to identify a specific role for each cytokine.  

 

 

Figure 1.31 The effects of the cytokines on the different immune system cells (Zhang and An, 2007). 
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The main function of cytokines is to regulate inflammation, and thus can be grouped 

into pro- and anti-inflammatory cytokines. The pro-inflammatory cytokines, such as 

TNF-α, IL-1, IL-8 and IL-12, are mainly produced by monocytes and macrophages, 

although they can also be secreted by active lymphocytes, endothelial and fibroblast 

cells (Arango Duque and Descoteaux, 2014). When released because of an 

inflammatory stimuli, the pro-inflammatory cytokines increase the vascular 

permeability and rally the inflammatory cells (Arango Duque and Descoteaux, 2014). 

Although the inflammatory action of the pro-inflammatory cytokines is beneficial to 

the host, yet the excessive release of these cytokines can be harmful. IL-1β and TNF-α 

can cause an acute inflammatory response characteristic to septic shock and multi-

organ failure (Beutler, 1999).  Thus, the main biological role of the anti-inflammatory 

cytokines, such as IL-4, IL-10, IL-11 and IL-13, is to establish immunoregulatory 

effects by regulating the response and secretions of the pro-inflammatory cytokines 

(Zhang and An, 2007).  

 

2.6.3.1 IL-1β  
 

IL-1 has three forms; IL-1α, IL-1β and IL-Ra, with the former two being stronger 

proinflammatory ILs. Monocytes and macrophages are the main producers of IL-1β in 

addition to specific lymphocytes, DCs, epithelial and fibroblast cells (Arango Duque 

and Descoteaux, 2014). IL-1β is expressed in the host following the occurrence of 

inflammation stimulus, cell injury, infection or invasion leading to the promotion of 

both vasodilation and inflammation. This action might be due to the induction of 

prostaglandin secretion by IL-1β (Schweizer et al., 1988), which is a principal hormone 

in acute immune reaction and inflammation (Ricciotti and FitzGerald, 2011). IL-1β is 

also involved in histamine secretion from mast cells, which induces vasodilation and 

localized inflammation (Arango Duque and Descoteaux, 2014).  
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2.6.3.2 TNF-α  
 

Also known as cachectin, TNF-α is another pro-inflammatory cytokine that was 

initially identified for its necrotic effects on some tumours (Carswell et al., 1975). TNF-

α is a pyrogenic (induce fever) cytokine that is dispatched in response to a pathogenic 

stimulus (Beutler, 1999). TNF-α induces vasodilation and increase the vascular 

permeability, which is important in the infiltration of immune cells to the action site 

(Arango Duque and Descoteaux, 2014). TNF-α is one of the main cytokines that cause 

inflammatory hyperalgesia (pain) (Cunha et al., 1992). Elevated levels of TNF-α and 

other pro-inflammatory cytokines, such as IL-1β, were detected upon the interplanar 

injection of the inflammation inducing Freund's adjuvant in adult rats leading to 

localized inflammation and neuropathic hyperalgesia. A delayed onset of the induced 

inflammation hyperalgesia accompanied with reduced levels of IL-1β was achieved 

after the administration of anti-TNF-α antiserum (Woolf et al., 1997). The 

administration of TNF binding proteins, known inhibitors of TNF-α, was found to 

eliminate the hyperalgesia caused by LPS administration (Watkins et al., 1994).  

 

2.6.3.3 IL-6 
 

Being a pleiotropic cytokine, IL-6, which is predominantly secreted by M1 

macrophages, can have both pro- and anti-inflammatory functions that are incorporated 

in several processes ranging from immune regulation to tissue repair and metabolism 

(Kishimoto, 2010). There is evidence that IL-6 dictates the activation and proliferation 

of microglia (macrophages of the central nervous system) (Klein et al., 1997). IL-6 was 

also found to stimulate the effector T-cell development. IL-6 also acts as a warning 

signal in the event of tissue damage or microbial invasion (Tanaka et al., 2014). Further, 

the transgenic mice constitutively expressing both IL-6 and its receptor, IL-6R, were 

found to have accelerated nerve tissue regeneration compared to nontransgenic mice, 

which highlight the role of IL-6 in tissue repair (Hirota et al., 1996). The contribution 
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of IL-6 in hepatic tissue regeneration was also established. For instance, high levels of 

IL-6 secretion were measured after partial hepatectomy in rats (Trautwein et al., 1996), 

while impaired liver regeneration was observed in IL-6 deficient mice (Cressman et 

al., 1996). On the other hand, abnormal levels of IL-6 have been found to exert 

pathological roles in various health conditions, including chronic inflammation and 

autoimmune diseases (Tanaka et al., 2014). Interestingly for example, IL-6 is a 

detrimental factor in cancer development as it accelerates tumour growth in liver and 

colon tissues. Elevated IL-6 levels are observed in deteriorating cancer patients 

(Sansone et al., 2007). 

 

2.6.4 Immunomodulation of plants’ phytochemicals  
  

The importance of the immune system in fighting diseases promoted interest from 

researchers to provide new therapies for immunologically mediated diseases such as 

cancer, AIDS, infections and diabetes (Dacoba et al., 2017). An immunomodulation 

effect can alter the immune responses through the induction or inhibition of  the 

immune responses. New immunomodulatory therapies, of synthetic or natural origins, 

can stimulate immune responses for immunocompromised patients for example, or can 

be used to supress the immune responses in organ transplant recipients, autoimmune 

patients or chronic inflammation conditions (Brindha et al., 2016). Plants are a major 

source of phytochemicals that have proven their potential as immunomodulatory agents 

to regulate the functions of several immune cells, including macrophages and NK cells 

(Ebadi et al., 2014).   

Experiments have shown that the naturally occurring alkaloid, berberine, can decrease 

mortality rate of LPS induced organ damage in mice. Berberine was found to counteract 

the inflammatory responses of LPS administration by reducing the pro-inflammatory 

cytokines such as TNF-α and IFN-γ (Li et al., 2006). Moreover, the immunomodulation 

evaluation of several natural compounds of different chemical classes from plantago 
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genus was investigated. The results showed that these compounds namely aucubin, 

chlorogenic acid, ferulic acid, p-coumaric acid and vanillic acid can enhance the 

proliferation of human lymphocytes and the IFN-γ production (Chiang et al., 2003). In 

another study, curcumin, a yellow pigment found in spice turmeric, was also found to 

augment the IFN-γ induced NK cells cytotoxicity against erythroleukemic cells in vitro 

(Yadav et al., 2005). This compound also increased the pro-inflammatory cytokine 

production resulting in improved tumoricidal activity of NK cells against solid tumours 

in rats (Bhaumik et al., 2000). Further, the naturally occurring antioxidant, chebulagic 

acid, demonstrated potent anti-inflammatory effects in mouse macrophages via the 

downregulation of several pro-inflammatory cytokines including IL-6 and TNF-α 

(Reddy and Reddanna, 2009).  

H. hemerocallidea is famous for its immunostimulatory effects. The corms of H. 

hemerocallidea are extensively used in a wide range of immune-related conditions such 

as arthritis, cancer, common cold and flu (Mills et al., 2005). Indirect evidence has 

showed that sterols and sterolins of H. hemerocallidea may have immunostimulatory 

effects (Section 2.4.1). The south African media is advocating the use of H. 

hemerocallidea preparations in the management of HIV (Mills et al., 2005). On the 

whole, it can be speculated that H. hemerocallidea and its contents, chosen in this 

study, may have an immunomodulation activity and the incorporation of its 

phytochemicals with AuNPs as immunomodulatory agents may further add another 

dimension (the combined effect of the phytochemicals and their NPs) to this activity.  

 

2.6.5 AuNPs and immunomodulation  
 

The unique physicochemical properties of the NPs facilitate their internalization in the 

immune cells to regulate their responses. NPs can infiltrate the immune cells assisted 

by their small size, NPs can be also functionalized with targeting moieties that can 

favour their selective access to certain immune cells (Dacoba et al., 2017). Moreover, 
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NPs are expected to interact with the immune cells upon administration inside the body. 

Indeed, the early bio-distribution studies showed that AuNPs are captured in the liver 

by Kupffer cells (liver macrophages) before they excreted from the body in the faeces 

(Dykman and Khlebtsov, 2017). Inspecting the interaction of the AuNPs with immune 

cells is therefore of an utmost importance, not only to document the 

immunomodulation effect of the AuNPs on the immune system but also to understand 

the effect of the immune barrier on the AuNPs before reaching their target sites. The 

immunomodulation activity of the AuNPs is well documented in the literature with 

several studies reporting contrasting data. For instance, AuNPs were reported to 

activate the immune response of the macrophages and upregulated the production of 

several pro-inflammatory cytokines including TNF-α, IL-1 and IL-6 (Yen et al., 2009). 

AuNPs were also found to increase the proliferation of lymphocytes and NK cells 

accompanied with an increase of IL-2 production (Dykman and Khlebtsov, 2017). 

Other studies, however, showed no immunomodulatory action of AuNPs on the 

production of the pro-inflammatory despite their internalization inside the 

macrophages (Shukla et al., 2005).    

The immunomodulation effects of the AuNPs start by infiltration the immune cells and 

hence their activity is dependent on their physicochemical properties and the type of 

coating material (Getts et al., 2015). For example, Fallarini and colleagues showed that 

5 nm AuNPs conjugated with disaccharide showed immunoactivity on macrophages 

than the 2 nm ones (Fallarini et al., 2013).  Wei et al. also used two different sizes of 

AuNPs (15 and 30 nm) conjugated with cytosine–phosphate–guanosine 

oligodeoxynucleotides, which mimic the macrophage activating microbial DNA. The 

authors found that the 15 nm AuNPs activated the macrophages and stimulated the 

production of pro-inflammatory cytokines (TNF-α and IL-6) more than the 30 nm 

AuNPs (Wei et al., 2012).   

The shape of the AuNPs also determines the immune response of the AuNPs. Indeed, 

the geometry of any foreign particles is critical for their internalization in phagocytic 

cells. It was found that AuNSPs tend to infiltrate macrophages more readily than any 
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other shapes (Champion and Mitragotri, 2006). A study by Xie et al. showed that 

different shapes of AuNPs exhibited different degrees of internalization with the 

macrophages regardless of their coating material, in which triangular AuNPs were 

easily taken by the macrophages more than AuNRs or AuNSTs (Xie et al., 2017).  

The type of the coating material of the AuNPs can also influence their 

immunomodulatory actions. For instance, replacing CATB coating of the AuNPs by 

poly(ethylene oxide) significantly reduced the uptake of the AuNPs by several immune 

cells among them macrophages (Bartneck et al., 2010). The effect of the 

phytochemicals as coating material could hence prove critical for the immune response 

of the green synthesized AuNPs.  
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Abstract: The preparation of gold nanoparticles (AuNPs) involves a variety of chemical and physical
methods. These methods use toxic and environmentally harmful chemicals. Consequently, the
synthesis of AuNPs using green chemistry has been under investigation to develop eco-friendly
nanoparticles. One approach to achieve this is the use of plant-derived phytochemicals that are
capable of reducing gold ions to produce AuNPs. The aim of this study was to implement a
facile microtitre-plate method to screen a large number of aqueous plant extracts to determine
the optimum concentration (OC) for the bio-synthesis of the AuNPs. Several AuNPs of different
sizes and shapes were successfully synthesized and characterized from 17 South African plants.
The characterization was done using Ultra Violet-Visible Spectroscopy, Dynamic Light Scattering,
High Resolution Transmission Electron Microscopy and Energy-Dispersive X-ray Spectroscopy.
We also studied the effects of temperature on the synthesis of the AuNPs and showed that changes in
temperatures affect the size and dispersity of the generated AuNPs. We also evaluated the stability of
the synthesized AuNPs and showed that some of them are stable in biological buffer solutions.

Keywords: green nanotechnology; gold nanoparticles; biosynthesis; high resolution transmission
electron microscopy; Cape flora

1. Introduction

Metallic nanoparticles have potential applications in chemistry, physics and biology due to
their unequalled optical, electrical and photothermal properties [1]. These metal nanoparticles have
drawn researchers’ attention because of the ease of their synthesis and modification [2]. Among the
metal nanoparticles, gold nanoparticles (AuNPs) have received much attention for their unique and
adjustable Surface Plasmon Resonance (SPR) [3]. AuNPs have been utilized in several biomedical
applications such as drug delivery, disease diagnosis, treatment of cancer, photothermal therapy and
immunochromatographic identification of pathogens in clinical specimens [4–7].
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In general, the preparation of metal nanoparticles involves a variety of chemical and physical
methods, such as chemical reduction [8], photochemical reduction [9], electrochemical reduction [10],
laser ablation [11] and lithography [12]. These methods are expensive and involve the use of
several toxic, environmentally harmful inorganic chemicals, such as sodium/potassium borohydrate,
hydrazine and salts of tartrate, or organic chemicals, such as sodium citrate, ascorbic acid and amino
acids, which are used for their reducing capabilities [13]. The employment of these harmful chemicals
can limit the use of nanoparticles in biomedical applications [14].

Consequently, the green synthesis of AuNPs has been under investigation owing to the rising need
to develop biocompatible, less-toxic and eco-friendly nanoparticles. One method to achieve this is the
utilization of biological systems such as bacteria, fungi and plant extracts. For example, Kalishwaralal
and co-workers synthesized gold nanocubes, ranging from 10 to 100 nm, from the bacterium
Bacillus licheniformis after incubation with gold salt for 48 h [15]. Shankar et al., synthesized spherical
AuNPs from an endophytic fungus (Colletotrichum sp.) after 96 h of incubation [16]. Several studies
reported the synthesis of AuNPs using extracts from plants such as, Aloe vera [17], Terminalia catappa [18],
Suaeda monoica [19], Trianthema decandra [1] and Memecylon umbellatum [20]. These synthesis methods
are not only eco-friendly, but also cost-effective and can be easily modified for large-scale synthesis [1].

The use of plants is more attractive, compared to the other biological systems, as they are readily
available, safer and contain wide variety of reducing phytochemicals. Compared to microbial-derived
chemicals, the plant-derived phytochemicals require shorter incubation periods with gold salt in order
to synthesize AuNPs [2]. These phytochemicals are not only responsible for the synthesis of metal
nanoparticles, but also they act as capping agents to prevent the coalescence of colloidal particles,
which are kept apart in solution by electrostatic forces [13]. It is thought that different-shaped polyol
and water-soluble heterocyclic components of plant phytochemicals are mainly responsible for the
reduction and coating the gold ions [20].

The flora of the South Western Cape, which is commonly referred to as the Cape Flora or the Core
Cape Sub-region of the Greater Cape Floristic Region, is the smallest and richest floral kingdom in the
world. It has over 9300 species occupying a land area of approximately 90,000 km2 with about 70% of
the species occurring nowhere else in the world [21].

Herein we report the synthesis of AuNPs from aqueous extracts prepared from 17 plants
collected from the South Western Cape area of South Africa. The synthesis process was monitored
under two different temperature conditions to measure the effect of temperature on the geometric
properties of the synthesized AuNPs. The stability of the AuNPs was measured in different biological
buffer solutions. Several physical and optical measurement techniques including, Ultraviolet-Visible
Spectroscopy (UV-Vis), Dynamic Light Scattering (DLS), High Resolution Transmission Electron
Microscopy (HR-TEM) and Energy-dispersive X-ray spectroscopy (EDS) were used to characterize
the AuNPs.

2. Results and Discussion

Previous studies reported the green synthesis of the plant-extract mediated AuNPs by mixing
fixed concentrations of gold salt solutions with the plant extracts solutions [1,17–20]. In this study, we
sought to improve current methods used to biosynthesize AuNPs from plant extracts by developing
micro-scale method to screen a large number of plants simultaneously. Using this method, we can
also determine the optimum concentrations (OC) at which the plant extracts can reduce gold salts to
form AuNPs.

2.1. Synthesis of AuNPs and Their UV-Vis Analysis

The formation of the AuNPs was visually observed by the development of red/wine-red colour
in the 96 well plates. The measurement of the UV-Vis spectra also confirmed the formation of the
AuNPs. A maxima absorbance between 500 and 600 nm (Table 1), is attributed to the excitation of
AuNPs’ SPR [22] and considered as a distinct feature for the presence of AuNPs. Synthesis with three
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plant extracts namely; Aspalathus hispida, Asparagus rubicundus, and Dicerothamnus rhinocertis, did not
produce any colour change at 25 ◦C. This may indicate the absence of strong reducing phytochemicals
in their aqueous extracts, which may require higher temperatures to initiate the reduction process.
However, since in this study the extracts were incubated with gold salt for 1 h, the synthesis of AuNPs
with these plant extracts may also require longer periods to initiate the reduction of the gold ions at low
temperature. Epigallocatechin gallate (EGCG), a phytochemical present in tea, was previously reported
by Nune et al. to reduce gold salt [23] and used as a control to monitor the synthesize AuNPs. The λmax

of EGCG was 532 nm, which is within the same range of 530 nm the λmax reported by Nune et al. [23].
The SPR of the AuNPs can be affected by factors such as particle shape and size, the refractive

index of the dispersion medium and the average distance between neighbouring AuNPs [24]. From the
UV-Vis spectra of the AuNPs shown in Figure 1, it is evident that no major shifts were observed
for AuNPs synthesized at 25 ◦C or at 70 ◦C. The notable difference observed, however, was the
dissimilarity in the peaks’ height, which may relate to the number of the nanoparticles produced, as the
OD-value correlates linearly with the concentration of the AuNPs in a solution [25]. Further, the bands
generated by AuNPs synthesized at 70 ◦C were generally sharper and more symmetrical, which can
be an indication of the increased uniformity in size distribution of AuNPs [26]. It was also observed
that the plasmon bands of most of AuNPs are broad with an absorption tail in the longer wavelength
attributing the excitation of the in-plane SPR and indicates significant anisotropy in the shape of gold
nanoparticles [27] or the formation of aggregated spherical nanostructures [28]. For example, samples
1, 3, 16 and 18 (Figure 1) showed absorbance at higher wavelength, whereas green tea and EGCG
(at both temperatures) showed a minimum absorption tail towards the near infrared region, which
may indicate their stability and/or the lack of anisotropic nanoparticles compared to the previously
mentioned samples. The relationship between the UV-Vis spectra and the polydispersity is also
discussed later in Section 2.2.2. Table 1 summarize the maxima absorbance data recorded from all the
plant extracts tested.
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Figure 1. Comparison of the Ultraviolet-Visible Spectroscopy (UV-Vis) spectra for the AuNPs produced
at 25 ◦C (green line graph) and at 70 ◦C (red line graph). The numbers on the spectra correspond to
the numbers given to each plant in Table 1. Camellia sinensis (black tea) (18), Camellia sinensis (green tea)
(19) and Epigallocatechin gallate (EGCG) (20) represent positive controls.
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Table 1. The optimum concentration (OC), particle diameter (PD), the polydispersity index (Pdi), λmax and average zeta potential values (ZP) of the AuNPs synthesized
from the plant extracts at 25 ◦C and 70 ◦C.

Plant name
25 ◦C 70 ◦C

OC (mg/mL) λmax (nm) PD (nm) Pdi ZP (mV) OC (mg/mL) λmax (nm) PD (nm) Pdi ZP (mV)

1 Aspalathus hispida * * * * * 0.5 534 34 0.564 −13
2 Aspalathus linearis 0.5 536 99 0.343 −23 0.5 536 61 0.315 −20
3 Asparagus rubicundus * * * * * 1 538 28 0.66 −22
4 Cynanchum africanum 2 558 110 0.396 −14 0.5 546 99 0.407 −21
5 Dicerothamnus rhinocertis * * * * * 0.5 534 63 0.551 −41
6 Eriocephalus africanus 1 554 67 0.565 −23 0.5 542 102 0.326 −23
7 Hermannia alnifolia 1 536 78 0.398 −21 0.5 536 66 0.42 −27
8 Indigofera brachystachya 1 548 87 0.371 −16 1 534 100 0.477 −41
9 Lobostemon glaber 0.5 552 218 0.76 −23 0.5 540 136 0.217 −26
10 Metalasia muricata 1 546 65 0.469 −16 0.25 544 61 0.352 −14
11 Nidorella foetida 0.5 564 124 0.231 −24 0.5 548 97 0.243 −28
12 Otholobium bracteolatum 4 546 47 0.525 −20 1 542 53 0.423 −25
13 Podocarpus falcatus 1 538 141 0.6 −15 0.5 540 102 0.577 −15
14 Podocarpus latifolius 2 540 76 0.46 −16 1 540 54 0.513 −18
15 Salvia africana-lutea 1 534 148 0.466 −25 0.5 534 69 0.202 −23
16 Searsia dissecta 0.5 538 62 0.405 −12 0.5 538 68 0.299 −14
17 Senecio pubigerus 1 538 75 0.519 −18 0.5 536 49 0.469 −15
18 Camellia sinensis (Black tea) 2 538 63 0.535 −0.2 1 540 23 0.67 −19
19 Camellia sinensis (Green tea) 1 535 104 0.61 −12 1 534 47 0.376 −12
20 EGCG 0.125 532 45 0.324 −26 0.125 534 52 0.311 −22

* No nanoparticles were synthesized at this condition.

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



Molecules 2016, 21, 1498 5 of 20

2.2. Particle Size Diameter, Distribution and Shape Analysis

2.2.1. DLS Analysis

Synthesis at 25 ◦C produced nanoparticles with larger sizes for most of the plant extracts (Table 1).
This is in agreement with previous studies, which also showed that the green synthesis of AuNPs
at lower temperatures yielded larger AuNPs and that the synthesis of smaller nanoparticles can be
optimised by increasing the temperature at which the synthesis is performed [29–31]. However, three
of plant extracts (E. africanus, H. alnifolia and I. brachystachya) investigated in this study produced
smaller AuNPs at 25 ◦C than at 70 ◦C. This may be due to the destruction of the capping agents in these
plant extracts at high temperature which allowed the growth of larger particles. The smallest (47 nm)
AuNPs produced at 25 ◦C was generated by the extract of O. bracteolatum, while the smallest (23 nm)
AuNPs produced at 70 ◦C was obtained from green tea extract. The extract of L. glaber produced the
largest AuNPs diameters of 218 nm and 136 nm at 25 ◦C and 70 ◦C, respectively.

The polydispersity index (Pdi) values in Table 1 also shows that the AuNPs are often more
monodispersed when synthesized at 70 ◦C. The Pdi represents the ratio of particles of different size to
total number of particles. A sample with low Pdi value more monodispersed. A study by Rajathi and
co-workers, which reported the synthesis of AuNPs from the leaves of S. monoica, considered a sample
with a Pdi value of 0.286 to be monodispersed particles [19]. AuNPs from N. foetida gave the lowest
Pdi values both at 25 ◦C and 70 ◦C.

2.2.2. HRTEM and EDX Analysis

The TEM images of the AuNPs, produced from plant extracts (Figure 2), show variable geometrical
shapes and sizes. However, AuNPs produced from some extracts show a dominance of specific shapes
over others. The presence of the anisotropic particles in the samples is indicated by the presence of
absorbance towards the near infrared region in their spectra as discussed in Section 2.1. For instance,
AuNPs produced with EGCG showed minimum absorbance in the near infrared region in the UV-Vis
spectrum (Section 2.1) and TEM analysis (Figure 2) confirmed that these AuNPs were mostly uniform
in shape. In contrast AuNPs synthesized from extracts produced from S. dissecta exhibited higher
absorbance in the near infrared region in the UV-Vis spectrum (Sample 16 in Figure 1) and the TEM
analysis shows that these AuNPs are more polydispersed (Figure 2).

Overall, larger particles, from ~150 nm in size, were mostly triangular, truncated triangular, and
hexagonal in shape. On the other hand, smaller nanoparticles were mostly, spherical, pentagonal and
hexagonal, although a few small triangles could also be observed. This mixture of geometrical shapes
is a common feature of AuNPs as reported before [32,33]. This is presumably due to the presence of
cocktail of reducing phytochemicals in the extracts acting together to form the AuNPs. The fact that a
singular phytochemical, EGCG, produced uniform AuNPs is supporting this assumption. Moreover,
there was no apparent difference in the shapes between AuNPs synthesized at 25 ◦C and 70 ◦C
(for the same plant extract) as seen for AuNPs synthesized from P. latifolius (Figure 2). One interesting
observation from the TEM images is the presence of a halo surrounding most of the nanoparticles
(Figure 3). This halo was also observed by Zeiri et al., which has a width of 2 to 3 nm, and was
proposed that this halo the AuNPs from aggregation [34]. TEM images show only a few particles in
each frame, hence statistically reliable distributions of these shapes and sizes cannot be evaluated
using TEM analysis [34].

To illustrate the crystalline nature of the AuNPs, Figure 4A shows the fringe lattice of the AuNPs
synthesized from A. linearis (rooibos tea). The fringe spacing was measured to be 0.23 nm, which
closely matches the spacing between (111) plane of the face centred cubic (fcc) of gold (0.235 nm) [35].
Figure 4B shows the selected electron diffraction (SAED) pattern, which confirmed the crystalline
nature of the AuNPs. The rings were indexed and was found to correspond to the (111), (200), (220),
(311) and (222) reflections of fcc gold.
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The EDX spectroscopy analysis of the AuNPs confirmed the presence of gold ions in the samples
selected for TEM analysis. Strong optical adsorption peaks were observed at around 2.3, 9.7 and
11.3 KeV (Figure 5), which are consistent with a previous study [20]. The presence of strong peaks
of carbon, copper and silicon in some samples is attributed to the TEM grid and the detector
window [36], whereas the presence of oxygen, potassium and chloride is suggested due to traces of
the phytochemicals of the extracts and the gold salt [19,34].
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2.3. Stability of the AuNPs

The zeta potential values of the synthesized AuNPs were measured in order to evaluate their
stability. All measurements were done immediately after synthesis. Generally, the zeta potential
measurements can be used to predict the long term stability of the AuNPs in a solution, as the
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magnitude of the charge is a reflection of the repulsion forces between the particles [37]. All of the
plant extracts demonstrated negative zeta potential as shown in Table 1. A negative zeta potential
value commonly suggests that the particles will be stable in solutions [37].

It is important that AuNPs, used in biological applications, retain their stability in biological
environments. Biologically stable AuNPs are not expected to aggregate (manifested by minimal
changes in their UV-Vis spectra) when placed, for extended periods, in buffers that simulate various
biological conditions (e.g., salts and biological additives) [37]. In this study, the AuNPs were incubated
with three different buffers solutions (10% NaCl, 0.5% cysteine and 0.5% Bovine Serum Albumin
(BSA)). The stability of AuNPs was monitored by recording changes in UV-Vis spectra over time.
Only AuNPs synthesized from P. latifolius and A. rubicundus demonstrated excellent stability by
retaining their SPR (Figure 6). This indicates that these nanoparticles are highly stable at different
environmental conditions and can therefore potentially be used in different biomedical applications.
On the other hand, none of the other AuNPs synthesized from the other plant extracts showed a
similar stability upon incubation with the same buffer solutions. For instance, the AuNPs generated
from O. bracteolatum and A. linearis exhibited significant changes in their respective UV-Vis spectra
as shown in Figure 6. It is suggested that the flattening in their SPR is due to the formation of larger
particles. Also, the decrease of the intensities of the absorbance maxima may be due to the reduction
of the AuNPs in terms of their number especially when incubated with 0.5% BSA.

2.4. Effect of Temperature on AuNPs Characteristics

In order to view the effect of elevated temperature on the overall synthesis of the AuNPs, the
average values of the PD, λmax, and Pdi values were calculated (Table 2). It was previously reported
that high temperatures could produce AuNPs of better size distribution [31]. The measurement of the
particle size distribution of some AuNPs synthesized in this study, produced data that support
that report. For example, Figure 7 shows that at a higher temperature the AuNPs synthesized
from E. africanus exhibited better size distribution in contrast to the AuNPs synthesized at a lower
temperature. Overall, particles synthesized at 70 ◦C were smaller and better defined, which is also
correlated with the blue shift of the λmax. This is in agreement with the study conducted by Mountrichas
and co-workers [31]. Another study reported by Song et al. explained that the formation of smaller
AuNPs at higher reaction temperatures are due to the fact that gold ions are consumed in the formation
of the nuclei with the increase of reaction temperature as a result of an increased reaction rate, which
prevents the secondary reduction process of the formed nuclei and hence stops the formation of larger
AuNPs [38].

Table 2. The average PD, λmax, and polydispersity index (Pdi) values obtained from all the plant
extracts at 25 ◦C and 70 ◦C.

Nanoparticles Characteristics 25 ◦C 70 ◦C

λmax (nm) 543 ± 9 539 ± 4
particle diameter (nm) 97 ± 44 68 ± 29

Pdi 0.465 ± 0.127 0.419 ± 0.14
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Figure 7. Particle size distribution for AuNPs produced from E. africanus.

2.5. Effect of Concentration and Determination of OC for Each Plant Extract

In our study, the OC is considered the concentration of the plant extract at which the smallest
and most uniform AuNPs are produced. To investigate the effect of plant extract concentration, fixed
concentration of gold salt was incubated with different concentrations (16–0.007 mg/ml) of the plant
extracts. The determination of the OC was firstly based on the SPR (λmax) and the uniformity of the
UV-Vis curve, and secondly on the PD and Pdi values, which give an indication of the uniformity of
the AuNPs produced. Synthesis to identify the OC was performed at a micro-scale in microtitre plates
and thereafter the identified OCs were used to scale up the synthesis of the AuNPs to larger quantities.
It was observed that higher temperatures yielded smaller particle sizes at lower concentrations of
the plant extracts. Figure 8 shows that the OC at 25 ◦C is 1 mg/mL, while at 70 ◦C it is 0.5 mg/mL.
No uniform AuNPs were synthesized at concentrations higher than 4 mg/mL.
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In Figure 9, we show as an example, the changes in UV-Vis spectra as the concentrations of
EGCG (one of the controls) and P. latifolius (one of the plant extracts) increase to demonstrate the
growth pattern of the AuNPs at different concentrations. At low concentrations the SPR of both
EGCG and P. latifolius exhibited red shifts, indicating the formation of AuNPs with a large particle size
(at 0.0625 mg/mL EGCG produced λmax of 550 nm with particles of an average diameter of 393 nm,
while at 1 mg/mL P. latifolius produced λmax of 554 nm with particles of an average diameter of 79 nm).
By increasing the concentration of the reducing material (EGCG or the plant extracts) particles with
smaller diameter was obtained and the OCs were reached. The SPR of the OCs exhibited the maximum
blue shift compared to the SPR of the lower concentrations. At this point, the growth pattern for AuNPs

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



Molecules 2016, 21, 1498 12 of 20

of both EGCG and P. latifolius comes in agreement with the nucleation-growth mechanism of the citrate
AuNPs proposed by Frens [39]. Frens showed that smaller citrate AuNPs can be obtained by increasing
the sodium citrate (reducing agent) concentration while using fixed gold salt concentration. It was
suggested that the citrate AuNPs were grown through a fast nucleation process followed by controlled
diffusion growth at which average sizes can be reduced as sodium citrate concentrations increased.
However, as we increase the concentration of the reducing material beyond the OC (0.125 mg/mL
for EGCG and 2 mg/mL for P. latifolius) smaller AuNPs could not be obtained as expected. On the
contrary, the SPR curves became more flat and/or red shifted as the concentrations increase, which is a
clear indication of the increased average size of the AuNPs as discussed in Section 2.1. For instance,
at a concentration of 0.25 mg/mL EGCG produced AuNPs with a diameter of 55 nm and a λmax of
536 nm, while at a concentration of 0.125 mg/mL EGCG produced AuNPs with a diameter 45 nm
and a λmax 532 nm. In the case of P. latifolius no shifts were observed compared to the OC curve, but
instead the SPR curves became more flat and showed absorbance above 600 nm, which are indications
of the formation of larger particles (particle diameter of 83 nm at 4 mg/mL and 207 nm at 16 mg/mL).
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Figure 9. UV-Vis spectra for the AuNPs produced from (A) EGCG and (B) P. latifolius using different
concentrations (mg/mL) at 25 ◦C. The insets show photos of the reaction mixture of different
concentrations (mg/mL) of EGCG and P. latifolius after 1 h of reaction with gold salt.

Ji and co-workers [40], observed that citrate AuNPs were produced, with larger diameter,
when increasing the sodium citrate concentration above a certain limit. They showed that two
different pathways can produce AuNPs resulting in AuNPs with different sizes. These pathways
were dependent on the pH of the reaction medium. They established that above a certain critical pH
value, the AuNPs grow differently via Ostwald ripening, which leads to the formation of larger AuNPs.
In their study, the pH of the reaction mixture was dependent on the initial sodium citrate/gold salt
ratio. In another study, Guo and co-workers [41] also reported that the pH of the reaction medium
affects the synthesis of AuNPs from Eucommia ulmoides bark aqueous extract. They showed that at
pH values above a certain optimum value the reaction mixture turned blue due to the formation of
larger and aggregated AuNPs according to the authors. This was also observed in our study with
EGCG at 8 mg/mL (see inset Figure 9A). While the P. latifolius extract at the highest concentration
tested (16 mg/mL) started to give blue/red colour compared to the rosy red colour obtained at the
OC (see inset Figure 9B). We presume a similar mechanism occurs in our study as a change in pH was
detected between the smallest and highest concentrations, even if it was small changes.

We are also proposing other factor(s) that may as well be responsible for the non-linear
relationship between the concentration of plant extracts and the formation of AuNPs. It is likely that,
at concentrations above the OC the crowded reaction mixture causes a certain degree of impedance
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that prevent the reducing and/or capping agents to function effectively to produce AuNPs. The plant
extracts generally contain a large number of phytochemicals. Some of these phytochemicals are present
at high concentration and may insulate or even reverse the action of the reducing and/or capping
agents. Therefore, the determination of OC at which the interaction of the plant extract with gold
salt reach the optimum level is highly important and considered to be the optimal concentration
for the synthesis of AuNPs, above the OC the growth pattern of the AuNPs change and produce
larger particles.

2.6. Plant Phytochemicals Role in Bio-Reduction of Gold Salt

The bio-reduction of gold salt using plant extracts is mediated through the phytochemicals
occluded within their aqueous extracts. These phytochemicals can mainly include free sugars
(polysaccharides) and/or glycosidic containing derivatives (e.g., saponins), proteins, alkaloids and
polyphenolic compounds (e.g., tannins and flavonoid derivatives), in addition to low percentage
of lipophilic compounds coming to the solution by cosolvation. These phytochemicals provide
polyfunctional matrix that has the ability to initiate the reduction of the gold ions and is also
capable of providing stability to the AuNPs. Moreover, it appears that it is not just one type of
phytochemical is responsible for the reducing actions of the plant extracts, but it can differ from one
plant to another depending on the major phytochemical constituents in each plant. For instance,
polyphenols and flavonoids were shown to be responsible for the formation of AuNPs from black
tea [42]. AuNPs synthesized from M. umbellatum was attributed to the saponin content of the plant [20].
Organosulphur compounds were suggested to be the reducing agents in the synthesis of AuNPs from
garlic (Allium sativum) [43]. AuNPs were also successfully synthesized from the aldehyde containing
cinnamon essential oils [37]. The formation of AuNPs from Cinnamomum camphora was associated with
the presence of terpenoids [44]. Dzimitrowicz and co-workers concluded that phenolic compounds
play essential roles in the synthesis of AuNPs from some of Lamiaceae plants [45]. On the other hand,
pure phytochemicals such as EGCG [23], apiin (apigenin-7-O-apioglucoside) [46], and guavanoic
acid [47] were reported to have dual actions (as reducer and stabilizer) .

Little is known about the chemistry of the tested plants in this study, yet some studies
reported the isolation of various compounds that could possibly play a role in the formation of
the AuNPs (Figure 10). For instance, several caffeic acid derivatives, e.g., 3-caffeoylquinic acid (1),
3,5-dicaffeoyluinic acid (2) were major phenolic compounds identified from the hydroethanolic
extract of the aerial parts of E. africanus [48]. Additionally, a mixture of sesquiterpene lactones
of the eudesmanolide type, e.g., 4α,11-dihydroxy-eudesmane (3) and 5α-hydroperoxy-eudesmane
(4) were also reported [49]. Phenolic diterpenes namely; carnosol (5), rosmadial (6), and the
12-O-methyl-20-methyl ester derivative of carnosic acid (7) were identified from S. africana-lutea [50].
High phenolic contents were also observed in the aerial parts of P. latifolius and P. falcatus, with
total flavonoid content ranging from 49.76 to 27.18 µg catechin/g dry sample [51]. A study of
the chemical profile of the root extract of P. falcatus led to the isolation of several nagilactones
viz; 16-hydroxynagilactone F (8), 2β,16-dihydroxynagilactone F (9), 2β-hydroxynagilactone F (10),
nagilactone D (11), 15-hydroxynagilactone D (12) and nagilactone I (13), along with the bisditerpenoid;
7β-hydroxymacrophyllic acid (14), the totarol dimer macrophyllic acid (15) and the totarane-type
diterpenoid inumakiol D (16) [52]. The flavone glycoside, Aspalathin (17), is a unique constituent
of rooibos tea, which constitutes up to 9.3% of the dried leaves [53]. The chemical investigation of
C. africanum led to the isolation of several pregnane glycosides named cynafoside C–H [54]. The aerial
parts of M. muricata gave a mixture of unidentified triterpenes when studied chemically, while other
Metalisia species afforded various chalcone derivatives [55]. Phytochemical investigation of several
species of genus Asparagus led to isolation of several steroidal saponins [56–58].

The presence of certain part of structure like glucose unit(s) in some compound(s) in addition to
phenolic or primary hydroxyls, peroxy, and aldehydic groups can play an important role in reducing
gold salt. Also, the presence of carboxyl or hydroxyls groups in addition to the aromatic rings in
different structural units can contribute to the stability of the AuNPs.
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3. Materials and Methodology

3.1. Materials

C. sinensis (black and green tea) and A. linearis (rooibos tea) were purchased from local vendors
in South Africa, EGCG from Zhejiang Yixin Pharmaceutical Co., Ltd. (Lanxi City, China), 96 well
polystyrene microplates from Greiner bio-one GmbH (Frickenhausen, Germany), gold salt (sodium
tetrachloroaurate (III) dehydrate) from Sigma-Aldrich (Cape Town, South Africa), Bovine Serum
Albumin (BSA) from Miles Laboratories (Pittsburgh, Pa, USA), N-Acetyl-L-cysteine from Boehringer
Mannheim GmbH (Mannheim, Germany) and sodium chloride (NaCl) from Merck (Cape Town,
South Africa).

3.2. Instruments

Centrifugation for the extracts was done using Allegra® X-12R (Beckman Coulter, Cape Town,
South Africa). The AuNPs were centrifuged using Centrifuge 5417R (Eppendorf AG, Hamburg,
Germany). The extracts were freeze dried using FreeZone 2.5 L (Labconco, Kansas City, MO, USA).
UV-Vis spectra were recorded using POLARstar Omega microplate reader (BMG Labtech, Cape Town,
South Africa). The particle size, size distribution and zeta potential measurements of the freshly
synthesized AuNPs in solution were analysed using Zeta sizer (Malvern Instruments Ltd., Malvern,
UK). TEM analysis was done using FEI Tecnai G2 20 field-emission gun (FEG).

3.3. Plant Collection

Aerial plant samples (Table 3) were collected during May 2015 from two sites in the Western Cape
Province of South Africa. The first site is situated in Malmesbury (GPS coordinates: 33◦27′33.44”S,
18◦44′39.87”E) approximately 60 km north of the University of the Western Cape. The vegetation
on this site is classified as the critically endangered Swartland Granite Renosterveld. The second
collection site is situated approximated 20 km south of the University of the Western Cape in Mfuleni
(GPS coordinates: 34◦00′18.54”S, 18◦41′8.19”E) that supports an endangered vegetation unit known as
Cape Flats Dune Strandveld. On both sites the sampling strategy was random and all the specimens
collected were identified and deposited at the Compton Herbarium (NBG), Kirstenbosch, Cape Town,
South Africa. The collection and identification process was performed by C.N. Cupido the co-author
of this paper.

Table 3. The collected plants and their accession numbers.

Plant Name Family Name Accession Number

Aspalathus hispida Fabaceae 1463158/NBG
Asparagus rubicundus Asparagaceae 1463146/NBG
Cynanchum africanum Apocynaceae 1463157/NBG

Dicerothamnus rhinocertis Asteraceae 1463148/NBG
Eriocephalus africanus Asteraceae 1463147/NBG

Hermannia alnifolia Malvaceae 1463145/NBG
Indigofera brachystachya Fabaceae 1463156/NBG

Lobostemon glaber Boraginaceae 1463149/NBG
Metalasia muricata Asteraceae 1463150/NBG

Nidorella foetida Asteraceae 1463153/NBG
Otholobium bracteolatum Fabaceae 1463155/NBG

Podocarpus falcatus Podocarpaceae *
Podocarpus latifolius Podocarpaceae *
Salvia africana-lutea Lamiaceae 1463154/NBG

Searsia dissecta Anacardiaceae 1463151/NBG
Senecio pubigerus Asteraceae 1463152/NBG

* P. falcatus and P. latifolius were purchased from Kirstenbosch national botanical garden, Cape Town,
South Africa.
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3.4. Preparation of the Plant Extracts

Fresh plant materials were dried in the shade for two weeks. After drying, the plant materials
were grinded and extracted using boiled distilled water (50 mL of distilled water added to 5 g of each
plant powder). The plant decoctions were then centrifuged at 3750 rpm for 2 h. The supernatants
were then freeze dried. A stock solution of 32 mg/mL was freshly prepared for each extract before the
screening step.

3.5. Screening of Gold Nanoparticles Synthesis

In a 96 well plate, 250 µL of 1 mM [20] gold salt were added to 50 µL of plant extracts stock
solutions with increasing concentrations (0.007 to 16 mg/mL). The plates were incubated at 25 ◦C
and 70 ◦C with shaking (40 rpm). After 1 h of shaking, the SPR of the AuNPs was measured by
recording the UV-Vis spectrum ranging from 300 nm to 800 nm. For further characterization and
stability evaluations, the synthesis of the AuNPs from the tested plant extracts was scaled up using the
OC of the plant extracts.

3.6. High Resolution Transmission Electron Microscopy (HRTEM) and Energy Dispersive X-ray Spectroscopy
(EDX) Analysis

To study the surface morphology of the AuNPs, samples were prepared by drop-coating one
drop of each sample solution onto a holey carbon coated copper grid. This was then dried under a
Xenon lamp for 10 min, where after the sample coated grids were analysed under the microscope.
Transmission electron micrographs were operated in bright field mode at an accelerating voltage of
200 kV. Energy dispersive X-ray spectra were collected using an EDAX liquid nitrogen cooled Lithium
doped Silicon detector.

3.7. Stability Testing of the Synthesized AuNPs

The in vitro stability of the synthesized AuNPs was measured by incubating the AuNPs with three
aqueous buffer solutions (NaCl, cysteine and BSA). First, the synthesized AuNPs were centrifuged
at 10,000 rpm for 5 min. The pellets were washed three times with distilled water to remove
phytochemicals that are not capping the AuNPs. The nanoparticles were re-suspended in 1 mL
autoclaved distilled water. Thereafter, 100 µL of the tested AuNPs solutions was incubated with equal
volume of the buffer solutions in a 96 well plate. The final concentrations of the biological media in the
final mixture were as follow; 10% NaCl, 0.5% cysteine and 0.5% BSA. The stability of the AuNPs was
evaluated by measuring the changes in UV-Vis spectra after 1, 4, 6, 12 and 24 h.

4. Conclusions

It is well known that plants contain countless numbers of primary and secondary metabolites
and we therefore expected that characteristically different AuNPs can by synthesized using aqueous
extracts of different plants. Since the phytochemical constituent in one plant extract is different from
another, the use of different plant extracts can lead to dissimilar degree of bio-reduction of gold salt
to synthesize AuNPs of variable shape, size, dispersity and bio-stability. This variability may also
extend their potential in biological activities and other applications. This study shows for the first time
a quick and easy screening method of a large number of aqueous plant extracts for the bio-synthesis of
AuNPs on micro-scale level. Considering the number of plant species that can potentially be screened,
this approach has several advantages since it reduces cost and time of the synthesis. In this study
we also investigated the effect of the concentration of different plant extracts on the formation of
AuNPs. The results showed a non-linear relationship between the concentrations of the plant extracts
and the formation of AuNPs. We determined an optimum concentration for each plant extract at
which the smallest and most uniform AuNPs were obtained. The synthesized AuNPs were thoroughly
characterised, and their shapes, size and in vitro stability were examined. The formation of the AuNPs
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was confirmed by the presence of characteristic SPR in the UV-Vis spectra. We applied different reaction
conditions to study the effect of temperature on the synthesis and showed that smaller particle size
and more defined AuNPs can be synthesized at a higher temperature. The particle sizes were studied
by DLS analysis, which also gave an indication about the stability of AuNPs in aqueous solutions.
In agreement with the UV-Vis data, TEM analysis showed that AuNPs of various geometrical shapes
were produced. EDX analysis also confirmed the presence of gold ions in the samples. By monitoring
changes in the SPR bands of the synthesized AuNPs when incubated with different buffer solutions,
we were able to determine that AuNPs produced form two plant extracts namely, P. latifolius and
A. rubicundus are highly stable in these buffers which suggested that these AuNPs will be very stable
in biological environments. These AuNPs may be suitable for various biomedical applications such as
drug delivery.
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Abstract: Unlike conventional physical and chemical methods, the biogenic synthesis of gold
nanoparticles (GNPs) is considered a green and non-toxic approach to produce biocompatible
GNPs that can be utilized in various biomedical applications. This can be achieved by using
plant-derived phytochemicals to reduce gold salt into GNPs. Several green synthesized GNPs
have been shown to have antibacterial effects, which can be applied in wound dressings to prevent
wound infections. Therefore, the aim of this study is to synthesize biogenic GNPs from the South
African Galenia africana and Hypoxis hemerocallidea plants extracts and evaluate their antibacterial
activity, using the Alamar blue assay, against bacterial strains that are known to cause wound
infections. Additionally, we investigated the toxicity of the biogenic GNPs to non-cancerous human
fibroblast cells (KMST-6) using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
assay. In this paper, spherical GNPs, with particle sizes ranging from 9 to 27 nm, were synthesized
and fully characterized. The GNPs from H. hemerocallidea exhibited antibacterial activity against all
the tested bacterial strains, whereas GNPs produced from G. africana only exhibited antibacterial
activity against Pseudomonas aeruginosa. The GNPs did not show any significant toxicity towards
KMST-6 cells, which may suggest that these nanoparticles can be safely applied in wound dressings.

Keywords: gold nanoparticles; green nanotechnology; Galenia africana; Hypoxis hemerocallidea;
antibacterial activity; Alamar blue; MTT; HRTEM

1. Introduction

The antibacterial potential of the metallic nanoparticles (NPs) have been under investigation to
counter the increase of microbial resistance against the current antimicrobial agents [1]. Additionally,
the potential application of the NPs in wound dressings to fight infections makes these NPs extremely
useful in wound care. Different metals such as gold, silver, platinum, palladium, copper, aluminum,
iron, and titanium have been used to synthesize NPs [2]. Gold nanoparticles (GNPs) in particular
have attracted huge attention for their unique optical properties as well as their biocompatibility [1].
GNPs are included in a variety of applications such as separation science [3], optical sensors,
food industry as well as space and environmental sciences [4]. GNPs have also shown potential
in several biomedical applications. GNPs have been shown to destroy tumors by photothermal
therapy [5]. Other biomedical applications of GNPs include gene therapy, drug delivery, DNA and
RNA analysis and as antibacterial agents, etc. [6].
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The use of environmentally toxic reagents, the production of harmful by-products and the use
of expensive apparatus during conventional physical and chemical synthesis of metallic NPs hinder
their exploitation in biomedical applications. Conversely, the green synthesis of metallic NPs involves
the use of safe biological reagents that produce biocompatible NPs using cost effective methods [7].
GNPs have been successfully synthesized from different biological sources such as proteins, flagella,
bacteria and fungi [8–11]. Among these biological entities, plant extracts are extensively used in
the synthesis of GNPs, because they are easier to handle, more readily available, cheaper and safer
compared to the other aforementioned biological sources [7,12–16]. The synthesis of metal NPs using
plant extracts is mediated through the presence of numerous reducing phytochemicals such as proteins,
amines, phenols, carboxylic acids, ketones, aldehydes, etc. [17].

Several studies have reported the antimicrobial activities of biogenic GNPs. GNPs synthesized
from natural honey exhibited significant antibacterial activity against pathogenic bacteria including
multi-drug resistant bacterial strains [18]. Ayaz Ahmed et al. (2014) reported a potent antibacterial
activity against several pathogenic bacteria such as Pseudomonas aeruginosa and Escherichia coli for the
GNPs synthesized from the Indian plant, Salicornia brachiata [19]. E. coli and Staphylococcus aureus were
also found to be sensitive to GNPs synthesized from Mentha piperita [20]. The synthesis of GNPs using
extracts produced from plants with known antibacterial activities can potentially produce NPs with
significant antibacterial activities.

Galenia africana L. var. africana, locally known as “kraalbos” or “geelbos”, is a common plant
found throughout Namaqualand, South Africa [21]. This plant is used to treat venereal sores, asthma,
coughs and eye infections. Indigenous tribes use the leaves from this plant to relieve toothache [22].
Hypoxis hemerocallidea is also an important medicinal plant that is indigenous to South Africa. Its corms
are used in traditional medicine to treat psychiatric disturbances and as a diuretic. It is also used to
kill small vermin and to treat gall sickness in cattle [23]. The infusion of this plant is widely exploited
by the Zulu tribe to cure impotency [24]. Moreover, the extracts of H. hemerocallidea are used to
treat many diseases including diabetes, urinary infections, cancer and in the management of Human
Immunodeficiency Virus infection and Acquired Immune Deficiency Syndrome HIV/AIDS [25].
In addition to these medicinal uses, both G. africana and H. hemerocallidea plants are also known for
their wound healing properties. A lotion from G. africana decoction is used to alleviate inflammation
and to treat skin diseases [26]. H. hemerocallidea extracts can be applied topically to relieve skin wounds
and rashes [27].

Microbial infections can deter the wound healing process as microbial pathogens can reduce
the number of fibroblasts and collagen regeneration via activation of inflammatory mediators as a
result of the production of microbial toxins [28]. Therefore, an ideal wound-healing agent should
demonstrate antimicrobial activity. Both G. africana and H. hemerocallidea exhibited antibacterial
activity, which could be potentially beneficial for wound healing. The 5,7,2-trihydroxyflavone isolated
from G. africana has been found to have antibacterial activity against Mycobacterium smegmatis and
Mycobacterium tuberculosis [29]. The acetone and the ethanolic extracts of H. hemerocallidea have been
shown antibacterial activities against S. aureus. Also, different extracts of H. hemerocallidea exhibited
efficient antibacterial activity against several bacterial strains. This activity was enhanced when the
extracts of H. hemerocallidea were combined with other medicinal plant extracts [30]. All these studies
demonstrate that the extracts of G. africana and H. hemerocallidea plants contain phytochemicals with
antibacterial activity that could aid in the wound healing process.

In this paper, GNPs were synthesized from the aqueous extracts of G. africana and H. hemerocallidea.
The synthesis of GNPs was monitored using Ultraviolet-Visible Spectroscopy (UV-Vis). The hydrodynamic
size measurement of the GNPs was done using Dynamic Light Scattering (DLS). The GNPs’ morphology
and their crystalline nature were inspected using High Resolution Transmission Electron Microscopy
(HRTEM). Energy-Dispersive X-ray spectroscopy (EDX) was utilized to confirm the presence of the
elemental gold in the GNPs. Additionally, the possible chemical functional groups involved in the
biosynthesis of the GNPs were identified using Fourier Transform Infrared spectroscopy (FTIR).
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Thermogravimetric analysis (TGA) was also done to get an estimation of the amount of organic layer
that surrounds the GNPs. The growth kinetics of the GNPs was also studied. The stability of the GNPs
was measured in different biological buffer solutions. The in vitro toxicity of the synthesized GNPs
was evaluated on non-cancerous human fibroblast cell line (KMST-6). The antibacterial evaluation of
the GNPs and the extracts against several gram-positive and gram-negative bacteria was performed.

2. Results and Discussion

In order to produce GNPs chemically, a reducing agent is normally added to the gold salt to
reduce gold atoms and allowing them to grow into GNPs. The addition of other organic molecules can
be done to surround the GNPs in order to control their growth, prevent their aggregation and increase
their stability [31].

The ability of G. africana and H. hemerocallidea plant extracts to provide secondary metabolites,
not only capable of reducing the gold salt but also able to provide stabilization (capping) properties,
was examined. The shape, distribution, morphology and surface charges of the GNPs were studied.
The study also evaluated the biocompatibility and antibacterial activity of the GNPs.

This study follows on from a previous report in which extracts from several indigenous South
African plants were screened for the biosynthesis of GNPs using a quick and easy microtitre plate
method [32]. The previously reported methodology was applied here in order to obtain the optimum
concentration for each plant extract (as mentioned in Section 3) that can produce the smallest and
most defined GNPs. In the previous report, it was also concluded that the use of high temperature
facilitates the synthesis of smaller GNPs. Hence, the synthesis of the GNPs in the current study was
done at 70 ◦C.

2.1. UV-Vis Analysis

The visual observation of the color change from light yellow to red for the gold salt/plant extract
mixtures after the 1 h incubation (Figure 1) is an indication that GNPs were formed. This confirmed that
the extracts were able to reduce the Au+3 ions to Au0 by the secondary metabolites/phytochemicals
present in the extracts [15]. The cause of this red color in the GNPs’ colloidal solution, which is
not observable in the bulk material or the individual atoms, is a result of the oscillation of free
conduction electrons known as Surface Plasmon Resonance (SPR) [33]. A UV-Vis spectrum with a
maxima absorbance between 500 and 600 nm is indicative of GNPs formation [34]. Figure 2 shows the
UV-Vis spectra of GNPs from Galenia-GNPs (GNPs produced from G. africana) and Hypoxis-GNPs
(GNPs produced from H. hemerocallidea). Galenia-GNPs and Hypoxis-GNPs exhibited a maximum
absorbance (λmax) of 534 ± 2 nm and 530 ± 1 nm, respectively. Several factors such as the size and
the shape of the NPs, the refractive index of the medium and the inter-particle distances affect the
shape and position of the GNPs’ SPR in the UV-Vis spectrum [35]. In Figure 2, the band generated by
Hypoxis-GNPs was sharper and more symmetrical with small absorption after 600 nm as opposed to
Galenia-GNPs’ band, which can be a sign of better uniformity in size distribution of Hypoxis-GNPs
compared to Galenia-GNPs [36]. Further, the absorption tail in the Near Infrared (NIR) wavelength
observed for Galenia-GNPs could be caused by the excitation of the in-plane SPR and can be a result
of anisotropic GNPs [37] or the deviation from spherical geometry of the GNPs [38]. These results
may indicate the presence of more effective capping agents in H. hemerocallidea plant extract compared
to G. africana that prevented the aggregation of the GNPs and enhanced their uniformity. However,
the GNPs with absorption in the NIR region have been found to be useful in several biomedical
applications and in the fabrication of photonic devices such as optical sensors [39].
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number of GNPs as Au+3 ions are reduced to Au0 [40]. The Hypoxis-GNPs reached a maximum value 
after 40 min and thereafter remained unchanged suggesting the reaction was complete at 40 min 
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We also studied the kinetics of GNPs formation by examining the changes in the λmax of the
plant extract/gold salt mixtures over time. Hypoxis-GNPs started to form and show λmax above
1 Absorbance unit (au) after 5 min (Figure 3A). This increase in λmax is the result of the increasing
number of GNPs as Au+3 ions are reduced to Au0 [40]. The Hypoxis-GNPs reached a maximum
value after 40 min and thereafter remained unchanged suggesting the reaction was complete at 40 min
(Figure 3C). On the other hand, the reaction with the G. africana plant extract started to change color
and the λmax increased above 1 au only after 20 min (Figure 3B) indicating the presence of lower
reduction power phytochemicals in G. africana extract compared to H. hemerocallidea’s. Both GNPs
exhibited constant λmax from 60 min (Figure 3C), which show that 1 h of incubation was sufficient to
complete the reaction for both plant extracts.
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Figure 3. The UV-Vis spectra recorded as a function of time of GNPs synthesized from
(A) H. hemerocallidea and (B) G. africana; (C) shows the λmax values of the two GNPs as a function
of time.

2.2. Particle Diameter and Particle Size Distribution Analysis

The distribution of the hydrodynamic diameters of the GNPs was measured by two different
DLS-based techniques (based on size by intensity and by the number of GNPs) using the Zetasizer
(Malvern Instruments Ltd., Malvern, UK). The size distribution based on intensity is depicted in
Figure 4A, in which the scattering intensity is plotted against the logarithms of the particle diameter.
Hypoxis-GNPs showed bimodal distribution, whereas Galenia-GNPs showed multimodal distribution
that indicates the anisometric nature of Galenia-GNPs compared to Hypoxis-GNPs (Figure 4A).
This may also explain the presence of NIR absorption peak in the UV-Vis spectrum of the Galenia-GNPs
(Figure 2). In both GNPs, the peak intensity of the large particles was higher than the peak intensity of
the small particles, which was expected since the particle size distribution based on the light-scattering
intensity is greatly influenced by larger particles [41]. Conversely, the peaks for small particles showed
higher intensity in the number-weight based size distribution (Figure 4B), with no intensity observed
for larger particles. It should be taken into consideration that the error in the data obtained from
number-weight size distribution is large due to its sixth power dependence on the original scattering
intensity data. Yet, it can be a useful tool to compare the distribution of the two plant extracts’ GNPs
of small size. From Figure 4B it can be observed that the two plant extracts were able to synthesize
very small GNPs (1–2 nm) in which a higher number of small size GNPs could be synthesized with
G. africana extract as opposed to H. hemerocallidea as can be deduced from the intensity of the peaks.
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Table 1 shows the average diameters of light-scattering intensity peaks shown in Figure 4A as
well as the Z-average diameter, which is derived from the light-scattering intensity data. In agreement
to the distribution curves, the Z-average diameter of the Galenia-GNPs have smaller average diameter
in comparison to Hypoxis-GNPs.

Table 1. Average diameter of Galenia-GNPs and Hypoxis-GNPs obtained from DLS analysis.

GNPs Small-Particle Peaks
Average Diameter (nm)

Large-Particle Peaks
Average Diameter (nm)

Z-Average Diameter
(nm)

Galenia-GNPs 1.9 ± 1.1 44 ± 29 11 ± 1
Hypoxis-GNPs 2.3 ± 1.6 51 ± 34 26 ± 6

2.3. FTIR Analysis

The FTIR analysis was done for the plant extracts and the GNPs to identify the possible
functional groups involved in the biosynthesis of GNPs. This information can aid in identifying
the phytochemicals involved in the reduction of the gold salt and may also provide useful information
on how to conjugate other chemical entities (e.g., small molecule drugs, peptides, nucleic acids,
etc.) onto the GNPs for biomedical applications. The bio-reduction mechanism of gold ions using
plants extracts continues to be elucidated, despite the increasing attention being given to the biogenic
synthesis of the GNPs [42]. Several studies suggest that various phytochemicals may play a role in the
synthesis of GNPs [42,43]. Generally, different chemical classes were found to influence the production
of the GNPs based on the major constituent of each plant extract [32].

Figure 5 shows the FTIR spectra of both the plant extracts and the GNPs. Both GNPs showed
similarities with their respective extracts, which may be due to the presence of similar compounds in
both the extracts and the GNPs. Additionally, some bands of the FTIR spectra of the GNPs appeared
to be shifted when compared to the FTIR spectra of the extracts. These shifts were expected and are
believed to be caused by the influence of the nearby metal and possibly suggest the involvement of the
corresponding functional groups in the GNPs synthesis [41]. These observed shifts are highlighted
in Table 2, which also shows the possible functional groups involved in the synthesis of the GNPs
from both extracts. Interestingly, some major peaks were generated in the FTIR spectra of both GNPs
indicating that similar functional groups are key players in the synthesis of the GNPs. For instance,
the FTIR spectra of Galenia-GNPs and Hypoxis-GNPs revealed similar broad bands at 3428 and 3420,
respectively, which represents the O–H group of alcohols [12]. The intense band at ~2924 cm−1 can
be a result of asymmetric stretching of the C–H group [12]. Also, the peak centered at 1384 cm−1,
which indicates the presence of the –CH3 group of alkanes, was also recorded in Galenia-GNPs.
Galenia-GNPs also demonstrated a peak at 1329 cm−1 that corresponds to an alcoholic or phenolic
O–H group [41]. The transmittance of O–H and C–O bands in the FTIR spectra indicates the
presence of hydroxyl and carbonyl groups on the GNPs possibly as a result of the involvement
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of flavonoids, terpenoids, phenolic compounds and/or carbohydrates in the GNPs biosynthesis
(Table 2). Several studies reported the role of these hydroxyl and carbonyl containing compounds
in the reduction, capping and stabilization of the GNPs [12,44]. Amino acids and proteins were also
suggested to act as stabilizers of GNPs after the reduction step [13]. Yet, a quick phytochemical
screening, using the Biuret and Ninhydrin tests, showed that both aqueous extracts were negative for
the presence of proteins and amino acids, and hence we postulate that proteins and amino acids do
not play a role in the stabilization of the GNPs in this study.

The chemical study of G. africana revealed that this plant is rich in flavonoids [21,22]. Indeed,
the FTIR spectrum of G. africana aqueous extract showed a strong band at 1384 cm−1 that corresponds
to the phenolic O–H group and hence we speculate that the flavonoids of this plant are responsible for
the reduction of the gold salt to produce Galenia-GNPs. Further, H. hemerocallidea is well known for
producing a variety of hydroxyl-rich phytoglycosides [27]. A study by Jung et al. (2014) reported the
synthesis of GNPs from several glycosides and concluded that the GNPs can be reduced as a result
of the oxidation of C-6-OH in the sugar unit into carboxylic acid [45]. The presence of the shifted
band at 1267 cm−1, in the FTIR spectrum of Hypoxis-GNPs, which can be attributed to the C–O group
of carboxylic acids, may be a result of the oxidation of the aforementioned oxidation site (Table 2).
One of the major secondary metabolites of H. hemerocallidea is Hypoxoside, which is a phytoglycoside
compound containing the same oxidation site reported by Jung et al. (2014). Hence, we also speculate
that Hypoxoside may play a major role in the synthesis of the GNPs. Clearly, these major compounds
should be isolated and tested for the synthesis of the GNPs in order to identify, with certainty, the actual
functional groups responsible for the synthesis of the GNPs from each plant. This investigation
is ongoing.
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Table 2. Shifts of the FTIR spectra bands (cm−1) of the major peaks of H. hemerocallidea and G. africana
aqueous extracts and their respective GNPs.

G. africana H. hemerocallidea

Aqueous
Extract Galenia-GNPs Shift Value * Possible Functional

Groups
Aqueous

Extract Hypoxis-GNPs Shift Value * Possible Functional
Groups

3403 3428 −25 O–H
Alcohols 3390 3420 −30 O–H

Alcohols

2931 2924 +7 C–H
Alkanes 2924 2923 +1 C–H

Alkanes

1384 1384 0 –CH3
Alkanes 1438 1402 +36 C=C

Aromatics

1320 1329 −9 O–H
Alcohols, Phenols 1249 1267 −18

C–O
Aromatic esters,

Ethers, Carboxylic
acids

775 758 +17

C–Cl
Alkanes

C–H
Benzenes

1072 1067 −5 C–O–C

* The shift values were calculated by subtracting the peak transmittence of GNPs from the peak transmittance of
the extract.

2.4. HRTEM and EDX Analysis

The HRTEM analysis of the GNPs was done to study their morphologies, crystalline nature and
their particle size distribution. Interestingly, the HRTEM images show predominance of spherical
GNPs from the two plant extracts (Figure 6). Due to the presence of numerous phytochemicals in the
extracts that are capable of reducing the gold salt, it is common that plant phytochemicals produce
GNPs with a mixture of geometrical shapes [32]. It is suggested that the presence of strong interaction
forces between the capping bio-molecules and the surfaces of GNPs could keep the nascent GNPs
from sintering, resulting in small sized spherical GNPs [33]. Therefore, the synthesis of spherical
shapes in this study may imply that the capping agents, present in H. hemerocallidea and G. africana,
exhibit strong interaction with the newly grown GNPs and prevent them from developing into other
shapes. Yet, some deviations from the spherical shapes were observed in the HRTEM images of the
two GNPs (Figure 7). These deviations, which were more common in Galenia-GNPs, may explain the
absorbance peak beyond 600 nm in the UV-Vis spectra of Galenia-GNPs in Figure 2.
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The HRTEM analysis also revealed the crystalline nature of the GNPs. Figure 8A,C show the lattice
fringes of the two GNPs. The shortest lattice distances were 0.234 and 0.227 nm for Hypoxis-GNPs and
Galenia-GNPs, respectively (Figure 8A,C). These values correspond approximately to the interplanar
spacing between (111) planes of gold [46]. The crystalline nature of the GNPs was also confirmed by
the selected area electron diffraction (SAED). The bright rings were found to correspond to the (111),
(200), (220), (311) and (222) planes of the gold (Figure 8B,D).
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The particle size distributions obtained from the HRTEM images were similar to the DLS data
(Figure 9). The particle size range of Galenia-GNPs was between 2 and 16 nm with the largest number
of the particles being between 8 and 10 nm in diameter (Figure 9A). On the other hand, the particle
size of Hypoxis-GNPs ranged from 10 to 45 nm with the majority of the NPs being between 25 and
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30 nm in diameter (Figure 9B). Also, the average particle size of Galenia-GNPs (9 ± 2 nm) was smaller
than those of Hypoxis-GNPs (27 ± 6 nm) as obtained by HRTEM analysis. It must be noted that the
hydrodynamic particle size data obtained from the DLS analysis is usually larger than the particle
size determined by HRTEM [12]. Indeed, the average size of Galenia-GNPs obtained by HRTEM was
smaller than the average size determined by Zetasizer. Conversely, the average size of Hypoxis-GNPs
as determined by HRTEM was slightly larger than the size obtained using the Zetasizer. Yet, it must be
taken into consideration that only a few NPs are shown in each frame of the HRTEM images, so any
shape and size distributions determinations of the GNPs using HRTEM images will not be completely
statistically reliable [41].Nanomaterials 2017, 7, 417 11 of 23 
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The concentration of GNPs in this study was determined using their UV-Vis data as reported [47].
Using multipole scattering theory, Haiss and co-workers (2007) showed that the optical properties of
the spherical GNPs are dependent on the particle size. As a result, the authors showed that the molar
concentration and particle size of the GNPs could be deduced from their UV-Vis spectra. Hence, it was
useful to measure the difference in the particle size data obtained using the three methods applied in
this study, i.e., Zetasizer, HRTEM and UV-Vis spectra (Table 3). The results in Table 3 confirmed that
three techniques showed that Galenia-GNPs were smaller in size when compared to Hypoxis-GNPs.
The difference in size between Galenia-GNPs and Hypoxis-GNPs as determined by the Zetasizer and
HRTEM was 15 nm and 18 nm, respectively, while the size determined using the UV-Vis spectra was
8 nm.

Table 3. Average particle size of Galenia-GNPs and Hypoxis-GNPs as obtained from the Zetasizer,
HRTEM and UV-Vis spectra.

Type of GNPs
Average Size (nm)

Zetasizer HRTEM UV-Vis

Galenia-GNPs 11 ± 1 9 ± 2 10
Hypoxis-GNPs 26 ± 6 27 ± 6 18

Difference in size * +15 +18 +8

* Difference was calculated as follow: (average size of Hypoxis-GNPs) − (average size of Galenia-GNPs).

The presence of the elemental gold was confirmed in the graphs obtained from the EDX
spectroscopy analysis of the GNPs. The EDX data showed adsorption of gold peaks at around 2.3,
9.7 and 11.3 keV (Figure 10). These values are in agreement with a previous study [48]. The presence of
carbon, copper and silicon peaks in the samples is attributed to the HRTEM grid and/or the detector
window [49]. On the other hand, traces of the phytochemicals of the extracts present around the GNPs
or in the medium may have caused the presence of oxygen peaks [13].
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2.5. Thermal Study

The TGA was done in order to determine the percentage of the organic matter (phytochemicals
involved in the synthesis) present in the GNPs. The weight loss of 5 mg of the GNPs and the extracts
was measured between 20 and 800 ◦C (Figure 11). Table 4 summarizes the weight loss percentage of
the extracts and the GNPs at different temperatures. Unlike the extracts, both GNPs did not show
weight loss at 100 ◦C. Any weight loss at this temperature is believed to be a result of the loss of
evaporation of adsorbed water [50]. It is expected that most organic compounds and functional groups
will be completely burned off at 400 ◦C [51,52]. Table 4 shows that Hypoxis-GNPs and Galenia-GNPs,
respectively, only lost 2.5% and 3.4% of their weight at 400 ◦C. Both of the extracts showed nearly 50%
weight loss at the same temperature. The thermal decomposition of resistant aromatic compounds
and biogenic salts is expected to occur at temperatures beyond 400 ◦C [50]. Thus, the lower weight
loss in the case of G. africana may be as a result of the presence of higher content of these heat
resistant compounds. At 800 ◦C Galenia-GNPs showed more weight loss (4%) when compared to
Hypoxis-GNPs. It should be noted that the amount of the G. africana extract used in the synthesis of
Galenia-GNPs was twice the amount of H. hemerocallidea extract used to synthesize the Hypoxis-GNPs
(as mentioned in Section 3) and it was therefore expected that the weight loss value of Galenia-GNPs
would be higher compared to Hypoxis-GNPs.

Nanomaterials 2017, 7, 417 12 of 23 

 

 

Figure 10. EDX spectra of Galenia-GNPs and Hypoxis-GNPs.  

2.5. Thermal Study  

The TGA was done in order to determine the percentage of the organic matter (phytochemicals 
involved in the synthesis) present in the GNPs. The weight loss of 5 mg of the GNPs and the extracts 
was measured between 20 and 800 °C (Figure 11). Table 4 summarizes the weight loss percentage of 
the extracts and the GNPs at different temperatures. Unlike the extracts, both GNPs did not show 
weight loss at 100 °C. Any weight loss at this temperature is believed to be a result of the loss of 
evaporation of adsorbed water [50]. It is expected that most organic compounds and functional 
groups will be completely burned off at 400 °C [51,52]. Table 4 shows that Hypoxis-GNPs and 
Galenia-GNPs, respectively, only lost 2.5% and 3.4% of their weight at 400 °C. Both of the extracts 
showed nearly 50% weight loss at the same temperature. The thermal decomposition of resistant 
aromatic compounds and biogenic salts is expected to occur at temperatures beyond 400 °C [50]. 
Thus, the lower weight loss in the case of G. africana may be as a result of the presence of higher 
content of these heat resistant compounds. At 800 °C Galenia-GNPs showed more weight loss (4%) 
when compared to Hypoxis-GNPs. It should be noted that the amount of the G. africana extract used 
in the synthesis of Galenia-GNPs was twice the amount of H. hemerocallidea extract used to synthesize 
the Hypoxis-GNPs (as mentioned in section 3) and it was therefore expected that the weight loss 
value of Galenia-GNPs would be higher compared to Hypoxis-GNPs.  

 

Figure 11. TGA data for H. hemerocallidea and G. africana and their respective GNPs. Figure 11. TGA data for H. hemerocallidea and G. africana and their respective GNPs.

Table 4. Weight (expressed as percentage) of H. hemerocallidea and G. africana extracts and their respective
GNPs at different temperatures as obtained from TGA.

Sample Weight % at 100 ◦C Weight % at 400 ◦C Weight % at 800 ◦C

Hypoxis-GNPs 100% 97.5% 91.8%
Galenia-GNPs 100% 96.6% 87.7%

H. hemerocallidea extract 96.8% 52% 34%
G. africana extract 99.2% 60% 39%
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2.6. Stability of the GNPs

To understand the stability of the GNPs, the zeta potential values, measured immediately after
the synthesis, were obtained using the Zetasizer. Hypoxis-GNPs and Galenia-GNPs demonstrated
negative zeta potential values of −22 and −20, respectively. These negative values can estimate the
long-term stability of the GNPs in a solution, as they can provide enough repulsion forces between the
particles and prevent their agglomeration [53].

If these GNPs are to be considered for biomedical applications, they must maintain their stability
in different buffer solutions (e.g., Sodium Chloride (NaCl), cysteine and Bovine Serum Albumin
(BSA)). The stability of the GNPs was measured after incubation with the aforementioned buffer
solutions as well as the growth media used in the biological assays in this study (Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and Nutrient broth).
The GNPs were incubated at 37 ◦C with DMEM and Nutrient broth in order to determine the effect
of the media on the stability of the GNPs under experimental conditions. A minimal change in the
UV-Vis spectra of the GNPs is an indication of the GNPs stability. When the GNPs lose stability they
may precipitate, which can be observed by the significant red shifts and broadening of the UV-Vis
bands [54]. After measuring the UV-Vis of the two GNPs incubated with different buffers and the
biological media over a 24 h period, it was observed that these GNPs were generally stable in most of
the buffer conditions tested with no changes in the UV-Vis bands (Figure 12). One exception was the
effect of 0.5% cysteine on Galenia-GNPs, which caused the UV-Vis bands to become broader at all the
time-points. Nonetheless, Galenia-GNPs showed excellent stability in DMEM that usually contains
cysteine and other amino acids but at lower concentrations.Nanomaterials 2017, 7, 417 14 of 23 
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2.7. Antibacterial Effects and Toxicity of the GNPs

Generally, the antibacterial effect of different plant extracts is well documented and recognized.
However, the antibacterial effect of the biogenic metal NPs produced from such plant extracts still
remains largely unexplored and can prove useful in the search for new antibacterial agents [12].
For this reason, the antibacterial activities of Hypoxis-GNPs, Galenia-GNPs along with the tested
plant extracts were investigated. The Alamar blue assay was used to measure the bacterial growth
after treatment. Resazurin (Alamar blue dye) undergoes colorimetric change in response to cellular
metabolic reduction to give the highly fluorescent compound resorufin that can be quantified by
measuring its fluorescence [55]. The Minimum Inhibitory Concentration (MIC) in this study was
defined as the lowest concentration of the tested samples that significantly (p < 0.05) inhibits the
growth of the tested bacterial strains as compared to the negative control value. The antibacterial
evaluation was done against a panel of gram-positive and gram-negative bacterial strains that are
known to cause wound infections.

The MIC values for the GNPs and the plant extracts are summarized in Table 5. The antibiotic
Ampicillin was included as a positive control. The antibacterial effect of citrate-capped GNPs was also
tested. Hypoxis-GNPs demonstrated significant antibacterial activity against the tested bacterial strains
when compared to Galenia-GNPs. Interestingly, the MIC value of the Hypoxis-GNPs (32 nM) was the
same for the bacterial strains. However, the viability of the bacteria at this MIC value varied between
the different bacterial strains. For instance, P. aeruginosa was the most susceptible by Hypoxis-GNPs
and showed the lowest viability with 10 ± 1% compared to 16 ± 1%, 20 ± 1% and 43 ± 5% for E. coli,
Staphylococcus epidermidis and S. aureus, respectively. Galenia-GNPs only showed an antibacterial effect
on P. aeruginosa with a MIC value of 32 nM and viability of 35 ± 5%. Further, none of the aqueous
plant extracts induced any growth inhibition in this study. However, Ncube et al. (2012) reported
that the H. hemerocallidea aqueous extract have an MIC value of 12.5 mg/mL against S. aureus and
E. coli, which is significantly higher than the highest concentration tested in this study [30]. Katerere
and Eloff (2008) also reported that the acetone corm extract of this plant had a low MIC value of
0.31 mg/mL against S. aureus [56]. This difference is likely to be attributed to the difference in the
chemical nature of phytochemicals present in the acetone and water extracts. The citrate-capped GNPs
failed to induce similar antibacterial activity as observed with the biogenic GNPs. Also, the MIC
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values obtained for Ampicillin were within the ranges reported in previous studies [57–59]. The MIC
for Ampicillin was significantly higher for P. aeruginosa (2 mg/mL) compared to the other bacterial
strains tested. The increased resistance of P. aeruginosa to Ampicillin is possibly due to changes in the
penicillin-binding proteins, membrane impermeability and the production of beta-lactamases [60].

Table 5. The MIC values of the GNPs, the aqueous extracts and Ampicillin on the tested bacterial
strains. The viability recorded at each MIC of the GNPs are written in brackets.

Sample Tested
Bacterial Strains

S. aureus E. coli S. epidermidis P. aeruginosa

Hypoxis-GNPs (nM) 32 (43 ± 5%) * 32 (16 ± 1%) *** 32 (20 ± 1%) *** 32 (10 ± 1%) ***
Galenia-GNPs (nM) >32 >32 >32 32 (35 ± 5%) **
Citrate GNPs (nM) >32 >32 >32 >32

H. hemerocallidea extract (mg/mL) >0.48 >0.48 >0.48 >0.48
G. africana extract (mg/mL) >0.48 >0.48 >0.48 >0.48

Ampicillin (mg/mL) 0.004 0.002 0.0005 2.0

*** Statistical significance (p < 0.001) compared to negative control, ** Statistical significance (p < 0.01) compared to
negative control, * Statistical significance (p < 0.05) compared to negative control.

It is thought that the smaller size of the GNPs compared to the size of the bacterium enables the
GNPs to exert bacterium cell death by adhering to its cell wall [61]. The GNPs can then penetrate the
cell wall of the bacterium and induce death by affecting respiratory mechanisms and cell division
by binding to protein- or phosphorus-containing compounds, such as DNA [62]. It is believed that
the variation in activity against the bacterial strains is dictated by the nature of the bacterial cell
wall. The cell wall of the gram-positive bacterial strains, for example, has a thicker peptidoglycan
layer compared to the cell wall of the gram-negative bacteria [63]. As a result, GNPs can penetrate
the cell wall of the gram-negative bacteria and exert their antibacterial action more easily than in
gram-positive bacteria [64]. Accordingly, the variation in the viability of the bacterial strains after
treatment with the MIC value of Hypoxis-GNPs could be attributed to the nature of the cell wall
composition. In fact, growth inhibition caused by the Hypoxis-GNPs was more significant in the two
gram-negative bacterial strains (E. coli and P. aeruginosa).

Furthermore, the results show that the aqueous plant extracts lacked any bacterial activity at the
highest concentration tested in this study in contrast to the biogenic GNPs. It is, however, possible
that a higher concentration of the extracts can be active against these bacterial strains as demonstrated
previously [30]. The lower antibacterial activity of the extracts compared to the GNPs may be due to
the fact that either the bacteria are adopting resistance mechanisms against the free phytochemicals or
there is some synergistic activity between the GNPs and the capping phytochemicals [65]. The higher
antibacterial activity of the biogenic GNPs may also be associated with the increase in the concentration
of the active phytochemicals capping the GNPs. Consequently, when bacteria are exposed to the GNPs
an augmented antibacterial effect is obtained. It is also possible that the GNPs have more targeting
effect or higher affinity towards the bacterial cells in comparison to the free phytochemicals. The fact
that the non-phytochemical capped GNPs (Citrate NPs) was not as active as Hypoxis- or Galenia-GNPs
further supports the role of the phytochemicals in inhibiting the bacterial growth. In addition, it is
known that the antibacterial activity of the NPs is inversely proportional on their particle size [66],
yet the bigger size Hypoxis-GNPs were more active against the bacteria than the smaller particle size
Galenia-GNPs. Hence, it could be speculated that the properties of the phytochemicals capping the
NPs are an important factor in determining the antibacterial activity regardless of the size of the GNPs.

In view of the fact that biogenic GNPs such as Hypoxis-GNPs and Galenia-GNPs can potentially
be applied in wound dressings to protect the exposed tissue against bacterial infections, we also
investigated the potential toxicity of these GNPs to the human fibroblast cells. The toxicity of the GNPs
towards the KMST-6 cell line therefore was established using in vitro cell culture testing. Figure 13
shows that there was no significant reduction in the viability of KMST-6 cells after a 24 h treatment with
different concentrations (up to 32 nM) of the GNPs, which is equivalent to the MIC values obtained for
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the GNPs against some of the bacterial strains. This preliminary data suggests that these GNPs are
safe for therapeutic use.
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3. Materials and Methods

3.1. Materials

The aqueous extract of H. hemerocallidea was purchased from Afriplex (Cape Town, South Africa).
Polystyrene 96-well microtitre plates were obtained from Greiner bio-one GmbH (Frickenhausen,
Germany). Ampicillin, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and
gold salt (sodium tetrachloroaurate (III) dihydrate) were purchased from Sigma-Aldrich (Cape Town,
South Africa). N-Acetyl-L-cystein and Alanin were purchased from Boehringer Mannheim GmbH
(Mannheim, Germany). DMEM, penstrep (penicillin–streptomycin) and Phosphate buffered saline
(PBS) were purchased from Lonza (Cape Town, South Africa). BSA was procured from Miles
Laboratories (Pittsburgh, PA, USA). FBS was bought from Thermo Scientific (Ansfrere, South Africa).
Nutrient broth and Miller Hinton agar were purchased from Biolab (supplied by Merck, Modderfontein,
South Africa). Alamar blue dye was obtained from Invitrogen Corporation (San Diego, CA, USA).
NaCl, Sodium Hydroxide (NaOH) and Ninhydrin reagent were brought from Merck (Cape Town,
South Africa). Citrate-capped GNPs (14 nm) were obtained from DST/Mintek Nanotechnology
Innovation Centre (Gauteng, South Africa).

3.2. Preparation of G. africana Aqueous Extract

G. africana was collected during the month of May 2015 from the Western Cape Province,
South Africa. The plant was identified by Dr. Chris N. Cupido, the co-author of this paper, and
a specimen was deposited in Kirstenbosch National Botanical Garden (Cape Town, South Africa)
under accession number 1468255/NBG. The fresh aerial parts of G. africana were dried in the shade.
To obtain the aqueous extract, 50.0 mL of boiled distilled water were added to 5.0 g of the dried plant
powder. Afterwards, the plant decoction was centrifuged for 2 h at 3750 rpm using an Allegra® X-12R
centrifuge (Beckman Coulter, Cape Town, South Africa). The supernatant was then filtered through
0.45 µm filters and freeze-dried using FreeZone 2.5 L freeze-dryer (Labconco, Kansas City, MO, USA).

3.3. Biogenic Synthesis of the GNPs and Their Characterization

The H. hemerocallidea and G. africana plant extracts were first screened for the production of GNPs
in 96-well microtitre plates using the method reported in a previous study [32]. In short, 250 µL of
1.0 mM sodium tetrachloroaurate (III) dihydrate were mixed with 50.0 µL of each plant extract in
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a 96-well microtitre plate (the concentrations of the extracts varied from 8.0 to 0.125 mg/300 µL).
The plate was incubated for 1 h at 70 ◦C with shaking at 40.0 rpm. The production of the GNPs was
monitored by measuring the UV-Vis spectra (450–900 nm) using a POLARstar Omega microtitre plate
reader (BMG Labtech, Cape Town, South Africa). For further evaluations of the GNPs, the volume of
the gold salt and plant extracts mixtures was up-scaled after determining the optimum concentrations
of the plant extracts that produce desirable GNPs (0.5 mg/300 µL for G. africana and 0.25 mg/300 µL
for H. hemerocallidea). The GNPs were then centrifuged and the pellets were washed trice with distilled
water and ultimately re-suspended in distilled water.

3.4. DLS Analysis

The zeta potential and hydrodynamic size values of the freshly synthesized GNPs were measured
using a Zetasizer (Malvern Instruments Ltd., Malvern, UK) at 25 ◦C and a 90◦ angle. Zetasizer software
version 7.11 was used to analyze the data.

3.5. FTIR Spectroscopy

The FTIR analysis was done using PerkinElmer spectrum one FTIR spectrophotometer (Waltham,
MA, USA) according to the method reported previously [7]. The freeze-dried GNPs and the extracts
were added to KBr powder and pressed into a round disk. A pure KBr round disk was used for
background correction.

3.6. HRTEM and EDX Analysis

One drop of the GNPs solution was added onto a carbon coated copper grid. The grids were
allowed to dry for a few minutes under a Xenon lamp. The HRTEM images were obtained using FEI
Tecnai G2 20 field-emission gun (FEG) HRTEM operated in bright field mode at an accelerating voltage
of 200 kV. The elemental composition of the GNPs was identified using EDX liquid nitrogen cooled
Lithium doped Silicon detector.

3.7. Image Processing

The image analysis software ImageJ 1.50b version 1.8.0_60 (http://imagej.nih.gov/ij) was used to
analyze the HRTEM images.

3.8. TGA

The TGA was done using PerkinElmer TGA 4000 (Waltham, MA, USA). The freeze-dried GNPs
(5.0 mg) or plant extracts (5.0 mg) were heated from 20 to 800 ◦C in nitrogen atmosphere (flow rate
was 20.0 mL/min) [67]. The temperature was increased at a rate of 10 ◦C/min.

3.9. Stability Evaluation of the GNPs

To measure the effect of different aqueous buffer solutions (e.g., 0.5% NaCl, 0.5% cysteine and
0.5% BSA) on the stability of the biogenic GNPs, 100 µL of the GNPs solutions were mixed with 100 µL
of the buffer solutions in a 96-well microtitre plate. The stability of the GNPs was also evaluated in
DMEM (supplemented with 10% FBS) and Nutrient broth. The stability of the GNPs was monitored
by measuring the UV-Vis spectrum (between 450 and 900 nm) of the samples at 1, 4, 6, 12 and 24 h
after mixing the GNPs with the buffer solutions or the media.

3.10. Phytochemical Screening

3.10.1. Test for Proteins (Biuret Test)

The phytochemical assays were done as described previously with minor modifications [68].
To test the aqueous extracts for the presence of proteins, a few drops of 5.0% NaOH and a few drops
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of 1.0% Cu(SO4)2 were added to 2.0 mL of each aqueous extract. BSA was used as a positive control.
A violet color change indicated the presence of proteins.

3.10.2. Test for Amino Acids (Ninhydrin Test)

Few drops of Ninhydrin reagent were added to 2.0 mL of the aqueous extracts. The mixtures
were heated in water bath for 10 min. Alanin was used as a positive control. The formation of purple
color indicated the presence of amino acids.

3.11. Cytotoxicity Evaluation of the GNPs

The toxicity of the GNPs was tested on the non-cancerous human fibroblast cell line (KMST-6).
The cells were maintained in DMEM containing 10% FBS and 1% penstrep in a 37 ◦C humidified
incubator with 5% CO2 saturation. The viability of the KMST-6 cells was evaluated using the MTT
assay as described by Mmola and co-workers with some modifications [65]. The cells were seeded in
a 96-well microtitre plates at a density of 2.0 × 104 cells/100 µL/well. The plates were incubated at
37 ◦C in a humidified CO2 incubator. After 24 h, the culture medium was replaced with fresh medium
containing the GNPs at increasing concentrations of 0.5 to 32 nM. The concentrations of the GNPs were
calculated from their UV-Vis spectra as described previously [47]. As a positive control, cells were
treated with 50.0 µM C2-Ceramide, which is a known inducer of apoptotic cell death [69]. Untreated
cells were used as a negative control. All treatments were done in triplicate. After 24 h, the GNPs
were removed and the wells were washed with PBS to ensure complete removal of GNPs. Thereafter,
100 µL of MTT reagent (prepared from 5.0 mg/mL stock solution and diluted with DMEM medium
using a dilution factor of 1:10) were added to each well. The plates were incubated again at 37 ◦C for
4 h. The MTT reagent was then removed and replaced with 100 µL alkaline DMSO to dissolve the
purple formazan crystals as recommended by Wang and colleagues [70]. After a 15 min incubation
period at 37 ◦C, the absorbance of the samples was measured at 540 nm using the microtitre plate
reader. The absorbance at 630 nm was used as a reference wavelength. The percentage of cell viability
was calculated using the following equation:

% cell viability =
sample absorbance − cell free sample blank

negative control absorbance
(1)

3.12. Antibacterial Evaluation of the GNPs

Table 6 lists the bacterial strains selected for testing the antibacterial activity of the GNPs in this
study. The Alamar blue assay was used to evaluate the inhibition of bacterial growth by both the GNPs
and the plant extracts. The test was done according to the manufacturer’s instructions. The bacterial
strains were first cultured and maintained on Miller Hinton agar plates. Single colonies were then
inoculated into Nutrient broth and incubated at 37 ◦C with shaking for overnight. The number
of bacterial cells was determined and adjusted to 0.5 McFarland using OD450 to give final cell
concentration of 1–2 × 108 CFU/mL [71]. The cell cultures were further diluted in order to give a final
concentration of 5.0 × 105 CFU/mL as recommended by the European committee for Antimicrobial
Susceptibility Testing (EUCAST). To determine the MIC values of the tested samples, 50.0 µL of the
bacterial broth were mixed, in a 96 microtitre plate, with 50.0 µL of the GNPs (the concentrations of the
GNPs varied between 0.5 and 32 nM) or 50.0 µL of the plant extracts (the concentrations of the plant
extracts varied between 30.0 and 480 µg/mL). Ampicillin was used as a positive control. Negative
controls were also prepared by mixing 50.0 µL of the bacterial culture with 50.0 µL of Nutrient broth.
The plates were incubated at 37 ◦C for 24 h, after which 10.0 µL of the Alamar blue dye were added
to each well. The plates were further incubated for a 3 h and then the fluorescence of resorufin was
measured using a microtitre plate reader at 544 nm (excitation wavelength) and 590 nm (emission
wavelength). To evaluate whether the GNPs and plant extracts interfere with the Alamar blue assay,
a sample control was also prepared by mixing 50.0 µL of the GNPs and the plant extracts (all the
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different concentrations were tested) with 50.0 µL of nutrient broth. The fluorescence of the sample
control was subtracted from the sample fluorescence as illustrated in the equation below, which was
used to calculate the percentage bacterial growth.

% bacterial growth =
(sample fluorescence − sample control)− cell free sample blank

negative control fluorescence
× 100 (2)

Table 6. List of bacterial strains used in the antibacterial assay.

Bacterial Strains ATCC Number Gram Reaction

E. coli 25,922 Gram-negative
P. aeruginosa 27,853 Gram-negative

S. aureus 29,213 Gram-positive
S. epidermidis 12,228 Gram-positive

3.13. Statistical Analysis

The data presented are means ± SD obtained from at least three independent experiments.
Differences between the means were considered to be significant if p < 0.05 according to Prism’s
two-way ANOVA.

4. Conclusions

The study demonstrated an effective and easy methodology for the green synthesis of GNPs
from two South African plant extracts, G. africana and H. hemerocallidea. To the best of our knowledge,
this is the first report on GNPs synthesis from these two plants. The GNPs were characterized
using different spectroscopic and microscopic techniques such as UV-Vis, DLS analysis, HRTEM,
EDX, TGA and FTIR. G. africana and H. hemerocallidea produced spherical GNPs with an average
particle size of 11 ± 1 and 26 ± 6 nm, respectively, as determined by DLS analysis. The FTIR data
suggested that the flavonoids of G. africana and the glycosides contents of H. hemerocallidea might be
responsible for the biogenic synthesis of the GNPs. In vitro stability investigation showed that both
GNPs, in particular Hypoxis-GNPs, are stable when incubated with different biological buffers and
the culture media. Hypoxis-GNPs showed a higher antibacterial effect compared to Galenia-GNPs
against the bacterial strains tested in this study. Both GNPs were found to be non-toxic against a
non-cancerous human fibroblast cell line suggesting that it may be safe to use these GNPs in wound
dressings for the prevention of wound infections. However, more cytotoxic assays should be carried
out to fully determine their toxicity. Additionally, a wider panel of bacterial strains that are known to
cause skin infections should be investigated.
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Abstract  10 

 11 

AuNPs continue to capture researchers’ attention due to their unique physicochemical 12 

properties, which can be exploited for numerous applications in biomedicine. AuNPs are 13 

excellent drug carriers, which can improve the therapeutic efficacy of drugs. Bioinspired 14 

or biogenic AuNPs are particularly interesting since these nanomaterials can overcome the 15 

toxicity associated with AuNPs synthesized using conventional methods. It was previously 16 

shown that AuNPs (Hypoxis-AuNPs) produced from the Hypoxis hemerocallidea, a 17 

medicinal plant that is indigenous to South Africa, has significant antibacterial activity and 18 

that it is not toxic to human fibroblast cells. Herein we explore the use of Hypoxis-AuNPs 19 

as drug carriers, more specifically ampicillin. We demonstrate the successful conjugation 20 

of ampicillin to Hypoxis-AuNPs to produce Amp-AuNPs. Spectroscopic and microscopic 21 

analytical techniques have been used to demonstrate successful conjugation of ampicillin 22 

onto Hypoxis-AuNPs. We show that the antibacterial activity of Amp-AuNPs against some 23 

microorganisms is significantly higher, when compared to Hypoxis-AuNPs. This study 24 

demonstrates the potential of biogenic AuNP as drug carriers. 25 

  26 
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1. Introduction 27 

 28 

The unique physicochemical properties of nanoparticles (NPs) can determine their 29 

application. It is in particularly their small size that have captured widespread interest for 30 

applications in biomedical research. The fact that their sizes are in the same range as some 31 

biomolecules, render them compatible in hybrid systems for biological application [1].  32 

Gold nanoparticles (AuNPs) have been used extensively as delivery systems because they 33 

can carry different active groups on their surface [2]. In addition to their enhanced 34 

absorption and scattering properties, AuNPs offer biocompatibility, ease of synthesis, and 35 

can be conjugated to targeting moieties such as antibodies and biomolecular ligands [3]. 36 

This can facilitate the production of multimodal systems that can be used for the targeted 37 

delivery drugs to disease sites. AuNPs have also been conjugated to several drugs, which 38 

include antitubercular drugs [2], anticancer drugs [4] and several antibiotics, which include 39 

gentamycin [5], amoxicillin [6], ciprofloxacin [1] and ampicillin [7]. 40 

The emergence of multidrug-resistant (MDR) bacterial strains is a global problem which 41 

impacts on health care costs [8]. This has motivated researchers to explore the development 42 

of new antibacterial agents. AuNPs have been shown to have antibacterial properties, 43 

which are exerted through several modes of action [9]. AuNPs have also been used as 44 

carriers of antibiotics which can increase the antibacterial effect as it can offer improved 45 

delivery mechanisms to the infection site, enhanced antibiotic efficiency and reduce 46 

toxicity caused by the antibiotic [10, 11]. The conjugation of antibiotics to AuNPs is mostly 47 

done using chemical linkers such as glutathione [12] and polyethylene glycol [13]. 48 

Antibiotics have also been attached directly onto the surface of citrate capped AuNPs [1] 49 
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and biogenic AuNPs [14], while antibiotics such kanamycin have been used as reducing or 50 

capping agents to synthesize AuNPs [15].  51 

Aqueous extracts of several plants have been used to synthesize AuNPs [16]. Plants contain 52 

a plethora of phytochemicals that can be involved in the synthesis and stabilisation of 53 

AuNPs [17]. Such biogenic AuNPs are believed be more biocompatible and 54 

environmentally friendly than AuNP produced using traditional methods [18].  In a 55 

previous study, we reported on the synthesis and characterisation of biogenic AuNPs 56 

(Hypoxis-AuNP) synthesised using a water extract of Hypoxis hemerocallidea [19]. H. 57 

hemerocallidea is a famous South African medicinal plant that is commonly used by local 58 

traditional healers for the management of several diseases. A summary of the medicinal 59 

uses and the reported biological activities of H. hemerocallidea, including its antibacterial 60 

actions,  was reported in a review by Owira and Oewole [20]. Hypoxis-AuNPs also 61 

demonstrated antibacterial activity against bacterial strains associated with wound 62 

infections, in which the Hypoxis-AuNPs exhibited minimum inhibitory concentrations 63 

(MIC) lower than other biogenic AuNPs and citrate-AuNPs, citing the antibacterial 64 

properties of the phytochemicals of H. hemerocallidea [19].  65 

Herein, we investigate the conjugation of ampicillin to Hypoxis-AuNP to produce Amp-66 

AuNPs. We also evaluated the antimicrobial activity of Amp-AuNPs. We report on the 67 

successful conjugation of ampicillin to Hypoxis-AuNP and demonstrate that the 68 

antimicrobial activity of Amp-AuNP is significantly higher compared to Hypoxis-AuNP. 69 

To the best of our knowledge, this is the first report of successful conjugation of an 70 

antibiotic to a biogenic AuNPs produced from a plant extract.  71 

 72 
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2. Materials and methodology  73 

 74 

2.1. Materials  75 

The aqueous extract of H. hemerocallidea was purchased from Afriplex (Cape Town, 76 

South Africa). Polystyrene 96-well microtitre plates were purchased from Greiner bio-one 77 

GmbH (Frickenhausen, Germany). Ampicillin, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 78 

tetrazolium bromide (MTT) and gold salt (sodium tetrachloroaurate (III) dihydrate) were 79 

purchased from Sigma-Aldrich (Cape Town, South Africa). Dulbecco's Modified Eagle's 80 

Medium (DMEM), penicillin–streptomycin (penstrep) and Phosphate buffered saline 81 

(PBS) were purchased from Lonza (Cape Town, South Africa). Foetal Bovine Serum 82 

(FBS) was bought from Thermo Scientific (Ansfrere, South Africa). Nutrient broth was 83 

purchased from Biolab (supplied by Merck, Modderfontein, South Africa). Alamar blue 84 

dye was obtained from Invitrogen Corporation (San Diego, CA, USA).  85 

2.2. Biosynthesis of Hypoxis-AuNPs and their characterization 86 

 87 

Hypoxis-AuNPs were biosynthesized according to the methodology reported previously 88 

[19]. A POLARstar Omega microtitre plate reader (BMG Labtech, Cape Town, South 89 

Africa) was used to monitor the Ultraviolet-Visible (UV-Vis) spectra (450–900 nm) of the 90 

AuNPs.  91 

2.3.  Functionalization of Hypoxis-AuNPs 92 

 93 

Upon the biosynthesis of Hypoxis-AuNPs, 12 mM of Ampicillin solution was added to the 94 

Hypoxis-AuNPs solution with dilution factor of (2:3). The mixture was left at room 95 

temperature for 24 hr with stirring. The mixture was then centrifuged trice. The pellet of 96 
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the ampicillin conjugated AuNPs (Amp-AuNPs) was resuspended in d.H2O for further 97 

characterization and antibacterial evaluation.  98 

2.4. Dynamic Light Scattering (DLS) analysis 99 

 100 

A Zetasizer (Malvern Instruments Ltd., Malvern, UK) was used to measure the zeta 101 

potential and hydrodynamic size values of the freshly biosynthesized AuNPs at 25 °C and 102 

a 90° angle. The data were analysed using Zetasizer software version 7.11.  103 

2.5. Fourier-Transform Infrared (FTIR) Spectroscopy 104 

 105 

The FTIR spectra of ampicillin and the AuNPs were obtained using PerkinElmer spectrum 106 

two FTIR spectrophotometer (Waltham, MA, USA) according to the method reported 107 

previously [21]. Ampicillin and the freeze-dried AuNPs were mixed with KBr powder and 108 

pressed into a round disk. A pure KBr was used for background correction. 109 

2.6. High Resolution Transmission Electron Microscope 110 

(HRTEM) and Energy-Dispersive X-ray (EDX) analysis 111 

 112 

A drop of Amp-AuNPs solution was loaded and dried onto a carbon coated copper grid. 113 

FEI Tecnai G2 20 field-emission gun (FEG) HRTEM, operated in bright field mode at an 114 

accelerating voltage of 200 kV, was used to capture the HRTEM images. EDX liquid 115 

nitrogen cooled Lithium doped Silicon detector was used to identify the elemental 116 

composition of the Amp-AuNPs. 117 

2.7. Image processing 118 

 119 
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The image analysis software ImageJ 1.50b version 1.8.0_60 (http://imagej.nih.gov/ij) was 120 

used to analyse the HRTEM images. 121 

2.8. Stability evaluation of the AuNPs 122 

 123 

The stability of Amp-AuNPs was determined by incubating 100 µL of the AuNPs with 100 124 

µL of nutrient broth in a 96-well microtitre plate at 37 °C and measure the UV-Vis 125 

spectrum of the AuNPs at zero h and 24 h.   126 

2.9. Cytotoxicity evaluation of the AuNPs on KMST-6 127 

 128 

The toxicity of the AuNPs was tested on the non-cancerous human fibroblast cell line 129 

(KMST-6) according the previously reported methodology [19]. The cells were maintained 130 

in DMEM containing 10% FBS and 1% penstrep in a 37 °C humidified incubator with 5% 131 

CO2 saturation. In short, the cells (2.0 × 104 cells/100 μL/well) were incubated for 24 h 132 

with increasing concentrations (0.5 to 32 nM) of Amp-AuNPs. Untreated cells were used 133 

as a negative control. PBS was then used to wash the wells after removing the AuNPs. 134 

Next, 100 μL of MTT reagent were added to each well and plates were incubated at 37 °C 135 

for 4 h. The wells were afterwards washed and alkaline DMSO was used to dissolve the 136 

formazan crystals. The plates were incubated for 15 min and the microtitre plate reader was 137 

used to measure the absorbance of the wells 540 nm and 630 nm as a reference wavelength. 138 

The cell viability percentage was determined using the following equation: 139 

 

 140 

2.10. Antibacterial evaluation of the AuNPs 141 

sample absorbance - cell free sample blank
% cell viability = 

negative control absorbance
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 142 

The Alamar blue assay was used to evaluate the inhibition of bacterial growth by the 143 

Hypoxis-AuNPs, Amp-AuNPs and free ampicillin on the bacterial strains listed in Table 144 

1. Detailed description the methodology adapted herein was previously reported [19]. The 145 

Minimum Inhibition Concentration (MIC) was identified as the lowest concentration of the 146 

samples to significantly inhibit the bacterial growth compared to the negative control. In 147 

short, 50.0 μL of the bacterial broth (5.0 × 105 CFU/mL) were mixed with 50.0 μL of the 148 

tested samples with increasing concentrations (0.5 and 32 nM) in a 96 well plate. Similar 149 

volumes of bacterial broth and nutrient broth were mixed as negative control. AuNPs 150 

controls were prepared to omit the interference of the AuNPs with the assay measurement. 151 

After 24 h incubation at 37 °C, 10.0 μL of the Alamar blue dye were added to each well. 152 

This was followed by incubation for another 3 h and the fluorescence of resorufin was then 153 

measured using a microtitre plate reader at 544 nm (excitation wavelength) and 590 nm 154 

(emission wavelength). The percentage bacterial growth was calculated using the equation 155 

below:  156 

 
 

 157 

Table 1 List of the bacterial strains selected in this study. 158 
Bacterial Strains ATCC Number Gram Reaction 

Escherichia coli 25922 Gram-negative 

Klebsiella pneumonia 13883 Gram-negative 

Methicillin-resistant Staphylococcus aureus (MRSA) 33591 Gram-positive 

Pseudomonas aeruginosa 27853 Gram-negative 

Staphylococcus aureus 29213 Gram-positive 

Staphylococcus epidermidis 12228 Gram-positive 

 159 

2.11. Statistical analysis  160 

 161 


(sample fluorescence - sample control) - cell free sample blank

% bacterial growth =   100
negative control fluorescence
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The data presented are means ± SD obtained from at least three independent experiments. 162 

Differences between the means were significant if p< 0.05 according to Prism’s two-way 163 

ANOVA. 164 

3. Results and discussion 165 

 166 

Conventional synthesis methods of the AuNPs make use of reducing agents such as sodium 167 

citrate, ascorbate, sodium borohydride, hydrazine, hydroquinone, etc. to reduce gold ions 168 

to neutral gold ions, which aggregate to form AuNPs. Additional capping agents are 169 

occasionally added to optimize the final shape and size of the AuNPs [22]. These methods 170 

involve the use of toxic chemicals that can hinder the biomedical application of the AuNPs 171 

[23]. The use of biocompatible chemicals found in biological organisms such as bacteria 172 

or plants, i.e. green synthesis methods can produce AuNPs that are more biocompatible 173 

[24]. Hypoxis-AuNPs are biogenic AuNPs that were synthesised from H. hemerocallidea 174 

plant extract [19]. This study also reported on the antibacterial activity of Hypoxis-AuNPs 175 

and proposed the application of these nanoparticles in the treatment of wound infections. 176 

The current study investigated the potential of enhancing the antibacterial activity of 177 

Hypoxis-AuNPs by conjugating ampicillin onto the Hypoxis-AuNPs.  178 

3.1. UV-Vis analysis 179 

 180 

Hypoxis-AuNPs were synthesised using the method described previously (denoted 181 

Hypoxis-GNPs) [19]. Ampicillin was conjugated to Hypoxis-AuNPs to produce Amp-182 

AuNPs by adding 12 mM of ampicillin solution to a solution of freshly synthesized 183 

Hypoxis-AuNPs and stirring the mixture for 24 h at room temperature. The ampicillin and 184 
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Hypoxis-AuNPs’ solutions were mixed in 2:3 ratio (V:V). This functionalization method 185 

by chemisorption is based on the procedures described by different studies with 186 

modifications [1, 7, 14]. The concentration of ampicillin and the ratio of ampicillin: 187 

Hypoxis-AuNPs’ solutions were established by optimisation (data not shown).  188 

UV-Vis analysis of Hypoxis-AuNPs and Amp-AuNPs was done using a POLARstar 189 

Omega microtitre plate reader (BMG Labtech, Cape Town, South Africa). The absorption 190 

peak value (λmax) of the characteristic localized surface plasmon resonance (LSPR) for 191 

Hypoxis-AuNPs was determined to be to be 533 ± 1 nm. This is very similar to the λmax 192 

value (530 ± 1 nm) reported previously for Hypoxis-AuNPs [19]. The λmax values for the 193 

LSPR peaks that lie in the visible region of the electromagnetic spectrum (between 500 194 

and 600 nm) are the result of the coherent electron motion of the AuNPs. These LSPR 195 

bands are characteristic to the AuNPs and provide information about the particle size, 196 

particle size distribution and the potential of the AuNPs to aggregate [25].  197 

The λmax value for the AuNP formed by the addition of the ampicillin to a solution of 198 

Hypoxis-AuNPs was 544 nm (Figure 1). This was also accompanied by a colour change 199 

from wine red (which was the colour of the Hypoxis-AuNPs solution) to blue. This colour 200 

change is an indication of successful conjugation [1]. The λmax values of the AuNPs are 201 

directly proportional to their size [26] and the conjugation of any molecule onto the AuNPs 202 

surface will result in an increase in size of AuNPs  [11]. The UV-Vis results therefore 203 

suggest that ampicillin was successfully conjugated to Hypoxis-AuNPs to produce Amp-204 

AuNPs. 205 
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 206 

Figure 1 The UV-Vis data of Hypoxis-AuNPs and Amp-AuNPs. 207 

 208 

To eliminate the possibility of generation of AuNPs by ampicillin alone, 12 mM ampicillin 209 

was added to gold salt using the same dilution factor with distilled water instead of 210 

Hypoxis-AuNPs for 24 h. The solution remained colourless with no absorption peaks 211 

observed in the UV-Vis spectrum (data not shown). Some studies reported the synthesis of 212 

AuNPs using antibiotics alone without the use of other reducing agents. Ampicillin alone 213 

was reported to be a poor reducing agent for the synthesis of AuNPs [2]. Hur and co-214 

workers on the other hand reported the synthesis of AuNPs from ampicillin alone [27]. 215 

Nonetheless, in their report the ampicillin-AuNPs were synthesised at high temperature (80 216 

°C) for 15 h, which were not followed in the methodology herein. 217 

 218 

 219 
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3.2. DLS analysis 220 

 221 

The measurement of the particle size and surface charge are key physical characterization 222 

methods that can be used to demonstrate that AuNPs were successfully conjugated with a 223 

ligand since conjugation with ligands are expected to increase size and possibly also affect 224 

the charge of the AuNPs [28]. The distribution of the hydrodynamic diameters of the Amp-225 

AuNPs was measured by two different DLS techniques (based on size by intensity and by 226 

the number of AuNPs) using the Zetasizer (Malvern Instruments Ltd., Malvern, UK) as 227 

previously described for Hypoxis-AuNPs [19]. It was previously shown that the synthesis 228 

of Hypoxis-AuNPs produce AuNPs of bimodal size distribution. Two AuNP populations, 229 

one with an average size distribution of 51 ± 34 nm and one with an average size 230 

distribution of 2.3 ± 1.6 nm was produced [19]. The Z-average size of Hypoxis-AuNPs was 231 

26 ± 6 nm. DLS analysis of Amp-AuNPs showed also show the presence of two AuNP 232 

populations, one with an average size distribution of 77 ± 25 nm and one with an average 233 

size distribution of 6.5 ± 2.0 nm (Figure 2). The Z-average size of Amp-AuNPs was 77 ± 234 

30 nm. This suggests that the average size of the larger Hypoxis-AuNPs increased from 26 235 

nm to 77 nm and the smaller Hypoxis-AuNPs increased from 2.3 nm to 6.5 nm. This 236 

increase in the NPs size further affirms the assumption that ampicillin was successfully 237 

conjugated to Hypoxis-AuNPs to produce Amp-AuNPs. The zeta-potential of Hypoxis-238 

AuNPs was reported to be -22 mV, while the zeta-potential of Amp-AuNPs was 239 

determined to be -13 mV. This increase in zeta-potential also confirms that the surface of 240 

Hypoxis-AuNPs  was changed, possibly due to the attachment of ampicillin [29]. AuNPs 241 

with a zeta-potential between +30 mV and -30 mV are stable in solution [30] and since the 242 
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zeta-potential of Amp-AuNPs is -13 mV, these nanoparticles are expected to be well 243 

dispersed in solution. 244 

 245 

 246 

Figure 2 The particle size distribution of Amp-AuNPs by (a) intensity and (b) by number as shown by the DLS 247 
analysis. 248 

 249 

3.3. HRTEM and Selected Area Electron Diffraction (SAED) 250 

analysis 251 

 252 

The HRTEM analysis of the Amp-AuNPs was performed to investigate the morphology of 253 

the AuNPs after the conjugation with Ampicillin. Hypoxis-AuNPs were previously found 254 

to be mostly spherical in shape with most of the particles being between 25-30 nm as 255 

determined by the HRTEM images [19]. The HRTEM images of the Amp-AuNPs also 256 

showed spherical formations with a similar particle size distribution (20-25 nm) (Figure 3) 257 

as calculated manually using ImageJ software. HRTEM analysis therefore did not show an 258 

increase in size due to the conjugation ampicillin. Yet it should be taken into consideration 259 

that HRTEM analysis can only visualize high-Z matter and the size determinations by 260 

HRTEM does not include the ligand shell in contrary to the DLS analysis [31].   261 
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  262 

Figure 3 HRTEM images and particle size distribution of Amp-AuNPs calculated using ImageJ software. 263 

 264 

The crystallinity of the Amp-AuNPs was also determined from the HRTEM. AuNPs 265 

showed lattice fringes with distance of 0.231 nm (Figure 4a) corresponding to the 266 

interplanar spacing between (111) plane of gold [32]. The SAED patterns also confirmed 267 

the crystallinity of the AuNPs with indexed bright rings were shown to correspond to the 268 

(111), (200), (220), (311) and (222) planes of the gold (Figure 4b).      269 

 270 

 271 

Figure 4 HRTEM images showing the (a) lattice fringe and (b) SAED pattern of Amp-AuNPs. 272 

 273 
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Adsorption peaks representing the gold element was detected in the EDX spectra (Figure 274 

5) around 2.3, 9.7 and 11.3 keV. These values are similar to the values of gold’s adsorption 275 

peaks reported previously [33]. The presence of other adsorption peaks for elements such 276 

as carbon, copper and silicon are also present. Rodríguez-León et al. suggested that the 277 

presence of these elements in the spectra of AuNPs is due to the HRTEM loading grid 278 

and/or the detector window [34].   279 

 280 

Figure 5 EDX spectra of Amp-AuNPs. The adsorption peaks are labelled on top with the elements that were detected. 281 

 282 

3.4. FTIR analysis 283 

 284 

FTIR spectroscopy was carried out to investigate the functional groups on the surface of 285 

the Hypoxis-AuNPs. Previous studies suggested that the attachment of ampicillin on the 286 

surface of the AuNPs is most likely to be physical in nature [7, 11], however the exact 287 

mechanism of attachment is still not known. Leff et al. suggested that AuNPs can bind 288 

more readily to amine groups. Several other reports suggested that the nitrogen of the amine 289 

functional group of ampicillin is responsible for adsorption of ampicillin onto the AuNPs 290 
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surface [10, 27]. Figure 6 shows the FTIR spectra of Amp-AuNPs and the free Ampicillin. 291 

The FTIR spectrum of ampicillin displayed bands pertaining to the functional groups of 292 

the anhydrous ampicillin as reported previously [35]. The FTIR spectrum of the Amp-293 

AuNPs showed three major bands. Two of these bands were centred at 1635 and 1397 294 

cm−1, which were transmitting at almost the same wavelength of two similar peaks of 295 

ampicillin (1643 and 1383 cm−1) that correspond to amide I and COO− groups, respectively. 296 

One the other hand, the N–H stretching frequency of the amine group of the ampicillin at 297 

3333 cm−1 underwent broadening and shifted to a higher wavelength (3436 cm−1) in the 298 

FTIR spectrum of Amp-AuNPs. These data suggest that the nitrogen atoms of the amine 299 

groups of the ampicillin are responsible for binding on the surface of the AuNPs [10, 27].  300 

 301 

Figure 6 FTIR spectra of ampicillin and Amp-AuNPs. 302 

 303 
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3.5. FAB-MS analysis 304 

 305 

FAB-MS is a useful technique to determine the  of the mass of ligands conjugated onto 306 

functionalized AuNPs [36]. The ionization of the AuNPs samples using FAB-MS 307 

technique has been reported before [37, 38]. The MS analysis of ampicillin has been 308 

reported in several studies [39, 40]. Even though the identity of the phytochemical ligands 309 

attached on the Hypoxis-AuNPs surface is still unknown, FAB-MS can still provide 310 

information with regards to the presence of ampicillin on Amp-AuNPs. Figure 7 shows the 311 

FAB-MS data of Hypoxis-AuNPs and Amp-AuNPs. Interestingly, Amp-AuNPs showed 312 

the presence of a fragmented ion at m/z 350, which corresponds to the protonated ampicillin 313 

as previously reported  (Suwanrumpha and Freast, 1989).  Hypoxis-AuNPs, on the other 314 

hand, lacked this ion at m/z 350, which confirms the successful conjugation of ampicillin 315 

to Hypoxis-AuNP to produce Amp-AuNP.  316 

 317 

Figure 7 The FAB-MS data of Hypoxis-AuNPs and Amp-AuNPs. 318 

 319 

3.6. Antibacterial testing  320 

 321 
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The antimicrobial activity of Amp-AuNPs was evaluated against several Gram-positive 322 

(e.g. K. pneumoniae, P. aeruginosa and E. coli) and Gram-negative (e.g. S. aureus and S. 323 

epidermidis) bacterial strains using the Alamar blue assay. This required that the stability 324 

of the Amp-AuNPs be tested in nutrient broth, since the exposure of the bacteria to the 325 

Amp-AuNPs would be done in this growth medium. It is expected that these AuNPs will 326 

interact with the biological components of any growth medium, which can lead to changes 327 

in their physicochemical properties such as hydrodynamic size, surface charge and 328 

colloidal stability, and thus it is imperative to measure the chemical and physical changes 329 

that occur to the AuNPs after introducing them to such biological media [41].  330 

The stability of Amp-AuNPs was investigated by incubating the Amp-AuNPs in nutrient 331 

broth for a period of 24 hr, after which the NPs were subjected to UV-Vis analysis as 332 

described previously for the stability testing of Hypoxis-AuNP [19]. An overlay of the UV-333 

Vis spectra of Amp-AuNPs in the presence of nutrient broth (Figure 8) shows that there 334 

are minimal changes in the UV-Vis spectrum of Amp-AuNPs after incubation in nutrient 335 

broth. This suggest that the Amp-AuNPs did not aggregate or increase in size due to the 336 

binding of other molecules, which may be present in the nutrient broth, to the surface of 337 

the Amp-AuNPs. The Amp-AuNPs therefore remained stable in nutrient broth for 24 hr 338 

and can be used in antimicrobial assays. 339 
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 340 

Figure 8 UV-Vis spectra of Amp-AuNPs mixed with nutrient broth at zero h and after 24 h incubation. 341 

 342 

It was previously reported that Hypoxis-AuNPs demonstrated significant antibacterial 343 

activity against  P. aeruginosa, E. coli, S. epidermidis and S. aureus [19]. An MIC value 344 

of 32 nM was reported for Hypoxis-AuNPs against these four bacterial strains. With an 345 

MIC value of 32 nM, the antibacterial activity of Amp-AuNP against P. aeruginosa, E. 346 

coli, and S. aureus was similar to that of Hypoxis-AuNPs (Table 1). However, the 347 

antibacterial activity of Amp-AuNP against S. epidermidis was significantly higher than 348 

that of Hypoxis-AuNPs. The MIC value for Amp-AuNPs against S. epidermidis was 16 349 

nM compared to 32 nM for Hypoxis-AuNPs. It is also important to note that although the 350 

MIC values for Hypoxis-AuNPs and Amp-AuNPs against S. aureus was the same (32 nM), 351 

the percentage viability of the bacteria after treatment was 0% for Amp-AuNPs compared 352 

to 43% for Hypoxis-AuNPs. In this study, the antibacterial activity of both Hypoxis-AuNPs 353 

and Amp-AuNPs were also tested against Salmonella sp., MRSA and K. pneumoniae. The 354 

MIC values for Hypoxis-AuNPs against Salmonella sp., MRSA and K. pneumoniae was 355 

>32, 32 and 16 nM, respectively. However, while the MIC values for Hypoxis-AuNPs 356 
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against Salmonella sp., was >32 nM, the MIC values for Amp-AuNPs was 16 nM. 357 

Importantly the viability of Salmonella sp. treated with Amp-AuNPs was 0%. The similar 358 

MIC values for Amp-AuNPs and Hypoxis-AuNPs against MRSA and K. pneumoniae and 359 

P. pneumoniae may be due to the natural resistance of these bacterial strains against 360 

Ampicillin [42–44], which may have led to the exclusion of Ampicillin effect on these 361 

strains. It it worth noting that free ampicillin did no show any growth inhibition against all 362 

the bacterial strains at concentration up to 32 nM. This study demonstrate that the 363 

antibacterial activities of ampicillin and Hypoxis-AuNPs is significantly enhanced when 364 

ampicillin is conjugated to Hypoxis-AuNPs to form Amp-AuNPs. This enhanced 365 

antibacterial activity was not observed in all the bacterial strains tested. This points to a 366 

very specific mechanism of action which is probably dependent on the interaction of Amp-367 

AuNPs with the specific microorganism. 368 

Several studies reported the enhanced effect of antibiotics conjugated AuNPs in 369 

comparison to either AuNPs or free antibiotics [7, 14, 45]. Since the AuNPs are used as 370 

carriers of the antibiotic and since a single AuNP can carry several molecules of the 371 

antibiotic, Bhattacharya et al. suggested that it is possible that the increased activity may 372 

be the due to higher concentrations of the antibiotic inside the bacterial cells [11]. Hayden 373 

et al. also suggested that the electrostatic attraction between the AuNPs and the negatively 374 

charged bacteria cells may enhance the delivery of the antibiotic. The shift of the zeta 375 

potential to less negative values might have increased the electrostatic attraction between 376 

the AuNPs and the negatively charged bacteria cells, which in turn could have facilitated 377 

the deposition of Amp-AuNPs on the bacterial cell wall [46].  378 

 379 
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Table 1 MIC values (nM) of Hypoxis-AuNPs and Amp-AuNPs against the tested bacterial strains as obtained by the Alamar blue assay (calculated viability is shown in 380 
parentheses) 381 

Sample Tested 
Bacterial Strains 

S. aureus E. coli S. epidermidis Salmonella sp. MRSA P. aeruginosa K. pneumoniae 

Hypoxis-AuNPs  32 (43±5 %)*  32 (16±1 %)*  32 (20±1 %)* > 32 32 (21±3 %)* 32 (10±1 %)*  16 (22±5 %)* 

Amp-AuNPs  32 (0 %)  32 (10±2 %)*  16 (35±4 %)* 16 (0 %)* 32 (23±1 %)* 32 (23±6 %)*  16 (24±2 %)* 

Ampicillin (free form)  > 32 > 32 > 32 > 32 > 32 > 32 > 32 

* Statistical significance (p < 0.05) compared to the negative control. 382 

 383 

 384 

 385 

 386 
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3.7. Toxicity of Amp-AuNPs 387 

 388 

The toxicity of Hypoxis-AuNPs against human fibroblast cells were previously 389 

investigated to evaluate the safety of these AuNPs for application biomedical products [19]. 390 

KMST-6 cells were treated for 24 h with increasing concentrations (up to 32 nM) of 391 

Hypoxis-AuNPs and the viability of the cells were assessed using the MTT assay. It was 392 

shown that Hypoxis-AuNPs does not affect the viability of these cells. Amp-AuNPs were 393 

also subjected to the same testing to evaluate whether the toxicity of Hypoxis-AuNPs upon 394 

functionalization with ampicillin altered the toxicity of these AuNPs. Figure 9 shows that 395 

Amp-AuNPs did not induce cell death at any of the concentrations tested against KMST-6 396 

cells. Although further toxicity testing is required, these preliminary results suggest that 397 

Amp-AuNPs can be safely applied in the production of biomedical products. 398 

 399 

Figure 9 The effect of Amp-AuNPs on the viability of KMST-6 cells as determined by the MTT assay. 400 

 401 

 402 

 403 
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Conclusion 404 

 405 

In the present work, the drug ampicillin was successfully conjugated to the plant-derived 406 

AuNPs, Hypoxis-AuNPs. These AuNPs were synthesised from the plant H. 407 

hemerocallidea. The conjugation of ampicillin to Hypoxis-AuNPs was demonstrated by 408 

UV-Vis, DLS analysis, HRTEM, FTIR and FAB-MS analysis. The ampicillin conjugated 409 

Hypoxis-AuNPs, denoted as Amp-AuNPs showed enhanced antibacterial activity against 410 

several Gram-positive and Gram-negative bacteria. This study demonstrates the use on 411 

these plant-derived AuNPs as drug carriers. While the application of nanomaterials as drug 412 

carriers have been demonstrated, the use of biogenic AuNP can be even more advantageous 413 

due to their biocompatibility. Although preliminary studies suggest that Hypoxis-AuNPs 414 

and Amp-AuNPs are not toxic human cells, further testing is required. While this study 415 

investigated the use of Hypoxis-AuNPs as carriers for ampicillin, these AuNP can 416 

potentially also be used to transport are drugs. 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 
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Abstract:  

 

Macrophages and Natural Killer (NK) cells are phagocytic cells and are an integral part of the innate 

immune system. These cells produce pro-inflammatory cytokines in response to bacterial 

infections. However, prolonged inflammation can be a contributing factor in the etiology of several 

diseases such as rheumatoid arthritis, inflammatory bowel disease, multiple sclerosis, psoriasis 

and eczema. Reducing the secretion of pro-inflammatory cytokines is an effective treatment 

strategy for these conditions. Gold nanoparticles (AuNPs) have been shown to have 

immunosuppressive effects by lowering the production of the pro-inflammatory cytokines. This 

study reports the synthesis of AuNPs from hypoxoside, a major secondary metabolite in the 

Hypoxis hemerocallidea plant. H. hemerocallidea is used in traditional medicine as an 

immunophytotherapy. This study also describes the immunomodulatory effects of extracts 

prepared from the H. hemerocallidea plant, hypoxoside, as well as AuNPs produced from the 

extract and hypoxoside. The results show that these treatments can lower the pro-inflammatory 

cytokine levels in macrophages (IL-1β, IL-6 and TNF-α) and NK (IFN-γ) cells, and could thus be 

explored for the development of anti-inflammatory therapies. 

 

Keywords: Green nanotechnology, Gold nanoparticles, Hypoxis hemerocallidea, Hypoxoside, 

Anti-inflammatory, Innate immune cells, Cytokines, ELISA 

Introduction 

The function of the immune system is to provide protection against the invasion of foreign 

substances such as pathogens.1 In humans, the immune system also prevents the proliferation of 

tissues that can potentially be harmful, such as tumors and damaged tissues.2 The immune 

system can be separated into the innate and adaptive immune system. Macrophages and natural 

killer (NK) cells are part of the innate immune system, which is considered as the first line of 

defense. The function of macrophage and NK cells, which is mainly to phagocytose pathogens, is 

orchestrated by cytokines or interleukins (ILs).3 The modulation of the immune system, by altering 
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the secretion of ILs, is considered an integral part of new immunotherapies for the treatment of 

cancer, as well as bacterial and viral infections.4–9  

 

Immune responses are carefully controlled by the collective action of molecular pathways that 

either suppress or activate immune activation. A disturbance in this balance can result in 

increased susceptibility to infections, chronic inflammation or autoimmune diseases depending on 

whether the immune system is overly active or suppressed.10 Immunomodulatory drugs that can 

stimulate or suppress immune responses can be used for the treatment of such immune 

disorders. For instance, drugs that suppress the immune system can be useful in the treatment of 

inflammatory disorders, such as rheumatoid arthritis, inflammatory bowel disease, multiple 

sclerosis, psoriasis and eczema.11 

 

Bacterial infections stimulate the macrophages and NK cells to secrete pro-inflammatory 

cytokines, e.g. IL-1β, TNF-α and IFN-γ, to aid in the infiltration of the immune cells into the 

infected tissue.12 In some cases however, persistent inflammation (chronic inflammation) can lead 

to undesired complications.13 In chronic inflammation, continual recruitment of innate and 

adaptive immune cells leads to the production of high levels of pro-inflammatory 

modulators.14 Patients with chronic inflammation can be susceptible to several diseases such as 

diabetes, cancer, inflammatory bowel syndrome and rheumatoid arthritis.15 Anti-inflammatory 

agents, therefore, can prove useful in the management of bacterial infections.16 Several 

nanomaterials are emerging as promising agents for application immune modulation.17 Gene 

expression analysis showed that the expression levels of several cytokines including IL-1β, IL-6 

and TNF-α was affected in rats after the animals were injected with Gold nanoparticles 

(AuNPs).18 Citrate-AuNPs, on the other hand, exhibited anti-inflammatory responses by 

downregulating the cellular response induced by IL-1β both in vivo and in vitro.19  

 

Nanoparticles can be formulated using several physical and chemical techniques. 20 However, the 

green synthesis of nanoparticles using plants is gaining interest to avoid using toxic materials. 21 
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The synthesis of biogenic gold nanoparticles (Hypoxis-AuNPs) from Hypoxis hemerocallidea 

extracts was previously described.22 These AuNPs were found to inhibit the growth of several 

bacterial strains known to cause chronic wound infections. It is likely that nanoparticles 

synthesized from the plant extract could have similar bioactivities to the extract. This depends on 

whether phytochemicals responsible for the bioactivities of the plant extract are also involved in 

the synthesis of the NPs. Plant-derived NPs can enhance the bioavailability and biological activity 

of the phytochemicals responsible for the bioactivity.23–25  

 

H. hemerocallidea, commonly known as African Potato, is a wild tuberous plant that is native to 

the southern parts of Africa.26 The plant has several medicinal uses and is considered the best-

known medicinal plant among South Africans.27 It is claimed that H. hemerocallidea can be used 

as a an immune modulation phytotherapy in the management of immune related diseases such 

as the common cold, flu, rheumatic arthritis, cancer and HIV/AIDS.28 H. hemerocallidea is also 

used by traditional healers to treat hypertension, diabetes, psoriasis, ulcers, urinary infections, 

tuberculosis, asthma and central nervous system disorders.29,30 Researchers reported that H. 

hemerocallidea showed antibacterial, antioxidant and anticancer activities.31,32 Animal studies 

have shown that the aqueous extract of H. hemerocallidea have anti-inflammatory activities. This 

was demonstrated by the ability of H. hemerocallidea to inhibit the acute inflammation in rats 

induced by egg albumin.29 The anti-inflammatory activity of H. hemerocallidea was attributed to 

the ability of extracts from this plant to inhibit the synthesis of inflammatory mediators.33     

 

Hypoxoside is an important and well-studied phytochemical that is found in the corms of H. 

hemerocallidea.34 This unique norlignan diglucoside can be found abundantly in several Hypoxis 

spp. and was used as an analytical marker to investigate the authenticity of the Hypoxis spp. and 

their products.35 Hypoxoside is a prodrug, which, upon its hydrolysis by the gastric lysosomal 

enzyme, β-glucosidase, is converted to the biologically active aglycon form, rooperol.33 This 

conversion of hypoxoside to rooperol can also occur in tumor tissues and inflammatory sites, 

where lysosomal enzymes including β-glucosidase can be released by cancer cells or the 
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activation of macrophages.36 Studies have shown that rooperol exhibits strong antioxidant, 

anticancer and antibacterial activities.37–40 Rooperol was also shown to have potent anti-

inflammatory action. It has been suggested that the increased production of reactive oxygen 

species (ROS) and nitric oxide (NO) in response to rooperol treatment is responsible for its anti-

inflammatory activity.41 Derivatives of rooperol have been shown to inhibit the production of 

several pro-inflammatory ILs in stimulated human macrophages.42   

 

Since extracts of H. hemerocallidea has been shown to have immune modulatory activities, it is 

possible that the NPs produced from this plant may also have immune modulatory activities. This 

study reports for the first time the synthesis of AuNPs from hypoxoside (Hy-AuNPs) as well as the 

immune modulatory activities of the extract of Hy-AuNPs and Hypoxis-AuNPs using cell culture 

models of macrophages and NK cells. The study also compares the immune modulatory activities 

the AuNPs to H. hemerocallidea extract and hypoxoside. 

 

Material and methods 

Isolation of hypoxoside   

An ethanolic extract of the H. hemerocallidea was acquired from Afriplex Pty Ltd. (Paarl, South 

Africa). This extract was concentrated and partitioned with ethyl acetate. The ethyl acetate 

fraction (5.0 g) was separated by chromatography on a Sephadex LH-20 column using a 

Methanol:H2O mixture 1:1 (v/v)  to isolate the fraction containing hypoxoside. The fraction 

containing hypoxoside was further purified using Prep-HPLC (Waters model, Milford, MA, USA) 

equipped with Waters 2535 Quaternary Gradient Module pump, a manual injector and variable 

wavelength detector (Waters 2489 UV-Vis detector). A C18 YMC column (5 µM, 250 × 30 mm) 

was used and separation was monitored at 254 nm. The elution was performed using 

Methanol:H2O (1:1, v/v) solvent mixture at a flow rate of 5 mL/min. The 1H and 13C NMR spectra 

of the isolated hypoxoside correlated with the spectra described by Nair and Kanfer. 35  
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Biosynthesis and characterization of AuNPs  

The synthesis of Hypoxis-AuNPs (AuNPs synthesized from H. hemerocallidea extract) was done 

using a method previously described.22 A similar protocol was followed for the synthesis of Hy-

AuNPs (AuNPs synthesized using hypoxoside) with slight modification. Sodium tetrachloroaurate 

(III) dihydrate (Sigma Aldrich, St. Louis, MO, USA) was mixed with hypoxoside (1.0 mg/mL) in a 

ratio of 5:1 (v/v). The mixture was stirred (40 rpm) for 2 h, centrifuged and the AuNPs were 

obtained in the pellet. The AuNPs were washed trice with distilled water. A POLARstar Omega 

microtitre plate reader (BMG Labtech, Ortenberg, Germany) was used to monitor the 

characteristic Localized Surface Plasmon Resonance (LSPR) peaks of the AuNPs. The 

morphology and the elemental composition of the AuNPs were investigated by High Resolution 

Transmission Electron Microscope (HRTEM) using the FEI Tecnai G2 20 field-emission gun 

(FEG) equipped with an Electron Diffraction X-ray (EDX) liquid nitrogen cooled Lithium doped 

Silicon detector. A suspension of AuNPs’ was deposited onto copper grids, which was then air-

dried. The images obtained were analyzed using ImageJ 1.50b version 1.8.0_60 

(http://imagej.nih.gov/ij). Dynamic Light Scattering (DLS) analysis was done using a Malvern 

Zetasizer Instrument (Malvern Ltd., UK) at 25 °C and a 90° angle. The chemical functional groups 

of hypoxoside and Hy-AuNPs were studied using a PerkinElmer spectrum two Fourier-Transform 

Infrared (FTIR) spectrophotometer (Waltham, MA, USA) as described previously.43  

Evaluating the stability of the AuNPs  

The stability of Hypoxis-AuNPs and Hy-AuNPs in RPMI 1640 and α-MEM (Gibco, UK) cell culture 

media were tested as described previously.22 The stability of the AuNPs was evaluated by mixing 

the AuNPs and the cell culture medium at 1:1 ratio and incubating the mixture at 37 °C for 24 h. 

The mixtures of the AuNPs and the cell culture medium were subjected to UV-Vis analysis after 

the 24 h period.  
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Cell culture  

The human leukemic monocyte cell line (THP1) (kindly provided by Prof. Samantha Sampson, 

from the Host-Pathogen Mycobactomics group at Stellenbosch University) was maintained in 

RPMI 1640 containing 50% Fetal Bovine Serum (FBS) (Lonza, Walkersville, MD, USA) and 1% 

penicillin–streptomycin (Lonza, Walkersville, MD, USA). The human Natural Killer cell line, NK92, 

was obtained from American Type Culture Collection (ATCC) and maintained in α-MEM 

supplemented with 12.5% FBS, 12.5% horse serum (Sigma-Aldrich, Cape Town, South Africa), 

200 U/mL recombinant IL-2 (R&D systems, MN, USA), 0.1 mM 2-mercaptoethanol and 1% 

penicillin–streptomycin. The cells were cultured in a 37°C humified incubator at 5% CO2 

saturation.  

Differentiation of THP1 cells 

Differentiation of THP1 cells into macrophage-like cells was done using 25 nM phorbol 12-

myristate 13-acetate (PMA) (Sigma Aldrich, St. Louis, MO, USA) as previously described.44 The 

cells were seeded in a 96-well plate (Greiner Bio-one GmbH, Frickenhausen, Germany) at a 

density of 2 × 105 cells/100 µL/well. The cells were treated for 2 days with 25 nM PMA to induce 

cell differentiation. PMA induced macrophage-like phenotypic changes were confirmed by optical 

microscopy.  

Determining the toxicity of extracts and AuNP in THP1 and NK92 

cells 

The effects of the H. hemerocallidea aqueous extract, hypoxoside, Hypoxis-AuNPs and Hy-

AuNPs on the cell viability of NK92 and PMA differentiated THP1 cells were determined using the 

WST-1 Cell Proliferation Assay as recommended by the manufacturer (Roche Diagnostics 

GmbH, Mannheim, Germany). The cells were treated for 24 h with increasing concentrations of 

H. hemerocallidea extract, hypoxoside and the AuNPs. The concentrations of the H. 

hemerocallidea extract and hypoxoside were 30, 60, 120, 240 and 480 µg/mL, while the 
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concentrations of Hypoxis-AuNPs and Hy-AuNPs were 1, 2, 4, 8, 16, 32 nM. To compensate for 

any interference from the AuNPs on the assay, background controls were included as previously 

described.22 

Measurement of cytokine responses in THP1 and NK92 cells 

NK92 and PMA differentiated THP1 cells were seeded at a density of 2 × 105 cells/100 µL/well in 

24-well cell culture plates. After 24 h, the THP1 cells were exposed for 6 h to cell culture medium 

containing 10 µg/mL Lipopolysaccharide (LPS). Based on the results of the WST-1 Cell 

Proliferation Assay, concentrations of H. hemerocallidea aqueous plant extract (240 µg/mL), 

hypoxoside (240 µg/mL), Hypoxis-AuNPs (16 nM) and Hy-AuNPs (16 nM) that were not toxic to 

the cells were identified. The NK92 and LPS activated THP1 cells were subjected to these 

treatments for 18 h after removing the LPS containing medium. The negative controls were cells 

that were not treated any way, while the positive controls for THP1 cells were cells that were 

treated for 6 h with LPS, which was replaced afterwards with cell culture medium for 18 h. After 

24 h, the supernatants were collected from all wells. The samples were centrifuged at 10000 rpm 

for 15 min using an Eppendorf 5417 R Centrifuge equipped with F-45-30-11 rotor (Eppendorf, 

Hamburg, Germany) to remove any cells and the AuNPs. The presence of IL-1β, IL-6 and TNF-α 

in the supernatants collected from THP1 cells were assessed using MaxDiscovery™ ELISA kits 

(Bioo Scientific, TX, USA). The cytokines concentrations were measured according to the 

manufacturer’s protocol. Supernatants from NK92 cells were analyzed for the presence of IFN-γ. 

Statistical analysis  

Data were expressed as the mean ± standard deviation of the three replicates. Statistical analysis 

was conducted using the GraphPad Prism 6 and two-tailed Student’s t-test. Differences among 

three or more groups were analyzed by one- or two-way analysis of variance. Differences with p 

< 0.05 were considered to be statistically significant.  
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Results and discussion 

Biosynthesis of AuNP using hypoxoside  

The synthesis and characterization of Hypoxis-AuNPs using the water extract of H. 

hemerocallidea to reduce gold(III) chloride was previously reported.22 Hypoxoside is a unique 

glycoside and a major phytochemical component of H. hemerocallidea extracts. It was reported 

that glycosides can reduce gold(III) chloride to AuNPs,45 and it is therefore possible that 

hypoxoside was involved in the synthesis of Hypoxis-AuNPs. Here the study investigated whether 

hypoxoside can reduce gold(III) chloride and found that hypoxoside was able to reduce gold(III) 

chloride resulting in the formation of Hy-AuNPs. The optimal synthesis conditions (temperature, 

concentration of hypoxoside and the time of synthesis) was established using the same methods 

described previously for the synthesis of AuNPs from plant extracts.46 The UV-Vis spectrum for 

Hy-AuNP showed absorption maximum (λmax) at around 534 nm (Figure 1), which is within the 

range of the visible spectrum (500 - 600 nm) and the characteristic λmax for spherical AuNPs.47 

The optimal synthesis time was established by measuring changes the in λmax over time (Figure 

1A). A sharp increase in absorbance (up to about 1.1 absorbance units) was detected between 0 

and 20 min, however the increase in absorbance from 20 to 120 min was moderate since the 

absorbance units only increased from 1.1 to 1.25 over this time period (Figure 1B). Yulizar et al 

suggested that an increase in absorbance reflect an increase in AuNP number.48 This implies that 

the number of Hy-AuNPs increased over the 120 min time period, but that the formation of new 

seeds (nucleation) of Hy-AuNPs occurs mainly within 20 min from the start of the reaction. While 

λmax at 60 and 120 min is around 534 nm, the λmax at earlier time points 10, 20 and 40 min 

appears to be red-shifted. Moreover, the absorbance peaks produced at 10, 20 and 40 min also 

appeared to be much broader. Yulizar et al also suggested that the shape of absorbance peaks is 

mainly determined by the morphological characteristics of the AuNPs.48 It can therefore be 

postulated that the growth of Hy-AuNPs, which follows the nucleation step, occurs after 20 min, 

reaching the final energetically stable form at 120 min. 
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The Z-average size of Hy-NPs was 26 ± 2 nm as determined by the DLS analysis. The size 

distribution by intensity was bimodal. Small nanoparticles with an average diameter of 1.5 ± 0.5 

nm and larger nanoparticles with an average diameter of 56 ± 33 nm can be observed in Figure 

2. The zeta potential of Hy-NPs was −23. Such low zeta potential value has been shown to 

indicate colloidal stability of AuNPs due to the repulsive force between the particles. 49 It can thus 

be concluded that the Hy-NPs are stable in solution. 

 

The HRTEM images in Figure 3 show the quasi-spherical shape of Hy-AuNPs (Figure 3A and 

3B). The particle size distribution of Hy-AuNPs determined from the HRTEM images (using 

ImageJ software) showed that most of the particles are between 24 to 28 nm in diameter (Figure 

3C), which is in accordance with the DLS analysis. Moreover, the SAED pattern of Hy-AuNPs 

confirmed their polycrystalline nature as indicated by the presence of the bright rings 

corresponding to (111), (200), (210), (311) and (222) of the face centered cubic structure of gold 

(Figure 3D), as previously reported.50 The lattice fringes of the Hy-AuNPs had a distance of 0.271 

nm, which corresponds to the (111) orientation of gold (Figure 3E).51 Additional confirmation 

about the bio-reduction of gold(III) chloride to form AuNPs was presented by the appearance of 

elemental Au peaks in the EDX profile of Hy-AuNPs (Figure 3F).      

   

FTIR analysis was applied to investigate the possible functional groups in the structure of 

hypoxoside that is involved in the synthesis of Hy-AuNPs. Figure 4 shows the FTIR spectra of 

both hypoxoside and Hy-AuNPs. The FTIR spectrum of hypoxoside is similar to the spectrum 

reported previously.35 The C–H rocking vibration is shown by the absorption bands at 801 and 

890 cm-1 and the C–H bending at 2884 cm-1. The absorption bands at 1246 and 3280 cm-1 

represent the bending and stretching alcoholic O–H, respectively. The peaks at 890 and 1070 cm-

1 denote the out of plane C–H attached to a carbon through a double bond (C=C–H). The sharp 

absorption bands at 1510 and 1586 cm-1 indicate the C=C in aromatic ring. It is expected that 

hypoxoside will undergo oxidation to reduce gold(III) chloride, which should be manifested in the 

FTIR spectrum of Hy-AuNPs. It was reported that C–6–OH in the sugar unit of glycosides is 
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readily oxidized into carboxylic acid upon reaction with gold(III) chloride.45 Interestingly, the FTIR 

spectrum of Hy-AuNPs showed a very broad band starting from 3000 to 1750 cm-1, which may be 

a result of the stretching the O–H group of carboxylic acid, which is a characteristic band of 

carboxylic acids that overlap other peaks of other functional groups.52 Moreover, Hy-AuNPs 

showed two bands at 3770 and 3703 cm-1, which may be the result of the shift of both the 

alcoholic O–H and the bending C–H groups (from 3280 and 2884 cm-1, respectively, as shown in 

the FTIR spectrum of hypoxoside). This huge shift is caused by strong hydrogen bonding of the 

functional groups involved and is sometimes detectable in systems that are in a complex.53   

From the above, it can be hypothesized that the reduction of gold(III) chloride by hypoxoside was 

mainly mediated through the oxidation site at C–6–OH, which is converted into carboxylic acid. 

Secondly, the alcoholic O–H groups of hypoxoside were responsible for the stabilization of Hy-

AuNPs by means of chemisorption with the growing Au seeds.  

 

Furthermore, the results indicate that hypoxoside might have contributed largely to the synthesis 

of AuNPs from the H. hemerocallidea water extract. This is evident from the similar 

physicochemical characteristics reported here for Hy-AuNPs and those reported previously for 

Hypoxis-AuNPs.22 However, because of the longer incubation time needed for the synthesis of 

Hy-AuNPs and for the difference in the average size, hypoxoside may not be the sole contributor 

in the synthesis of Hypoxis-AuNPs.  

 

The immunomodulation activity of H. hemerocallidea, 

hypoxoside and AuNPs 

H. hemerocallidea is used in traditional medicine for the treatment of immune related diseases 

and it has been shown that extracts of H. hemerocallidea have anti-inflammatory activity 

(Ojewole, 2006). It has been suggested that the immunomodulatory effects of H. hemerocallidea 

can be ascribed to the bioactivity of rooperol, which is formed when hypoxoside, a major 

constituent of the H. hemerocallidea plant, is hydrolyzed (Owira and Ojewole, 2009). It is 
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demonstrated here for the first time that hypoxoside can reduce gold(III) chloride to form Hy-

AuNPs. It has also been demonstrated that metal-based nanoparticles have immune modulatory 

effects.17 Herein, the immunomodulatory effects the AuNP that has been synthesized from H. 

hemerocallidea (i.e. Hypoxis-AuNPs) and Hy-AuNPs are investigated using macrophage and NK 

cell cultures. In vitro immunomodulatory assays require that the treatments with the AuNPs be 

done in cell culture medium. Cell culture media contain proteins, peptides, amino-acids, 

carbohydrates, minerals and buffering agents. If any of these media constituents react with the 

AuNPs, the biophysical properties of the AuNPs will be altered. This can also cause the AuNPs to 

aggregate. For this reason, the stability of the AuNPs was investigated in α-MEM and RPMI cell 

culture media. This involved placing Hypoxis-AuNPs and Hy-AuNPs in α-MEM and RPMI medium 

for a period of 24 h and to determine if the UV-vis spectra of the AuNPs change over this period 

as described previously.54 Changes in UV-Vis AuNPs, more specifically the red shift or 

broadening of the adsorption peaks, can indicate increase or decrease in the size of AuNPs or 

the aggregation of AuNPs.55 Figure 5 shows that α-MEM and RPMI media did not affect the UV-

Vis spectra of Hypoxis-AuNPs and Hy-AuNPs. This implies that Hypoxis-AuNPs and Hy-AuNPs 

were stable in these media.  

 

The immunomodulatory effects of the H. hemerocallidea plant extract, hypoxoside, Hypoxis-

AuNPs and Hy-AuNPs were evaluated in THP1 and NK92 cell lines. Monocytes and NK cells are 

an integral part of the innate immune system, in part by producing several ILs that exert their 

functions on other cells and thus control immune responses to infections.56 The toxicity of the H. 

hemerocallidea plant extract, hypoxoside, Hypoxis-AuNPs and Hy-AuNPs to THP1 and NK92 

cells was determined using the WST-1 viability assay (Figure 6). This was done to determine if 

the AuNPs, extract and hypoxoside were toxic to these cells. The concentrations of Hypoxis-

AuNPs and Hy-AuNPs ranged from 1 to 32 nM, while the concentrations of H. hemerocallidea 

plant extract and hypoxoside, ranged from 30 to 480 ug/mL. The viability of THP1 cells were 

unaffected by Hypoxis-AuNPs and Hy-AuNPs, while the viability of NK92 cells were only 

significantly affected by Hypoxis-AuNPs and Hy-AuNPs at the highest dose, 32 nM. The viability 
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of NK92 cells was reduced to around 15% when treated with 32 nM Hypoxis-AuNPs or Hy-

AuNPs. NK92 cells were unaffected by H. hemerocallidea plant extract and hypoxoside, while 

THP1 cells were only significantly affected by hypoxoside at the highest dose, 480 nM. Based on 

this data 16 nM of Hypoxis-AuNPs or Hy-AuNPs and 240 µg/mL of hypoxoside or H. 

hemerocallidea plant extract were selected to investigate the immunomodulatory effects of the 

extracts and AuNPs on THP1 and NK92 cells. This is the first time that the immune modulatory 

effects of the H. hemerocallidea plant extract and hypoxoside has been studied in this way using 

in vitro culture of macrophages and NK cells. 

 

Prior to treatment with the extract, hypoxoside and AuNPs, THP1 cells were induced to 

differentiate into macrophage-like cells using PMA. After exposure to PMA, the differentiated 

THP1 cells were treated with LPS, a bacterial endotoxin that has been used to trigger pro-

inflammatory response in macrophage-like THP1 cells.57 It has been shown that LPS can activate 

the secretion of pro-inflammatory cytokines, which includes IL-1β, IL-6, TNF-α and IFN-γ.58 IL-1β 

is considered a key mediator between the innate and the adaptive immune cells as it activates 

the antigen-presenting cells, which in turn leads to the production of aggressive adaptive immune 

cells against infections.59 TNF-α is one of the early cytokines released from macrophages after 

infections and is considered a “master regulator” of other pro-inflammatory cytokines.60 IL-6 is 

another important immune system regulator, but with both pro- and anti-inflammatory actions.61 It 

was shown that the pleiotropic effect of IL-6 depends on the activation of either one of its two 

signaling pathways.61 The relationship between IL-6 and bacterial infections is well established. 

Indeed, increased IL-6 levels are considered a diagnostic marker for early bacterial infections.62 

Differentiated THP1 cells treated with LPS for 6 h, showed a significant increase in IL-1β, IL-6 

and TNF-α levels, when compared to THP1 cells that were not treated with LPS (negative 

control) (Figure 7). Differentiated THP1 cells that were also stimulated with LPS for 6 h and then 

treated for 18 h with Hypoxis-AuNPs, Hy-AuNPs, hypoxoside or H. hemerocallidea plant extract 

showed a significant decrease in IL-1β and TNF-α levels when compared to THP1 cells that were 

treated with LPS only (LPS control). It was shown that at these doses of Hypoxis-AuNPs, Hy-
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AuNPs, hypoxoside and H. hemerocallidea plant extract are not toxic to the cells, which suggests 

that these treatments exert an anti-inflammatory response in THP1 macrophage-like cells.  

IL-6 responses in THP1 cells were also significantly reduced when the cells were treated with the 

H. hemerocallidea plant extract. However, treatments with Hypoxis-AuNPs, Hy-AuNPs and 

hypoxoside did not significantly affect IL-6 responses in THP1 cells. In fact, treatment of THP1 

cells with Hy-AuNPs and hypoxoside resulted in a moderate increase in IL-6 level when 

compared to cells that were treated with LPS only for 6 h. However, this increase was not 

significant. Higher doses of Hy-AuNPs and hypoxoside or a longer treatment may result in 

significant increase of the IL-6 response.  

 

The immunomodulation effect of H. hemerocallidea, Hypoxoside 

and their AuNPs on NK92  

The effects of Hypoxis-AuNPs, Hy-AuNPs, hypoxoside and H. hemerocallidea plant extract on 

cytokine responses in NK92 cells, more specifically IFN-γ, were also investigated. IFN-γ is a 

major effector cytokine that is mainly produced by NK cells in response to viral and bacterial 

infections.63 The treatment of NK92 cells with Hypoxis-AuNPs, hypoxoside and H. hemerocallidea 

plant extract did not alter the production of IFN-γ levels when compared to the untreated negative 

control cells (Figure 7). However, IFN-γ production was significantly reduced in NK92 cells 

treated with Hy-AuNPs. The IFN-γ levels in Hy-AuNPs-treated cells were 13 ± 7 pg/mL, 

compared to 84 ± 17 pg/mL for the untreated cells. It has been reported that IFN-γ increase the 

production of pro-inflammatory cytokines, including IL-1β and TNF-α.64 In this context, the effects 

of Hy-AuNPs on NK92 cells can be viewed as an anti-inflammatory response. Interestingly, the 

free hypoxoside or any of the other AuNPs did not downregulate the production IFN-γ compared 

to the Hy-AuNPs. It can be postulated that hypoxoside might have undergone chemical 

modification upon oxidation with the gold(III) chloride, which might have converted it to a more 

active form. It is known from the literature for example that hypoxoside can be converted to 

rooperol upon hydrolysis. The FTIR data in this study also suggest major modification in the 
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chemistry of hypoxoside after AuNPs synthesis. This can only be confirmed by performing more 

sophisticated spectroscopic analysis of the hypoxoside and the Hy-AuNPs. It is also worth noting 

that IL-2, used in culturing the NK92 cells, can cause elevated IFN-γ production, and that might 

be the reason for the moderately elevated levels of this cytokine in the negative controls in our 

study.65,66 

 

Inflammation is considered an essential mechanism of the innate immune system to control 

pathogens and bacterial infections.67 The increased production of pro-inflammatory cytokines 

during infections triggers a cascade of events that result in the infiltration of infected tissues by 

innate immune cells.13 However, the overproduction of the pro-inflammatory cytokines in 

response to infections may also have severe adverse health effects. Irreversible damage to the 

inflamed tissue can occur due to the release of lytic enzymes or through oxidative stress.13 

Elevated IL-1β levels are associated with several inflammatory disorders including rheumatoid 

arthritis and psoriasis.19 Lowering TNF-α production is also a key therapy for rheumatoid 

arthritis.68 Inflammatory disorders, such as rheumatoid arthritis, inflammatory bowel disease, 

multiple sclerosis, psoriasis and eczema can benefit from anti-inflammatory therapies. This study 

demonstrated the anti-inflammatory responses of Hypoxis-AuNPs, Hy-AuNPs, hypoxoside and H. 

hemerocallidea plant extract in THP1 cells. It also found that Hy-AuNPs has an anti-inflammatory 

response in NK92 cells. 

 

Conclusion 

This study demonstrates for the first time the biosynthesis of AuNPs using hypoxoside, which was 

isolated from H. hemerocallidea. The physicochemical properties of Hy-AuNPs were similar to 

that of Hypoxis-AuNPs, which was synthesized from the water extracts of H. hemerocallidea. This 

may suggest that hypoxoside is involved in the synthesis of Hypoxis-AuNPs. Water extracts of H. 

hemerocallidea and hypoxoside reduced the secretion of pro-inflammatory cytokines in the 

macrophage cell line THP1. This finding lends support to the traditional use of the plant in the 
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treatment of inflammation. Hypoxis-AuNP and Hy-AuNP also reduced the secretion of pro-

inflammatory cytokines in THP1 cells. Hy-AuNP was the only treatment that affected cytokine 

responses in NK92 cells by significantly reducing IFN-γ secretion. These AuNPs can be explored 

further as anti-inflammatory treatments. Metallic nanoparticles are commonly used for skin care 

and dermatological treatments. Considering that this study shows that Hypoxis-AuNP and Hy-

AuNP have anti-inflammatory properties, these nanoparticles can potentially be used in the 

development of topical treatments for the autoimmune skin conditions such as psoriasis and 

eczema. To fully understand their activities on the immune system, it is recommended to evaluate 

the immunomodulatory effects of H. hemerocallidea, hypoxoside and their AuNPs on immune 

cells isolated from blood and in animal models.  
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List of figures 

 

Figure 1 Optimization of reaction time for the synthesis of AuNPs using hypoxoside (i.e. Hy-

AuNPs). (A) shows the UV-Vis spectra recorded as a function of time (0 -120 min) of Hy-AuNPs; 

(B) shows the λmax values of Hy-AuNPs as a function of time. 

 

 

Figure 2 The hydrodynamic diameter of Hy-AuNPs displayed by intensity as determined by the 

DLS analysis. 
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Figure 3 HRTEM analysis of Hy-AuNPs. (A) and (B) show HRTEM images at a magnification of 

0.2 µm and 50 nm, respectively. (C) shows particle size distribution determined from the HRTEM 

images using ImageJ software, (D) shows SAED pattern, (E) shows lattice fringes and (F) shows 

EDX spectra. 

 

Figure 4 FTIR spectra of hypoxoside and Hy-AuNPs. 
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Figure 5 UV-Vis spectra of Hypoxis-AuNPs and Hy-AuNPs before and after 24 h incubation in 

the presence of α-MEM and RPMI cell growth media. 

 

Figure 6 The effect of H. hemerocallidea, hypoxoside, Hypoxis-AuNPs and Hy-AuNPs on the 

viability of NK92 cells and PMA differentiated THP1 cells as determined by WST-1 assay.  

*Statistically significant (p ˂ 0.05) compared to the negative control.  
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Figure 7 Quantification of cytokines release from THP1 and NK92 cells following treatment with 

H. hemerocallidea extract, Hypoxoside, Hypoxis-AuNPs and Hy-AuNPs. (A) THP1 cells were 

stimulated with LPS for 6 h. The LPS containing medium was then replaced by the respective 

treatments and the cells were incubated for another 18 h, after which the cytokine production (IL-

1β, IL-6 and TNF-α) were quantified by ELISA. (B) NK92 cells were exposed to the respective 

treatments for 24 h, after which IFN-γ production was quantified by ELISA.   

¤ Statistical significance (p ˂ 0.05) compared to the negative control. 

‡ Statistical significance (p ˂ 0.05) compared to the 6 h treatment with LPS (LPS control). 
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CHAPTER SEVEN: GENERAL CONCLUSIONS AND 

RECOMMENDATIONS 

7.1 General Conclusions 
 

This study investigated the ability of several South African plants to biosynthesize 

AuNPs. The study described a facile and quick microtitre plate method to screen 

several plants for the AuNPs production. The reduction of the gold(III) chloride by the 

plant extracts was confirmed by the presence of the LSPR absorption peaks in the 

visible light region as shown by the UV-Vis analysis. It was shown also that only 

certain concentration of the plant extract (optimum concentration (OC)) can produce 

AuNPs with favourable sizes. This effect may be caused by the changes in the pH of 

the reaction medium, influenced by the concentration of the plant extract. The 

biosynthesis was optimized by changing the reaction conditions. The results showed 

that high temperature lead to the production of more monodispersed AuNPs. This was 

confirmed by the measurement of the particle sizes using the DLS technique and 

observing the morphology of the AuNPs using electron microscopy.  

The study also investigated the synthesis of biogenic AuNPs from two important South 

African medicinal plants, H. hemerocallidea and G. africana. The AuNPs from these 

two plants we mostly spherical in contrast to the AuNPs biosynthesized from the other 

studied plants. The FTIR spectra showed that the flavonoids and glycosides contents 

of G. africana and H. hemerocallidea, respectively, might be responsible for the 

biosynthesis of the AuNPs. 

The antibacterial investigation of H. hemerocallidea and G. africana against bacterial 

strains known to cause wound infection was done using in vitro cell viability 

colorimetric assay. The AuNPs from H. hemerocallidea (Hypoxis-AuNPs) showed 

antibacterial actions with MIC values lower than those of the AuNPs from G. africana 
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(Galenia-AuNPs) and the spherical citrate-AuNPs. These results indicate that the 

capping material (phytochemicals) play important part in the antibacterial activity of 

Hypoxis-AuNPs. Moreover, Hypoxis-AuNPs showed stronger antibacterial activity 

against Gram-negative bacterial strains selected in this study. This might indicate that 

the activity of Hypoxis-AuNPs is dependent on the cell wall composition of the 

bacterial strain.  

Furthermore, the study reported the functionalization of Hypoxis-AuNPs with 

ampicillin. Unlike Hypoxis-AuNPs, the LSPR peaks of Amp-AuNPs were red-shifted 

and the particle diameters were larger than Hypoxis-AuNPs. The FAB-MS data of 

Amp-AuNPs showed the fragmented ion of ampicillin. These results confirmed the 

conjugation of ampicillin on the surface of Hypoxis-AuNPs. The conjugated AuNPs 

(Amp-AuNPs) also demonstrated higher antibacterial activity than the free AuNPs 

(Hypoxis-AuNPs). These data suggest that Hypoxis-AuNPs can be effectively used as 

a drug carrier. 

The chemical study of H. hemerocallidea led to the isolation of the glycoside 

hypoxoside, a major metabolite of the Hypoxis species. Hypoxoside was able to 

generate AuNPs (Hy-AuNPs) with similar physicochemical characters to the Hypoxis-

AuNPs. Hence, it might be possible that this compound play a role in the synthesis of 

AuNPs from H. hemerocallidea as suggested by the FTIR data of Hypoxis-AuNPs. 

Also, the FTIR data of Hy-AuNPs showed that the reduction of gold(III) chloride by 

hypoxoside might be mediated by the oxidation of C–6–OH of its glucose unit.  

Furthermore, the immunomodulatory effects of Hypoxis-AuNPs and Hy-AuNPs was 

investigated by measuring the expression of several pro- and anti-inflammatory 

cytokines from LPS-induced macrophages and NK cells. The immunomodulatory 

evaluation of H. hemerocallidea and hypoxoside was also included in this study. The 

results showed that the plant extract, hypoxoside and their biogenic AuNPs reduced or 

had no effect on the production of several pro-inflammatory cytokines such as TNF-α, 

IFN-γ and IL-1β. This anti-inflammatory activity combined with the antibacterial 
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activity of the AuNPs can be useful in the management of chronic wounds infections 

and the persistent inflammation caused by the bacterial toxins.  

The AuNPs exhibited high stability when incubated with biological buffers and media, 

as shown by the minimum changes in their UV-Vis spectra over 24 h incubation period. 

Galenia-AuNPs, Hypoxis-AuNPs and Hy-AuNPs also showed no in vitro cytotoxicity 

on the normal human fibroblasts at the highest concentration tested (32 nM). Hypoxis-

AuNPs and Hy-AuNPs also did not induce cell death on macrophages at the same 

concentration. Hypoxis-AuNPs and Hy-AuNPs affected only the viability of NK cells 

at 32 nM. Still, the viability of NK was not affected at lower concentrations of the 

AuNPs. These results, therefore, confirmed the safety of the green synthesized AuNPs 

in vitro, which make them useful for possible biomedical application.  

 

7.2 Recommendations 
 

This study showed the effect of temperature and changing the plant extract 

concentration on the synthesis. However, the study can be also expanded to include the 

effect of the pH of the reaction medium on the synthesis by using suitable buffers. 

Moreover, it can be also useful to study the chemical synthesis of Hy-AuNPs using 

other spectroscopic characterization techniques such as nuclear magnetic resonance 

(NMR) to confirm the possible functional groups involved in the synthesis with greater 

accuracy. This can be done by comparing the NMR spectra of the free compound, Hy-

AuNPs and the reaction medium after centrifugation. This chemical information can 

be useful to understand the functional groups present on the surface of the Hy-AuNPs 

for any possible future conjugation studies.   

Further, it is known that other MNPs, especially silver NPs, can have potent 

antibacterial activity. It is therefore recommended to evaluate the possibility of H. 

hemerocallidea to synthesize silver NPs and to evaluate their antibacterial activity. 

Further antibacterial evaluations, such as biology TEM, can be used to investigate the 
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possible mechanisms of action (specifically on the cell wall) of the produced NPs. 

Moreover, it is postulated that AuNPs and other MNPs can exert their antibacterial 

activity by inducing the formation of ROS. Hence, studying the possibility of ROS 

production by the green synthesized AuNPs can further provide answers on their 

antibacterial mechanism of action.  

The wound healing properties of Hypoxis-AuNPs can be further expanded to include 

other biological assays to evaluate their role on the different stages of wound healing 

such as, collagen synthesis and cell migration. This evaluation can be expanded to 

include animal models. 

Animal models can also be used to investigate the toxicity of the biogenic in vivo. This 

can include the study of the biogenic AuNPs bio-distribution and accumulation and 

their mode of excretion.  

Finally, it was reported that the hydrolysed form of hypoxoside (rooperol) is more 

biological active. It is therefore advised to investigate the production of MNPs from 

rooperol and evaluate the biological activities of the produced NPs. 
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