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Abstract

Current research classifies Type 2 diabetes as most prevalent non-communicable diseases in South
Africa. Approximately 285 million people are affected globally with an expected increase to 595
million by the year 2035. Synthetic first-line drugs in the treatment of Type 2 diabetes, have been
shown to have an efficacy rate of approximately 43% as a result of poor drug uptake and
metabolism. Furthermore, given South Africa’s uniquely diverse botanical heritage, herbs
commonly used traditional medicine have shown promise in the treatment of Type 2 diabetes.
Artemisia afra, also known as African Wormwood, is one of the most widely used herbs in
traditional medicine. This specific species has been extensively studied and is believed to have an
effect on glucose uptake in addition to insulin productivity in the body. Drug delivery and uptake
systems are important aspects of precision medicine, the science of ensuring medication works
optimally for each individual, as they may bypass genetic factors as well as provide optimal
efficacy of these treatments. The aim of this study is therefore to produce encapsulated gold
nanoparticles from A. afra, by phytosynthesis, and determine their effect on glucose uptake in
hepatocytes in vitro as an alternative and/or additive treatment option. This study has shown that
bioactive compounds useful in the treatment of type 2 diabetes may be isolated from A. afra.
Furthermore, a nano-carrier formulation was produced from these compounds and evaluated in
this regard. Stable gold nanoparticle production was observed in this study and it was demonstrated
that the nanoparticles produced proved to have a positive effect on glucose uptake in vitro.
However, further studies are required to determine a toxic dosage of these gold nanoparticles and
to successfully isolate and identify the phytochemical responsible for the improved glucose uptake.
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CHAPTER 1

1. Introduction and Literature Review

The prevalence of type 2 diabetes mellitus (DM) has been steadily increasing
globally (Abdulfatai, et al. 2012). There is yet to be a cure found for this disease,
however lifestyle modifications, management of obesity, oral hypoglycemic
agents and insulin sensitizers deliver disease management and may improve a
patient’s health (Sheen. 2005). Metformin in particular is an insulin sensitizer
and recommended as a first line medication, especially in the case of obese
patients. It is a biguanide that aids in diabetes treatment by reducing insulin
resistance (Collier, et al. 2006).

An estimated 415 million adults were diagnosed and living with DM globally in
2015. This figure is expected to increase to around 642 million people living
with diabetes across the world by 2140 (Ogurtsova, et al. 2017).

1.1. Diabetes

Diabetes mellitus (DM) is a growing medical problem throughout the world that
is not only complex in nature but also fast growing in all countries (WHO, 1999).
According to the World health organization (WHO) diabetes can be defined as a
multifaceted group of disorders that impairs carbohydrates, fat and protein
metabolism. This is due to a lack of insulin secretion and/or reduced insulin
sensitivity of the tissue (WHO, 1999).
1|Page
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Secondary pathophysiological changes occur in multiple organ systems due to
the metabolic deregulation associated with DM (Dabe and Kefale, 2017). These
pathophysiological changes impose an immense burden on diabetic patients, as
well as on the health care systems around the world (Anderson, et al. 2015).

There are two main types of diabetes: Type 1 and type 2 diabetes. Type 1
diabetes is caused by an autoimmune destruction of β cells in the pancreas
through a T-cell mediated inflammatory response (insulitis) as well as a humoral
(B cell) response (Kharroubi and Darwish, 2015). Type 2 diabetes (T2DM) is a
result of insulin resistance patients and increases insulin-target tissues to demand
more insulin (Halban, et al. 2014). An increased demand in insulin coupled with
insulin resistance ensures that the increased demand for insulin would not be met
by the β cells of the pancreas as these cells are dysfunctional (Kharroubi and
Darwish, 2015).

DM is a persistent global health crisis that has been affecting populations
irrespective of their socioeconomic profile or geographic location (WHO, 2016).
The rate of morbidity and mortality due to this disorder is annually increasing
exponentially, despite many advances in the understanding and management of
the metabolic disorder (Dabe and Kefale, 2017).

It is a life-threatening condition and the increase in patients diagnosed with it is
due to a number of factors (Patil, et al. 2011). These may include population

2|Page

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

growth, urbanization, aging, mechanized life styles and the increasing
prevalence of obesity throughout the globe (Patil, et al. 2011).

1.1.1. Epidemiology of diabetes

Globally, the number of people living with T2DM is constantly increasing, with
80% of these people living in low- and middle-income countries (Global burden
of diabetes. 2011). However, T2DM incidence varies substantially from one
geographical region to another due to various environmental and lifestyle risk
factors (Abdulfatai, et al. 2012).

Figure 1.1. Mortality and age-standardized prevalence of diabetes statistics
in South Africa (WHO, 2019).

The World Health Organization (WHO) estimates that about 6% of South
African deaths are caused by diabetes (Figure 1) and this number is expected to
3|Page
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increase over the next few years. WHO also estimated that Asian countries that
are more densely populated, such as India and China, will have an expenditure
of more than US$1 trillion annually for the treatment of T2DM and its
complications (Dabe and Kefale, 2017). This is due to the huge increase of
diabetic cases foreseen by 2030 (Wild, et al. 2004).

1.1.2. Type 2 Diabetes Mellitus

The characterization of T2DM by insulin insensitivity due to its insulin resistance
leads to a decrease in glucose transport to its target cells, such as the liver, muscle
cells, and fat cells, ultimately leading to an increase in fat breakdown through
hyperglycemia (Fujioka. 2007). This dysfunction is not suppressed with a meal
and leads to a rise of glucagon and hepatic glucose levels (Abdulfatai, et al.
2012).

1.1.3. Screening and diagnosis of type 2 diabetes

Screening and diagnosis of T2DM is based on the American Diabetic
Association (ADA) guidelines of 1997 or World Health Organization (WHO)
National diabetic group criteria of 2006 (Abdulfatai, et al. 2012). It is based off
a single raised glucose reading with symptoms, such as polyuria, polydipsia,
polyphagia and weight loss (Expert Committee on the Diabetes and
Classification of Diabetes Mellitus, 1997). If this is not the case, it is based on
raised values on two occasions (Cox and Elelman, 2009). This may be of either
4|Page
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fasting plasma glucose (FPG) =7.0 mmol/L (126 mg/dL) or with an oral glucose
tolerance test (OGTT), which is done two hours after the oral dose a plasma
glucose =11.1 mmol/L (200 mg/dL) (Cox and Elelman, 2009).

The International Expert Committee (IEC) recommended in 2009 that additional
diagnostic criteria of an HbA1c result = 6.5% for DM be used. This committee
suggested that the term pre-diabetes be phased out completely, however
identified the range of HbA1c levels = 6.0% and <6.5% be used to identify
individuals at high risk of developing DM (International Expert committee,
2009).

1.2. Disease Management

A number of therapeutic measures are currently in place to treat T2DM (Dabe
and Kefale, 2017). These include the use of insulin and other agents, such as
amylin analogues, alpha glycosidase inhibitors, sulphonylureas, and biguanides
(Ghazanfar, et al. 2014). These drugs also often run the risk of having certain
adverse effects (Dabe and Kefale, 2017). At higher doses, many of these
therapeutics often cause hypoglycemia, liver problems, lactic acidosis and
diarrhea (Ghazanfar, et al. 2014). Many herbal medicines have been
recommended over many years for the treatment of diabetes by people
worldwide (Dabe and Kefale, 2017). Herbal drugs are often more effective and
have fewer side effects than other therapeutics. It is also relatively low cost and
more easily available (Korkmaz and Gürdal, 2002)
5|Page
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1.2.1. Biguanides and Metformin

Biguanides are drugs that have multiple functions related to glucose in the body
(Abdulfatai, et al. 2012). Its functions include suppressing hepatic glucose
production, increasing insulin sensitivity, enhancing glucose uptake by
phosphorylating the GLUT-enhancer factor, increasing fatty acid oxidation, as
well as decreasing the absorption of glucose from the gastrointestinal tract
(Collier, et al. 2006). Metformin, more commonly known as Glucophage, is the
most commonly used biguanide and is especially used in overweight and obese
patients (Collier, et al. 2006).

Published research from 2008 showed another metformin mechanism of action
where AMP-activated protein kinase is activated (Kim, et al. 2008). This enzyme
plays a role in hepatic gluconeogenic gene expression (Abdulfatai, et al. 2012).
Metformin should however be used with great caution in elderly diabetic patients
with signs of renal impairment, as the drug may cause the development of lactic
acidosis (Collier, et al. 2006).

1.2.2. Insulin

Insulin may either be used as monotherapy or in combination with oral
hypoglycemic agents (Chiniwala and Jabbour. 2011). Augmentation therapy
with basal insulin is often very useful in the case of some remaining pancreatic
beta cell function (Mayfield and White. 2004).
6|Page
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Insulin therapy is however limited with regards to mimicking normal
physiologic insulin secretion (Zhu and Zhang, 2016). Traditional intermediateand long acting insulins such as NPH insulin, lente insulin, and ultralente insulin
may not always be a perfect option for treatment (Zhu and Zhang, 2016). This is
due to them being inconsistent in absorption and peaks of action that may often
result in hypoglycemia (Zhu and Zhang, 2016).

1.3. Herbal medicine

Herbal medicines and phytonutrient or nutraceutical usage have been rapidly expanding
across the world (Ekor. 2014). Many people have resorted to herbal products for the
treatment of various health problems in different national healthcare settings (WHO.
2004). Over recent years a surge in acceptance and public interest in natural therapies
have occurred in both developing and developed countries (Bodeker, et al. 2005).
Herbal use is viewed as an integral part in many cultures and is often the primary source
of healthcare in traditional medicine (Ekor. 2014). For this reason, it is estimated that
about 80% of the global population, especially those in developing countries, make use
of herbal medicine (Bodeker, et al. 2005).

1.3.1. Herbal/Traditional medicine in SA

South Africa is considered a botanical “hotspot” as it is rich, unique and diverse
botanical heritage (Liu, 2009). Though South Africa is a small country and its
land surface makes up less than 1% of the Earth (Coetzee et al. 1999), however
statistical studies have shown that approximately 25% of the total number of
7|Page
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higher plants in the world may be found in South Africa (Van Wyk, et al. 2000).
It is estimated that South Africa is home to about 3000 plants used in traditional
medicine by traditional healers (Coetzee et al. 1999). An industry that boasts
about 27 million consumers (Liu, 2009). Only about 350 species are most
commonly used in traditional medicine and about 38 of these indigenous species
have been commercialized to an extent (Van Wyk, et al. 2000).

1.3.2. DM treatment using traditional medicine

DM management with medicinal plants in combination with dietary restrictions
has been a field of interest for many researchers (Li, et al. 2015). In fact, natural
sources form a basis for most modern drugs (Dabe and Kefale, 2017). At least
one active ingredient found in plants, can be found in about 25% of all
prescriptions (Li et al. 2015). There is a strong need for alternative strategies to
complement those of current modern pharmacotherapies of DM (Tahraoui et al.
2007). While herbal drugs are known to be a significant factor in conventional
medicine, literature has shown that more than 400 species of plants exhibit some
sort of anti-diabetic activity (Tahraoui et al. 2007).

1.4. Artemisia afra
According to WHO, approximately 80% population of the population in Asian
and African countries are dependent on traditional medicine for treatment of
various infectious and chronic conditions (Patil, et al. 2011). This system
medicine is popular due to people’s faith in traditional methods that has been
8|Page
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passed down for generations, its accessibility and affordability (Patil, et al.
2011).

There are many different common or local names describing this plant (Liu, et
al. 2009). This is due to the widespread of the use of the plant and also the large
number of different ethnic groups within South Africa (Watt and BreyerBrandwijk, 1932). In the Xhosa language it is called “Umhlonyane”, in the Zulu
language “Mhlonyane”, in Sotho it is referred to as “Lanyana”, in it is called
Tswana “Lengana”, in English “African wormwood” and in Afrikaans “Wilde
als” (Liu, et al. 2009).

Common reasons for ingesting or taking A. afra as treatment are respiratory
ailments and stomach pain (Van Wyk, 2011). It is a common medicinal herb
plant to be cultivated in home gardens around South Africa and rooted cuttings
may be available for purchase at most retail nurseries (Graven, et al. 1990). The
essential oil of A. afra often varies in constituents, however always contains 1,8cineole (eucalyptol), a-thujone, ß- thujone, camphor and borneol as the main
constituents, along with chrysanthenyl acetate and other sesquiterpenoids
(Graven, et al. 1990).

Though A. afra is an extremely popular and very commonly used herbal
medicine in Southern Africa, research conducted on this species has been limited
(Van Wyk, 2008).

9|Page
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1.4.1. Botanical classification and morphology

Artemisia afra is a tall plant that can grow up to a height of 2 meters tall and may
be described as a perennial woody shrub with a leafy, hairy and ridged stem (Van
Wyk, et al. 1997). The leaves are dark green on the adaxial surface, while lighter
green on the abaxial surface. The leaves reach 8 cm in length, 4 cm in width and
are soft in texture (Liu, 2009).

The A. afra plant produces yellow, butter-coloured flowers with many bracts and
its normal blossoming period is between January and June (Hilliard, 1977). The
plant has an aromatic and pungent odour that is easily identifiable and sweet after
bruising. The fruit bared by the plant is approximately 1 mm in length and has a
silvery-white coating.

The plant’s shape is curved and slightly 3-angled

(Hilliard, 1977; Van Wyk, et al. 1997).

1.4.2. Geographical distribution

A. afra grows in the high land areas of Eastern and Southern Africa (Patil, et al.
2011). The altitudes range between 1500 and 3000m where the soils have a vast
range from volcanic ash, loamy sands, to sandy or calcareous clay loams of
volcanic or granitic origin (Patil, et al. 2011).

The geographical location of the A. afra have appeared to affect the constituents
which appear as the major components in the oil of the A. afra (Braünlich et al.
10 | P a g e
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2018). As an example, in a study conducted by Oyedeji et al., plant material was
collected from three different provinces of South Africa (Braünlich et al. 2018).
It was found that each of the plant populations were dominated by a different
constituent (Oyedeji. 2009). Namely 1,8-cineole, a- or ß- thujone, or camphor
(Braünlich et al. 2018).

1.4.3. Chemical variation in A. afra

The volatile secondary metabolite content and concentration vary frequently
within A. afra and is caused by a number of factors which include the
geographical area the plant originated from, the different parts of the plant used,
drying methods and variation within the plant population (Liu, et al. 2009).

Oils extracted from different parts of the plant have also shown to vary in
chemical components (Dube, 2006). Constituents such as camphor, a wax ester,
triacontane, scopoletin and quebrachitol were found in the oil of the flowering
parts of the plant (Liu, et al. 2009). The oils extracted from the roots have shown
to contain isomeric coumarins and five acetylenes (Liu, et al. 2009). Also, the
aerial parts of the plant contained oil that had thujone and umbelliferonederivatives (Mwangi et al., 1995).
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Cytotoxicity studies of ethanol extracts of A. afra, followed by bio-assay guided
fractionation has led to the isolation of a sesquiterpene lactone, also known as
isoalantolactone (Spies, et al. 2013). This is considered the main bioactive
compound in the plant with regards to its anti-diabetic effects (Braünlich et al.
2018).

Figure 1.2. A.afra plant branch (A) and fully grown plant
(B) (Coetzee et al. 1999).

1.4.4. Pharmaceutical dosage form

Artemisia afra is not only used in South African traditional medicine, also widely
used in many other parts of the world as well (Eshetu, et al. 2016). Traditional
healers use the plant extracts either alone or in combination with other medicinal
plants to treat a variety of ailments ranging from simple headaches to
neurological disorders (Mander. 1998). In South Africa, the plant is employed
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as a remedy for a number of ailments, which include chest conditions, coughs,
colds, heart burns, hemorrhoids, fevers, malaria, asthma, and other conditions
(Cunningham, et al. 1996). However, in different countries, the plant is also used
for many other ailments, depending of the type of extraction method and
compounds extracted (Eshetu, et al. 2016).

It is ingested in a number of ways and which makes use of various preparation
methods (Issa and Bule, 2015). These include infusions, decoctions, molasses,
and alcohol extracts of the plant (Burits, 2001). These extractions are then used
in the treatment of coughs, chills, colds, stomach ache, dry dyspepsia, diabetes,
as a purgative and even a cure for smallpox and Malaria (Issa and Bule, 2015).

In the past, researchers attempted to formulate and evaluate tablets produced
using the A. afra plant (Patil, et al. 2011). It was concluded that dried aqueous
extract of A. afra leaves are unfortunately problematic to work with and very
hygroscopic (Komperlla. 2004). However, it was possible to manufacture and
produce pharmaceutical quality tablets under controlled humidity conditions
(Patil, et al. 2011).

The most common way, however, to ingest the plant is to inhale the steam
produced from boiling the A. afra leaves in water or as a tea infusion (Van Wyk.
2002). Another common way of utilizing the A. afra leaves is to put some leaves
in socks (Von Koenen. 2001). The leaves have been known to prevent sweating
(Braünlich et al. 2018).
13 | P a g e
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As an infusion, or tea a quarter cup of fresh leaves is generally added to a cup of
boiling water containing a quarter cup of fresh, or dried, leaves is allowed to
draw for about 10 minutes (Liu, 2009). The mixture is strained and sweetened
with honey before taken orally (Roberts, 1990).

Studies on drying methods have revealed that there is no significant loss of
volatile constituents that takes place during air-drying, oven-drying or sundrying, however there is a marginal loss of sesquiterpenoids during sun-drying
(Braünlich et al. 2018).

1.5. Drug delivery methods
The drug bioavailability of a medication is directly affected by the route of
administration (Ruiz and Sciolo Montoto, 2018). This drug bioavailability
determines the start and duration of the pharmacological effect of the medication
(Ruiz and Sciolo Montoto, 2018). A number of factors need to be taken into
consideration when designing a dosage form of a drug (Ruiz and Sciolo Montoto,
2018). These include the intended route of administration, the amount or dose
intended to be administered, the absorption site and its anatomical and
physiological characteristics, the site physiochemical properties and the potential
effects of the medication at the site of administration (Ruiz and Sciolo Montoto,
2018).
There are many forms of drug administration, one being the topical route which
involves creams, gels and lotions (Verma, et al. 2010), however there are two main
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forms of drug administration, enteral and parenteral drug administration, with
parenteral containing various forms of administration (Øie and Benet, 2002).
The enteral route is usually the oral route of drug administration (Ruiz and Sciolo
Montoto, 2018). However, the enteral routes also include the rectal, vaginal and
urethral routes (Verma, et al. 2010). It is a convenient and economical way of
administering drugs and is often the first choice for drug administration (Ruiz and
Sciolo Montoto, 2018). Orally administered drugs move through the intestinal and
digestive tract in the same way food would (Verma, et al. 2010). Unabsorbed
compounds from the metabolized drug leave the body through the anal sphincter
and the total transit time within the body can range from 6 hours to 5 days (Ruiz
and Sciolo Montoto, 2018).
Parenteral drug administration is carried out with the drug administered directly
through the skin, in or towards systemic circulation (Verma, et al. 2010). There
are three forms of parenteral routes; intravenous (IV), intramuscular (IM) and
subcutaneous (SC) (Verma, et al. 2010). The IV route involves a drug solution
being passed through a needle, directly into a vein (Øie and Benet, 2002). The
IM route also makes use of a needle; however, the drug is injected into muscle
tissue (Boylan and Nail. 2002). The SC route consists of injecting the drug under
the skin and directly into the adipose layer beneath the dermis of the skin (Mishra
and Stringer. 2010). In cases where drugs cannot be efficiently absorbed orally
or becomes unstable once reaching the intestinal tract, parenteral drug
administration is preferred (Ruiz and Sciolo Montoto, 2018).
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1.5.1. Drug delivery limitations
As with most medical advances, there are drawbacks to commonly used drug
administration routes (Ruiz and Sciolo Montoto, 2018). The main drawback for
the parenteral route being that it is irreversible and may initiate fear and pain in
patients (Øie and Benet, 2002). It may also lead to tissue damage or infections
(Verma, et al. 2010).
Special care must always be taken when selecting a suitable vehicle used to
solubilize a drug in IV administrations (Lim et al., 2014). Poorly solubilized drug
precipitation may occur during injections and may prevent the drug from mixing
into circulation (Lim et al., 2014). It is also very important to always perform
injections slowly (Ruiz and Sciolo Montoto, 2018).
Though IM administration of drugs are normally safer than that of IV, IM
application errors during injections may lead to blood clots, scars, abscesses and
nerve damage (Mishra and Stringer. 2010). Precipitation at the injection site is
also a risk and it is important to solubilize the drug fully, as in I administrations
(Fontes Ribeiro. 2005).

Oral route absorption of drugs is highly dependent on the physiological state of
the gastrointestinal tract (Ruiz and Sciolo Montoto, 2018). This in turn is affected
by factors such as diet, hormones, autonomic nervous system, pathological states
and other drugs that may interact (Ruiz and Sciolo Montoto, 2018).
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1.5.2. Drug delivery systems
Colloidal drug carrier systems are a promising area in drug delivery systems
(Reddy and Swarnalatha, 2010). Colloidal drug carrier systems include micellar
solutions, vesicle and liquid crystal dispersions and nanoparticle dispersions that
consist of small particles usually between 10-400nm in diameter (Reddy and
Swarnalatha, 2010). The goal of developing these drug delivery systems is to
optimize drug loading and releasing properties, while maintaining a stable and
long shelf-life together with low toxicity (Reddy and Swarnalatha, 2010).
Great success has already been found through applying nanoparticles and nano
formulations as drug delivery systems (Reddy and Swarnalatha, 2010). It has
been used in anti-tumour therapy, gene therapy, AIDS therapy, radiotherapy,
antibiotics, virostatics, protein delivery and vaccines and as vesicles able to pass
the

blood-brain

barrier

(Reddy

and

Swarnalatha,

2010).

Nanoparticles provide numerous advantages with regards to drug targeting,
delivery and release (Reddy and Swarnalatha, 2010). They also provide the
additional potential to combine diagnosis and therapy, allowing them to advance
as a major tool in nanomedicine (Reddy and Swarnalatha, 2010).

1.6. Nanoparticles

Nanotechnology platforms can help overcome associated challenges with the
delivery of many active pharmaceutical or herbal ingredients, such as increase
the uptake of these ingredients, and broaden study mechanisms (Sharma et al.
2017).
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Nanoparticles (NPs) are materials of various types produced at a nanoscale level
(Khan, et al. 2017). These NPs include particulate substances with at least one
dimension that is less than 100nm (Khan, et al. 2017). Among all nanoparticles,
gold nanoparticles (Au NPs) have been of interest due to their unique surface
morphologies, controlled geometry and stable nature (Nadeem, et al. 2017). Au
NPs possess unique properties and multiple surface functionalities; therefore,
their biocompatible nature allows them to be suitable for medical applications
such as cancer, arthritis and various antimicrobial therapies (Yeh, et al. 2012).
AuNPs produced through green synthesis have been used to develop biosensors,
disease markers and the quantification of blood glucose (Nadeem, et al. 2017).
However tedious purification steps, greater sizes of nanoparticles and a poor
understanding of the underlying mechanisms are some of the major drawbacks
associated with green synthesis, therefore it is critical that fast and clean
synthesis of nanoparticles is optimized to produce nanoparticles displaying
desired sizes and morphologies (Shukla and Iravani, 2017). Naturally
biodegradable materials, as a source of nanoparticles through green synthesis, is
a highly promising area in nanotechnology (Shukla and Iravani, 2017). Materials
may

include

microorganisms,

enzymes,

vitamins,

polysaccharides,

biodegradable polymers and plant extracts (Shukla and Iravani, 2017). Modern
developments in science and industry have implemented green synthesis as part
of the global efforts to reduce hazardous waste production (Sharma, et al. 2009).
Through green synthesis of the nanoparticles, a simple process of mixing metal
salt with the plant is required. The process then completes itself at room
temperature in minutes to hours (Nadeem, et al. 2017).
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Figure 1.3. Various methods of nanoparticle synthesis (Hussain et al.
2016).
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Aqueous extract from a range of medicinal plant extracts have been shown to
contain different bioactive compounds (Khaled et al. 2017). These bioactive
compounds act as non-toxic capping, as well as reducing agents for green
synthesis of metal and metal oxide nanoparticles (Khaled et al. 2017). Noble
metal nanoparticles possess a range of biological applications which include in
vitro antioxidant potential, antimicrobial power and cytotoxicity towards
different cancer cells (Francis et al. 2017).

Figure 1.4. Methods of nanoparticle uptake by cells (Hussain et al. 2016).
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Phenolic acid, flavonoids, terpenoids and alkaloids are of the many novel
secondary metabolites found in plant crude extract that are responsible for the
reduction of ionic into bulk metallic nanoparticles formation (Aromal, et al.
2012). Eco-friendly nanosized particles are synthesized through the redox
reactions that take place involving these primary and secondary metabolites
(Kuppusamy, et al. 2016). This bioreduction in the presence of metabolites and
redox enzymes takes place through Au+ ions being reduced into metallic Auo
nanoparticles (Kuppusamy, et al. 2016).

1.7. Aim

The aim of this study is to produce encapsulated gold nanoparticles from A. afra,
by green synthesis, and determine their effect on glucose uptake in hepatocytes
in vitro as an alternative and/or additive to Metformin in patients with reduced
treatment response.
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CHAPTER 2

2. Materials and Methods

2.1. Plant extracts preparation

A. afra plants were grown and harvested at full maturity in the month of March
2018 and healthy leaves were collected. The leaves were rinsed using running
tap water and shade-dried at room temperature (28 ± 2 ◦C) on tissue paper. The
air-dried leaves were grounded to a fine powder by a mortar and pestle. Roughly
100 grams of dried powder was added to 1L of distilled water in a bottle. The
mixture was stirred in a shaking incubator at 75͒ C for 1 hour. The extract was
recovered through Whatmann filter paper (Lasec, Ndabeni, Cape Town; South
Africa).

A volume of 50ml of pure extract was freeze dried (Labconco Corporation,
Kansas City, Missouri; United States) to remove impurities and the resulting
powder was resuspended in 50ml distilled water. Freeze drying also known as
lyophilization, is the process of water removal from a frozen product through the
use of a high-pressured vacuum (Bhambere, et al. 2015). This is done by
converting the ice in the product directly from solid phase to vapor without going
through the liquid phase (Bhambere, et al. 2015).
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2.2. High Pressure Liquid Chromatography (HPLC)
A volume of 200µl of this pure extract was fractionated by HPLC, resulting in 8
fractions, while the rest of the pure extract was refrigerated at 4°C for further
use. High pressure liquid chromatography, also referred to high performance
liquid chromatography, is a specific form of column chromatography commonly
used to separate, quantify or identify active compounds in a sample/solution
(Maviya, et al. 2010). The HPLC makes use of a column holding packing
material (stationary phase), a pump that moves the solvent (mobile phase)
through the column and a detector used to detect and indicate the retention times
of the various molecules (Maviya, et al. 2010).
2.3. Biosynthesis of gold nanoparticles

It is generally accepted that the ability of plant extracts to reduce gold salt to
gold nanoparticles is dependent on the presence of easily oxidized
phytochemicals (Oueslati et al. 2018). Moreover, these phytochemicals often
have the ability to play dual roles during gold nanoparticle synthesis, acting as
both reducing and capping agents (Choi et al. 2014; Santhoshkumar et al. 2017;
Biao et al. 2018; Oueslati et al. 2018).

The gold nanoparticles were synthesized using 0.1 M gold nitrate solution (SigmaAldrich, St. Louis, Missouri; United States) and extract of A. afra. Both the
solutions were amalgamated to initiate the reduction of AuNO3 solution into Au0.
The mixture was agitated constantly on a magnetic stirrer. Color changes were
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detected from dark yellow to red-brown by the naked eye. The reaction was
stopped by the removal of the mixture from the magnetic stirrer and bath sonicated
immediately for 1 hour. The obtained A. afra gold nanoparticles were filtered
using a 0.22 filter and stored in 2ml Eppendorf tubes (Lasec, Ndabeni, Cape Town;
South Africa) at room temperature for further characterization.

2.4. Size Optimization of AuNPs

Various methods were used in order to optimize the production of gold
nanoparticles. Size optimization parameters included temperature at which the
nanoparticles were synthesized, time length of synthesis, and amount of light the
solution was exposed to while synthesis took place. After optimization the most
successful nanoparticles produced with the desired properties (smaller than 150nm)
were synthesized at room temperature (28 ± 2 ◦C) on benchtop while stirring.

2.5. Characterization of AuNPs

2.5.1. UV–vis spectroscopy (zeta-sizer)

All the absorbance-based experiments and formation of AuNPs were carried out
using a UV–vis spectrophotometer (UV- 7504) (Malvern Panalytical, Malvern;
United Kingdom). For this purpose, 300 mL of gold nanoparticles were taken in a
quartz cell (Sigma-Aldrich, St. Louis, Missouri; United States) of 1.0 cm path
length and the volume brought up to 2 mL by the addition of deionized water. The
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absorbance of gold nanoparticles was recorded in the wavelength ranging from 300
to 700 nm at different time intervals (Rasheed, et al. 2017).

2.5.2. SEM and EDX analysis

The surface morphologies of the AuNPs were studied using a field emission
scanning electron microscope (Siemens, Munich; Germany), with an
accelerating voltage of 1 kV or 5 kV. The samples for SEM observations were
prepared by mounting small amount of gold nanoparticles onto the surfaces of
clean silicon chips (Sigma-Aldrich, St. Louis, Missouri; United States) followed
by coating with a thin film of gold using a gold sputtering device before
measuring. The operating pressure of 7× 10−2 bar and deposition current of
20mA for 2 min was applied for current analyses. Elemental analyses of the gold
nanoparticles were performed using an energy dispersive X-ray (EDX) detector
(Siemens, Munich; Germany) (Rasheed, et al. 2017).

2.5.3. TEM analysis

The stable gold nanoparticles were thoroughly washed and diluted with
deionized water to achieve the absorbance in the range of 0.50 a.u. One drop of
diluted nanoparticles was placed onto a carbon-coated copper grid (SigmaAldrich, St. Louis, Missouri; United States) and vacuum-dried, before AuNPs
were envisaged using a high-resolution transmission electron microscope
(Siemens, Munich; Germany) at a voltage of 120 kV (Rasheed, et al. 2017).
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2.5.4. MTT assay for cytotoxicity analysis

The cytotoxic effect of gold nanoparticles on human embryonic kidney (HEK293)
cells (Sigma-Aldrich, St. Louis, Missouri; United States) was assessed following
the MTT protocol where cells were cultivated in DMEM (Sigma-Aldrich, St. Louis,
Missouri; United States) with additionally 10% FBS (Sigma-Aldrich, St. Louis,
Missouri; United States) at 37◦C in 96-well microtiter plates (Sigma-Aldrich, St.
Louis, Missouri; United States). The plates were exposed to varying doses of gold
nanoparticles (20–140 g/mL) for 24 h, 48 h and 72 h. Cells without nanoparticles
served as negative control. After AuNPs treatment, the medium was separated, and
cells were incubated with 200µl of MTT (Sigma-Aldrich, St. Louis, Missouri;
United States) in fresh medium at 37◦C for 4h. The resultant formazan crystals from
the mitochondrial reduction of MTT (Sigma-Aldrich, St. Louis, Missouri; United
States) were solubilized in DMSO (Sigma-Aldrich, St. Louis, Missouri; United
States). The absorbance of each sample was determined using a microplate
absorbance reader (Promega, Madison, Wisconsin, United States) at 570 nm and
percentage of cell viability was calculated using the following equation:

Cell viability (%) = (Absorbance of test/Absorbance of control) × 100

2.6. Glucose uptake assay
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The protocol used for measuring glucose uptake in mammalian cells is based on
the detection of the glucose analog, 2-deoxyglucose-6-phosphate, in the form of
a kit produced by Promega (Promega, Madison, Wisconsin, United States).

A volume of 10ų 2DG (Promega, Madison, Wisconsin; United States) was
diluted in 990ųl PBS (Sigma-Aldrich, St. Louis, Missouri; United States). The
reaction mixture was produced according to manufacturer instructions as
follows:

Reagent

1 Reaction (ųl)

50 Reactions (ųl)

Luciferase reagent
NADP+
G6PDH
Reductase
Reductase substrate

100
1
2.5
0.5
0.0625

5000
50
125
25
3

The reaction mixtures were incubated at room temperature for 1 hour. After 1
hour the cells were incubated with various concentrations of nanoparticles, the
cells were washed with 100ųl PBS (Sigma-Aldrich, St. Louis, Missouri; United
States). A volume of 50ųl 1mM 2DG (Promega, Madison, Wisconsin; United
States) was added to each well and allowed to incubate for 10 minutes. A volume
of 25ųl stop buffer (Promega, Madison, Wisconsin; United States) was added to
each well and shaken briefly. Thereafter, 25ųl of neutralization buffer (Promega,
Madison, Wisconsin; United States) was added to each well and the wells were
shaken briefly. and shake briefly. Finally, a volume of 100ųl of mix made in step
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2 was added and the plate shaken briefly. The plate was then incubated at room
temperature for 30 minutes and read on a plate reader (Promega, Madison,
Wisconsin, United States) at 15-minute intervals for 2 hours.
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CHAPTER 3

3. Results and Discussion

3.1. Plant Extract Preparation

The main principle of freeze drying is the removal of water and is made possible
by the phenomenon known as sublimination (Bhambere, et al. 2015).
Sublimination of water occurs at pressures and temperatures below triple point
(Bhambere, et al. 2015). Samples are frozen prior to freeze drying and then
exposed to a high vacuum in the presence of heat (Bhambere, et al. 2015). This
results in frozen liquid being sublimated and only solid, dried components of the
original liquid or sample remains (Bhambere, et al. 2015). The driving force for
the removal of water during lyophilization is the concentration gradient of the
water vapor that forms between the drying front and the condenser (Bhambere,
et al. 2015). The pressure of the vapor rises as the temperature rises during
primary drying (Bhambere, et al. 2015). For this reason, the primary drying
temperature should remain as high as possible, though below the critical process
temperature, in order to avoid possible loss of cake structure (Bhambere, et al.
2015). This is the critical process temperature and is the collapse temperature for
amorphous substance, or eutectic melt for the crystalline substance (Bhambere,
et al. 2015).
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Figure 3.1. Rehydrated freeze dried A. afra extract using distilled water.

Ice crystals start separating out, during freeze drying, until the solution becomes
concentrated to its maximum (Bhambere, et al. 2015). Upon further cooling of
the sample, phase separation of the ice and solute takes place (Bhambere, et al.
2015).

3.2. High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) is a system of column
chromatography that pumps a sample mixture or analyte in a solvent (mobile
phase) at high pressure through a column with chromatographic packing material
(stationary phase). The retention time is dependent on the interactions between
the molecules being analysed, the stationary phase and the solvents used
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(Maviya, et al. 2010). The sample of interest is introduced to the HPLC system
in a small volume to the stream of the mobile phase (Maviya, et al. 2010). This
stream is then retarded by specific interactions with the stationary phase that may
be chemical or physical interactions (Maviya, et al. 2010). The rate and amount
of retardation is dependent on the nature of the analyte and composition of the
mobile and stationary phases (Maviya, et al. 2010). The retention time is
referred to the time it takes for a specific analyte to elute or exit the column
(Maviya, et al. 2010). Solvents commonly used in HPLC include any miscible
combinations of distilled water or organic liquids (Maviya, et al. 2010). Gradient
elution is when separation is done in order to vary the mobile phase composition
during analysis (Maviya, et al. 2010).

Figure 3.2. A. afra fractions produced by the HPLC.

Often a mobile phase of changing or different compositions is used (Bird, 1989).
This is to ensure that in the beginning of the HPLC the method is not as effective
in dissolving the molecules of interest as the solid phase would be (Bird, 1989).
Consequently, the molecules remain in the solid/stationary phase for most of
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their time (Bird, 1989). As the liquid phase composition changes, it becomes
more and more efficient in dissolving the molecules of interest and they are
increasingly removed from the stationary phase and travels with the mobile
phase (Bird, 1989). This is called the gradient elution (Bird, 1989). Different
molecules or sets of molecules are then captured and hence the sample of interest
is fractionated (Bird, 1989). The fractions generated by this process were each
used to synthesized AuNPs, by green synthesis. Each set of particles was then
referred to by their fraction number for the remainder of the study.
3.3. Characterization of nanoparticles

Biocompatibility is an essential property in the design of drug delivery systems.
A general definition of a biocompatible surface is that it should not prompt
undesired responses from the organism. Biocompatibility is alternatively defined
as “the ability of a material to perform with an appropriate response in a specific
application” (Williams, 2003; Keck and Müller, 2013). It is, therefore,
imperative to identify the properties, to understand the mechanisms by which
nanomaterials interact with living systems and thus to understand exposure,
hazards and their possible risks. The pharmacokinetics and distribution of
nanoparticles in the body depends, largely, on three key factors; surface
physicochemical characteristics, shape and size. For instance, nanoparticles with
10 nm in size were preferentially found in blood, liver, spleen, kidney, testis,
thymus, heart, lung, and brain, while larger particles (>100nm) are detected only
in spleen, liver, and blood (De Jong et al., 2008; Adabi et al., 2017).
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Similarly, the surface of nanoparticles also influences their distribution in these
organs, as they combine with serum proteins available in systemic circulation,
thus influencing their cellular uptake. It should, at this point, be emphasized that
a biocompatible material generates no immune response. An assessment of the
in vivo protein profile is therefore crucial to address these interactions and to
establish biocompatibility (Keck et al., 2013). Lastly, the clearance of
nanoparticles is also size and surface dependent. Small nanoparticles (<20-30
nm) are rapidly cleared by renal excretion, while 200 nm or larger particles are
more

efficiently

taken

up

by

mononuclear

phagocytic

system

(reticuloendothelial system) located in the liver, spleen, and bone marrow
(Moghimi et al., 2001; Adabi et al., 2017).

The Polydispersion Index (PdI) is a unit used to estimate the average uniformity
of a particle solution (Clayton, 2016). Larger or higher PdI values correspond to
a larger size distribution within the particle sample (Clayton, 2016). PdI is also
an indication of nanoparticle aggregation throughout the particle sample along
with the consistency and efficiency of particle surface modifications (Clayton,
2016). A sample with a PdI value of less than 0.1 is considered monodisperse,
where a PdI value of above 0.1 is considered polydispersed (Clayton, 2016).

Table 3.1: Size and poly dispersion index (PDI) of each nanoparticle batch
produced.
Fraction
1
2

Size (d.nm)
29.39
28.75

PDI
0.925
0.645
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3
4
5
6
7
8
A. afra extract np

43.93
47.04
12.15
11.20
12.12
54.09
144.0

0.594
0.195
0.915
0.925
0.951
0.773
0.162

The PdI of all nanoparticles produced from the A. afra whole extract, as well as
each of the eight fractions, were above 0.1. (Table 3.1). Therefore, all the
nanoparticles produced in this project may be considered polydispersed. The
nanoparticles also produced an observed constant voltage of -18mV and as well
as a pink hue. It should be recalled that size is an important factor of a drug
delivery systems and influences the pharmacokinetics, tissue distribution and
clearance of the drug delivery system (Danaei, 2018). Hepatic uptake and
accumulation, tissue diffusion, tissue extravasation and kidney excretion all
significantly depend on the particle size of the drug delivery system and
nanocarriers larger than 150nm in size are unable to enter or exit fenestrated
capillaries in the tumour microenvironment and liver endothelium (Danaei,
2018).

Nanoparticles carrying substances, also known as nanocarriers, that circulate in
normal blood vessels do not easily leave the capillaries that run through tissues
such as the kidneys, lungs or heart, with a diameter ranging from 100–150 nm
(Danaei, 2018). The only nanoparticle produced in this project that had a
diameter of larger than 100nm were those produced using the crude whole
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extract of the A. afra. The tissue of the glomerulus in the kidneys and islets of
the pancreas have miniscule pores with diameters ranging between 10–15 nm
(Kraft, 2014). Particles with diameters less than 10 nm may be subjected to renal
filtration via the wall of the glomerular capillary and are prevented from being
reabsorbed (Danaei, 2018). Tissue and capillary pore sizes range between the
tissues in the body (Danaei, 2018). For this reason, nanocarriers of 50–200 nm
in size remain in their intact form and are unable to escape from continuous blood
capillaries (Choi, 2011).

Nanoparticles synthesized through green synthesis by the use of plants and plant
extracts are well known to be generally polydispersed with various morphologies
and a wide range of size distributions (Nozuri, 2014). However, size, shape and
purification of green nanoparticles has been a great challenge for scientists in
recent years (Nozuri, 2014). This is revealed in the nanoparticles produced. All
the nanoparticles were produced under the same conditions; however, they vary
in size. This may have been due to more bioactive compounds being present in

Figure 3.3. Graph showing particle size distribution of a nanoparticle.
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some fractions than in others. It may also have been due to some compounds
being reduced and acting as capping agents better than other compounds.

3.3.1. UV-vis Spectra Analysis

UV-visible spectra is a common method to confirm the synthesis of gold
nanoparticles (Lee et al. 2019). Gold nanoparticle capping normally induces
either a bathochromic (red) or a hypsochromic (blue) shift (Lee et al. 2019).

As the nanoparticles produced in this study had a pink hue a bathochromic shift
took place, characteristic of gold nanoparticles (Lee et al. 2019). Absorbance
was measured at a number of wavelengths ranging between 450nm and 600nm
(Figure 3.4). All nanoparticles synthesized from the fractions produced from A.
afra peaked at around 520nm. The whole extract nanoparticle appeared to
decreasing from a peak. However, has a slight peak at 520nm and appears to
become stable by 580nm.

UV-vis
0,14

Absorbance

0,12

Fraction 1

0,1

Fraction 2

0,08

Fraction 3

0,06

Fraction 4

0,04

Fraction 5

0,02

Fraction 6

0
450

480

500

520

550

580

600

Whole extract np

Wavelength

Figure 3.4. UV-vis analysis of nanoparticles produced.
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3.3.2. TEM analysis
The morphology of the gold particles was determined by the TEM images
(Figure 3.5 A–C) and are spherical in shape. As indicated previously by the zeta
sizer, particles are polydispersed, however the particles do not vary too greatly
in size. Nanoparticles did not show any agglomeration and is a confirmation of
their colloidal stability. Nanoparticles agglomerate when having low colloidal
stability and result in larger particles (Nazarenus et al. 2014).

Figure 3.5. TEM images indicating the presence of spherical nanoparticles
recorded at various magnifications (A–C).
3.4. Cytotoxicity
The term toxicity is considered to be rather vague (Fratoddi, 2015).
Theoretically, the toxicology of a substance is related to the adverse effects that
the particular generic substance exerts on living organisms (Fratoddi, 2015).
Furthermore, the cytotoxicity of nanomaterials in known to be largely dependent
on the dosage used, particle uptake, colloidal stability, and dissolution among
other physiochemical factors (Net et al, 2009). A study conducted by Huang et
al. (2012) evaluated the impact of nanoparticles on cell viability and mechanics,
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using silica as a representative NP. In their study, spherical (100 nm), short rod
(240 nm length/ 100nm diameter) and long rod (450 nm length/ 100 nm
diameter) particles were assessed in vitro using A375 human melanoma cells.
They concluded that none of the particles showed any signs of toxicity under the
standard MTT assay protocol (Huang et al, 2012).

Figure 3.6. Percentage (%) cell viability of hek293 cells treated with various
volumes of gold nanoparticles.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium, also known as MTT,
bromide tetrazolium reduction assay was the first homogeneous cell viability
assay suitable for high throughput screening developed for a 96-well format
(Masmann. 1983). The MTT tetrazolium assay technology is popular in
academic laboratories and has been widely adopted proven by thousands of
articles published in which the assay is used (Riss, et al. 2013). An MTT
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substrate is typically prepared in a physiologically balanced solution before
addition to cells in culture (Riss, et al. 2013). The MTT substrate in solution is
typically added at a final concentration between 0.2 - 0.5mg/ml and incubated
for a period of 1 to 4 hours (Riss, et al. 2013). The quantity of formazan produced
by the cells is presumed to be directly proportional to the number of viable cells
within the well (Riss, et al. 2013). This quantity of formazan is measured through
the measurement of changes in the absorbance of the solution within the well at
570 nm using a plate reading spectrophotometer (Riss, et al. 2013).

MTT is converted into purple coloured formazan by viable cells with an active
metabolism (Riss, et al. 2013). This formazan has an absorbance maximum of
around 570nm, hence the reading at the particular wavelength (Riss, et al. 2013).
In the case of cell death, the cells lose the ability to convert the MTT to formazan
(Riss, et al. 2013). Therefore, the coloured formation produced by the formazan
is a convenient and useful marker for only viable cells (Riss, et al. 2013). The
exact mechanism of MTT reduction into formazan is, unfortunately, poorly
understood, however it is believed to involve a reaction incorporating NADH,
or similar reducing molecules, in order to transfer electrons to MTT (Riss, et al.
2013). One particular caveat to consider when measuring the cytotoxicity of
nanoparticles is their size. Generally, as AuNPs become smaller, their uptake by
cells increases. This higher uptake may result in a higher concentration of AuNPs
in the cell, which may lead to cell death as a result of particle accumulation rather
than toxicity (Lee et al. 2019).
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The MTT assay (Figure 3.6) shows the effects of different amounts of the
various nanoparticles produced on HEK293 cells. Gold nanoparticle toxicity is
dependent on synthesis method, size, shape, surface coating, surface charge and
functionalized molecules (Pan, et al. 2007). However, gold nanoparticles are
considered to be non-toxic agents and the overall cytotoxicity of gold
nanoparticles is, generally, at an acceptable level (Pan, et al. 2007). A study by
Adnan et al. (2016) substantiates that there was no significant toxicity for
spherical, rod, or star-shaped gold NPs up to concentrations of 100 μg/mL in
MCF-7 human breast adenocarcinoma. This appears to be the case in these
nanoparticles as the cell viability does not have a set pattern and most cells
appeared to proliferate beyond 100%. At a dosage of 100ng all the cells
experienced a high percentage of proliferation, which may indicate that the
dosage was too little to have any toxic effects and thus the cells continued to
grow normally over the treatment period. Furthermore, at a dosage of 250ng;
fractions 1-8, the whole extract and the whole extract nanoparticles all displayed
viability percentages of 100% and below. Fractions 1, 5 and 8 showed a
percentage of around 100%, indicating that the dosage allowed the growth of the
cells to maintain stable. Fractions 2, 3, 4, 7, the whole extract and whole extract
nanoparticle showed a decline in percentage. This indicates that at dosages of
250ng and above, for particles produced from these particular fractions, a toxic
effect on the cells was exhibited. Likewise, a dosage of 500ng, only fraction 6
had proliferation above 100%, while fractions 7 and 8 were close to 100%. All
the other tested nanoparticles and whole extract appeared to show toxicity on the
cells tested.
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All the nanoparticle treated cells showed low percentages and it may be
considered that the nanoparticles at 1000 ng are toxic to the cells. At 2000ng of
treatment, all the cells showed toxicity, with the exception of fraction 4 and the
whole extract. Both the whole extract and fraction 4 showed a proliferation of
the cells to about 200%. This indicates that those treatments at that volume is not
toxic. At 2500ng the only proliferation in cells took place in those treated with
the whole extract. The whole extract showed a proliferation of about 400% while
all other treated cells showed a massive decrease in viability. This may indicate
that the whole extract on its own actually increases cell growth, however in gold
nanoparticle form it may be toxic at that volume. These results confirm the
established notion that NP-mediated cytotoxicity appears to be governed by
several factors: quantity of NP uptake, particle physicochemical properties,
particle−cell interactions, and cell type (Kinnaer et al, 2017).

The results indicate a unified dosage that may be used for all treatments. Hence,
it was concluded that the treatment did not have a significant effect on the cells,
but rather limiting factors (media degradation due to cell metabolism) during
normal cell growth interfered prohibited cell proliferation.

3.5. Glucose Uptake

The present study used an integrated omics-based approach to investigate NPinduced glucose metabolic function. Evaluation of glucose uptake in mammalian
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tissues may seem a very basic step, however, it is imperative to identify the
hypoglycemic effect of plant extracts (Yeong and Ardith, 2009).

Given the belief that reductions in the amount of intracellular glucose are caused
by increased uptake efficiency, a detailed description of the mechanism used to
measure glucose uptake was deemed necessary to fully understand the
significance of the findings presented herein. When 2-deoxyglucose (2DG) is
added to cells, it is transported across the membrane and rapidly phosphorylated
in the same manner as glucose. However, enzymes that further modify glucose6-phosphate (G6P) cannot modify 2DG6P, and thus this membraneimpermeable analyte accumulates in the cell. After a brief period of incubation,
the acidic Stop Buffer is added to lyse cells, terminate uptake and destroy any
NADPH within the cells. A high-pH buffer solution (Neutralization Buffer) is
then added to neutralize the acid. A Detection Reagent is added to the sample
wells.

Glucose-6-Phosphate Dehydrogenase oxidizes the deoxyglucose to 6phosphodeoxygluconate and simultaneously reduces NADP+ to NADPH. The
Reductase uses NADPH to convert the proluciferin to luciferin, which is then
used by Ultra-Glo™ Recombinant Luciferase to produce a luminescent signal
that is proportional to the concentration of 2DG6P.
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Figure 3.7. Graph depicting relative glucose uptake via glucose
metabolism of nanoparticle treated HEK293 cells over time.

Figure 3.7 shows HEK293 cells treated with the various nanoparticles
synthesized and the glucose uptake exhibited by the cells over time. Relative
Fluorescent Units (RFUs) are directly proportional to the amount of metabolized
glucose, and thus, confer an indication of the amount of glucose taken up and by
the cells. Hence, the glucose uptake is measured by the rate of metabolism of the
glucose by the cells, given by the area under the curve. The control (untreated
HEK293 cells) was used to generate a baseline reading for glucose uptake. In
reference to the figure above, the whole extract nanoparticles produced a definite
overall increase in glucose uptake when compared to the control. In fact, it was
also observed that all nanoparticle treated cells exhibited an increased glucose
metabolism after a given time period.

The first reading of the glucose uptake assay was recorded at 0,5 hours, allowing
the initial surge in glucose uptake and metabolism following starvation to
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normalize. Every instance of treated cells appeared to have a slight rise in
glucose uptake from their initial point of recording. The cells then had a slight
decrease at 0,75 hours as saturation is reached, before increasing again at 1 hour.
For the control cells, their maximum glucose metabolism occurred around 1,25
hours. Between 1,25 hours and 1,5 hours fraction 1, fraction 2, fraction 3,
fraction 4, fraction 5, fraction 6, the whole extract nanoparticles and the control
cells experienced a steady decrease in glucose metabolism.

The hepatocytes appeared to reach a stable rate of glucose metabolism at 1,5
hours and continued to metabolize glucose around this rate for the remainder of
the assay. Fractions 2, 3, 6 and the control cells had the same initial rate of
glucose uptake. Fraction 2 has the slight increase in glucose uptake between 0,75
and 1 hour and maintains this rate until the 1.5-hour mark. However, fractions
3,6 and the control appeared to slowly decrease over the same time period, before
reaching a plateau at 1.5 hours.

Once the rate of all the cells started decreasing at 1,25 hours, fraction 2 had a
slower decrease than fractions 3,6 and the control, eventually reaching the same
rate as the whole extract nanoparticle. The cells with the lowest glucose
metabolism rate recorded were the control cells. Fractions 3 and 6 were just
above the control cells, however, they initially had the same rate of glucose
uptake. The cells that exhibited the highest rate of glucose uptake between
initiation and the completion of the assay were those treated with nanoparticles
synthesized from fraction 5.
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From the initiation phase, through the decreasing phase and final phase of the
assay, the F5 cells consistently had a higher rate of glucose metabolism than that
of the other cells (Figure 3.7). The cells treated with fraction 1 and the whole
extract nanoparticles both had high initial glucose metabolism rates, though
lower than those treated with the nanoparticles synthesized from fraction 5.
Between 0,75 hours and 1 hour the cells treated with the whole extract
nanoparticle showed a larger decline in the glucose uptake rate than that of the
cells treated with fraction 1 nanoparticles. The final rate of glucose metabolism
for the cells treated by fraction 1 synthesized nanoparticles were higher than the
whole extract synthesized nanoparticles.

Figure 3.8. Percentage of average glucose metabolism over 2,25 hours for cells
treated with nanoparticles synthesized from the various fractions of A. afra.
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Statistical analysis was performed on the average glucose uptake and
metabolism (Figure 3.8). This ensures an accurate representation of the total
glucose taken up and metabolized by the cells. It was determined that cells
treated by the nanoparticles synthesized from fraction 5 of the A. afra extract had
the highest percentage of glucose taken up and metabolized. Second, were the
cells treated with nanoparticles synthesized from fraction 1, closely followed by
the control cells. The results generated here indicates that the most effective
nanoparticles were those synthesized from fraction 5.

Moreover, nanoparticles produced by the whole A. afra extract and fractions 2,
3, 4 and 6 displayed a lower total glucose uptake than the control cells. This may
suggest that those nanoparticles have an unrelated biological function and would
not aid in glucose uptake and metabolism. The cells treated with whole A. afra
extract and fractions 2, 3, 4 and 6 caused a reduction in glucose uptake and
metabolism. Therefore, it may be suggested that the compounds within those
fractions may hinder glucose uptake and metabolism, although further
investigation will be required to confirm these findings.

In the present study, the nanoparticles produced from fraction 5 were the most
successful and it may be assumed that the native compounds within fraction 5
are the most effective at improving glucose uptake and metabolism. A closer
analysis was done on fractions 1 and 5, compared to the control and whole
extract cells (Figures 3.9 and 3.10). Comparing the glucose uptake between the
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control cells and those treated with nanoparticles produced from fraction 1
yielded a p-value of 1.

Figure 3.9. Statistical analysis comparing the control cells with those
treated with nanoparticles synthesized using fraction 1.

However, analysis between the cells treated with the whole extract nanoparticle
and those treated with nanoparticles synthesized from fraction 1 showed a larger
difference in percentage glucose uptake. Nevertheless, a p-value of 0.0927 was
calculated, indicating that no significant glucose uptake and metabolism was
observed.
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Figure 3.10. Statistical analysis comparing the cells treated with whole extract to
those treated with nanoparticles synthesized using fraction 1.

The same statistical analysis was applied to the cells treated with nanoparticles
synthesized from fraction 5 (F5) and the whole extract nanoparticle treated cells,
as well as the control (Figures 3.11 and 3.12). Between the control cells and
those treated with fraction 5 nanoparticles, p=0.0005 was calculated. This
indicated significant glucose uptake and metabolism in those treated with
fraction 5 nanoparticles when compared to the control.
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Figure 3.11. Statistical analysis comparing the control cells with those treated
with nanoparticles synthesized using fraction 5.

Furthermore, the analysis of fraction 5 nanoparticle treated cells compared to the
whole extract nanoparticle treated cells, a p-value of 0.0008 was calculated. This too
indicated significant glucose uptake and metabolism by the fraction 5 nanoparticle
treated cells, compared to the whole extract nanoparticle treated cells. In addition, no
hemolysis was observed in all the concentrations tested during the glucose uptake
assay. Further studies may focus on identifying mechanism of action of these
particular NPs in glucose uptake.
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Figure 3.12. Statistical analysis comparing the cells treated with whole extract
to those treated with nanoparticles synthesized using fraction 5.

3.6. Study Prospects
With further studies, the application of nanoparticles could become an integral
part in drug administration. In this study it has been experimentally shown that
phytotherapeutic nanoparticles of the right size and stability are effortlessly
taken up by mammalian cells and may, therefore, present an innovative
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opportunity in drug discovery and delivery. In addition, specific tissues could be
directly targeted and with further research, toxicity and adverse events could be
reduced. Furthermore, use of nanoparticles as a drug delivery system may
decrease the clearance time of the vehicle of delivery as cells may expel the
nanoparticles once the medication has been delivered more rapidly. The fast
delivery action of the nanoparticles may potentially result in faster clearance of
drug metabolites, from the body.

Advances such as those investigated in this study could lead to an alternative
medicine source for patients suffering, not only from type 2 diabetes, but from
various diseases and medical conditions. It may serve as both an aid to
conventional medicine, as well as an alternative. Though it may not eliminate
the possibility of adverse side effects, phytotherapeutics may reduce the number
and frequency of adverse side effects associated with conventional drugs.

Herbal medicine is traditionally used in many cultures around the world and is
believed to be the most cost-effective method for many people. A plant-based
treatment would appeal to people who believe in the traditional herbal
medication over the chemically synthesized medications. An effective plant
treatment, whether stand-alone or in combination treatment, will likely be more
cost effective than conventional medicine, hence, availability and access to
treatment may be infinitely improved. Moreover, herbal medicine has been
proven to have an effect on a specific disease, such as the case of A. afra in type
2 diabetes. Coupled with the effectiveness of nano-based delivery in a system
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that ensures the slow release of the phytochemical, may result in a decrease in
adverse side effects often caused by use of the A. afra plant itself.

Furthermore, it has been suggested that the development of an effective plant
treatment may by-pass numerous genetic factors associated with conventional
drug treatment. However, numerous studies will be required to amass a body of
evidence large enough to prove or disprove this notion.
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CHAPTER 4

4. Study Limitations

This study has shown that gold nanoparticles may be successfully produced from
A. afra, as well as the fractions produced through HPLC. Green synthesis of
nanoparticles is often difficult to optimize as nanoparticle specifications are
difficult to control. Unavoidably, the A. afra plant and the constituents of the
fractions proved to be relatively time-consuming to optimize and produce
nanoparticles of sizes below 150nm in diameter, as well as within the required
polarity (mV). However, the nanoparticles produced proved to be stable and
were charges were consistently measured to be approximately -18mV.

The cytotoxicity of the nanoparticles could not be accurately determined and it
may be concluded that the plant extract as well as the gold nanoparticles have a
very low cytotoxicity towards HEK293 cells. At 100ng of treatment it may even
increase proliferation of cells but further investigation may be required to
determine its effectiveness at this concentration. Further tests were conducted on
the same cell line using 1000ng of nanoparticles and no significant cell death
occurred. This indicates that human error or ineffective treatment of the cells
during the MTT assay may have influenced the results.

With regards to the glucose uptake, F5 nanoparticle-treated cells had a
significant increase in glucose uptake compared to the control and whole extract
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nanoparticle treated cells. This indicates that the bioactive ingredient with the
most significant anti-diabetic effects is present in fraction 5. This has narrowed
down the constituents of A. afra with the desired effects to those within fraction
5. However, due to time constraints within the project, the precise phytochemical
responsible for improving glucose uptake could not be identified. Although, this
will be investigated in future work, in addition to an evaluation of the role of
insulin with these phytochemicals.
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CHAPTER 5

5. Conclusion and Recommendations

Current research classifies Type 2 diabetes as most prevalent non-communicable
diseases in South. Metformin, a first-line drug in the treatment of Type 2
diabetes, has been shown to have an efficacy rate of 43% due to poor drug uptake
and metabolism. Furthermore, herbs commonly used traditional medicine have
shown promise in the treatment of Type 2 diabetes.

This study has shown that bioactive compounds useful in the treatment of type
2 diabetes may be isolated from A. afra. Furthermore, a nano-carrier formulation
was produced from these compounds and evaluated in this regard. Stable gold
nanoparticle production was observed in this study and it was demonstrated that
the exogenous particles were small enough to be transported across the
mammalian cell wall.

In addition, nanoparticles produced from fraction 5 proved to have a positive
effect on glucose uptake in vitro. Moreover, these gold nanoparticles also
exhibited no toxic effects on the HEK293 cells within the tested dosages. It may,
therefore, be concluded that the constituents of A. afra present an innovative
route for the treatment of type 2 diabetes in patients with a decreased response
to Metformin. However, further studies are required to determine a toxic dosage
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of these gold nanoparticles in vitro and to successfully isolate and identify the
exact phytochemical responsible for the improved glucose uptake.
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