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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 AuUNPs makes them useful in
the management of prolonged-inflammation caused-by bacterial infections.

The synthesis of AuUNPs 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



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 biologtcally 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<(Sykora-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 AuUNPs involves the use of
safe biological reagents that produce biocompatible and eco-friendly AuNPs (Khan et
al., 2013).



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. (Siddigi 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



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 repeorted-ihie-antimicrobial activities of AUNPs. The
antibacterial mechanism of the AuNPs s 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 (Muhling 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.,



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 produciton of-high-levels of pro-inflammatory modulators
(Meirow and Baniyash, 2017). Patienis 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



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 “werldwide -(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 (Pirvanescu etal., 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.



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 agueous 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.



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



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.



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®), is derived from the Greek
word “nanos” that means “very small or dwarf” (B. Ahmad et al., 2017). Thus, one
nanometre (nm) equals 10° 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 um (10,000 nm), whereas
the diameter of a DNA strand is about few nm. Atoms have diameters of tenths (10?)
of nm (Vo-Dinh, 2006).

Nanotechnology can be ‘defined as “‘the design, characterization, production and
application of materials, devices and systems hy 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 4" 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,



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 20" 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).
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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 e Dye-sensitized solar cells using e Automotive catalysts
TiO2 e Nanocrystalline Ni and metal hydrides for batteries

e Hy storage using metal hydrides

e Improved anode and cathode
materials for fuel cells

e  Thermal control fluids using Cu

Environmental catalysts, ceria in diesel

Healthcare/biomedical e Nanocrystalline drugs for easier
absorption
e Inhalable insulin
e Anticancer treatments
e Antioxidant drugs based-on

Ag-based antibacterial wound

dots dressings, ZnO fungicide

Drug-earriers for drugs with low water solubility

Au.for biolabeling and detection

Magnetic resonance imaging contrast agents using superparamagnetic

fullerenes Fe203
e  Sunscreens using ZnO and TiO2
Engineering e More efficient Thermal barrier e  Thermal spray coatings
coatings e | Cutting tools

e  Spark plugs
e  Delivery of herbicides

Automotive tires

Consumer goods

Packaging using silicates Glass coatings for antiglare mirrors using
TiO;

Ski wax

Sports goaods: tennis balls,

rackets using nanoclays

Water/stain-repellent textiles

Environmental o  Environmentally friendly antifouling

paints and coatings
e  Soil remediation using Fe

Self-cleaning glass
Antireflection coatings

Electronics e EMI shielding using conducting and

magnetic materials
e Electrically conductive plastics

e Light-emitting Si LED nanoparticles

for displays

Chemical-mechanical planarization alumina
Computer chips
Optical fibres based on Si




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).
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12,0 = 60,0

10,0 / 50,0

8,0 40.0

55,0

6,0 — - 00

4.0 5 20,07 ool 14,

2.0 ;//  r— 00 == 34

0,0 00114

2010 2014 2015 2020 2010 2014 2015 2022

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
(CNTSs) (Figure 1.4) (Bhatia, 2016).

13



NEMS/MEMS ‘

- Nanoparticles
Nanodevices

Denderimer

NEMS/MEMS ‘ |

Polymer

Micelles

Nanotechnology Drug conjugates

Nanostructured

Carbon
nanotubes

Nanomaterials

Metallic
nanoparticles

Non Polymer

Silica
nanoparticles

Quantumdots

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
(OD), 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).

Nanomaterials

Nanoparticles = Nanwires.,

“enanolubEselc,
sheets etc.

¥ N 4

Graphene'thin film 3D Polycrystal

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, SWCNTSs, or
multi-walled carbon nanotubes, MWCNTS) (Khan et al., 2017). MWNTSs can be more
than 100 nm in diameter, while SWNTSs 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).

SWCNT MWCNT

Figure 1.6 Graphene layer rolled into SWCNTs and MWCNTSs.

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).

C20

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).
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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).

Polymeric Nanoparticles

Nanocapsule Nanosphere

# Drug ", Polymer _© Surfactant

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).

Almost perfect solid lipid matrix Imperfect lipid matrix consisting of solid
and liquid lipids
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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, 1lI-V or IV-VI. For instance,
semiconductors NPs made from ZnO, ZnS, CdS, CdSe and CdTe are known as I1-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, eic.-and hencethey 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), coppér (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).

hv Electromagnetic

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 (Amax)
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 dmaxaround-530-nm-(Jain-etal., 2008). Also, a study by Link
and El-Sayed showed AmaxValues 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).
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Figure 1.13 UV-Vis spectra of 9, 22, 48 and 99 nm AuNPs showing of Amax 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).

Increasing particle size

>

e - —

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 nanaorads (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).

24



02 Seed '
l . 11 9 ) o

nereasing Aspect Ratio

400 560 600 700 800 900
Wavelength (nm)

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 AuUNPs 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 centrolting 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 includerholiow gold nanospheres and nanocages,
which have photothermal properties (Zhang, 2015). Because of their facile synthesis
compared to other morphologies, spherical AuUNPs 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 AuUNPs; (A) AuNSs,
(B) AuNRs and (C) AuNSPs (Jihyoun Lee et al., 2014).

Further, the size of the AuNPs.can determine theirrole 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 um) than those in
the endothelial lining of normal vessels, AUNPs can easily gain access to the tumour
mass th