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Abstract 
 

The effect of phytonanotherapy on diabetic rats 

K Modise 

MSc. Mini Thesis, National Nanoscience Postgraduate Teaching and Training Platform, 

Department of Biotechnology, University of the Western Cape. 

Diabetes Mellitus is a major global health issue, affecting over 463 million adults in the world. 

Metformin is the standard drug administered to most people suffering from diabetes; however, this 

medication is contraindicated in many individuals, like most of the medicines developed to combat 

diabetes. Many diabetic patients turn to herbal medicines due to their renowned traditional use and 

fewer side effects. While the beneficial effects of phytotherapy are very evident, separation of non- 

toxic from toxic phytochemicals is still a challenge. Phytonanotherapy is a branch in 

nanotechnology that seeks to find the middle ground between the fast-acting mechanism of 

conventional drugs which also present with long lasting or severe toxic side effects, and the slow- 

acting mechanism of phytotherapy which presents with less severe side effects. As such, the aim 

of this study was to pioneer the investigation of gold nanoparticles biosynthesized using the 

Carprobrotus edulis fruit aqueous extract (CeFe-AuNPs) as potential treatment for diabetes 

mellitus. 

Previously optimized conditions were used to synthesize CeFe-AuNPs which were concurrently 

characterized using UV-Vis, dynamic light scattering, High Resolution – Transmission Electron 

Microscopy and Fourier Transform Infrared Spectroscopy techniques. The physichochemical 

stability of CeFe-AuNPs in phosphate buffer saline, 0.5 % bovine serum albumin, water and 10 % 

NaCl was also investigated. The effect of CeFe and CeFe-AuNPs on glucose uptake by yeast cells 

was investigated using 5, 10 and 25 mM glucose reactions. Acute toxicity of CeFe and CeFe- 

AuNPs was conducted in female Wistar rats (n = 20) and major organs were analyzed through the 

haematoxylin-eosin stain. The anti-diabetic effects of the CeFe (200 and 400 mg/kg) and CeFe- 

AuNPs (100 and 200 mg/kg) were investigated in male Wistar rats divided into seven group (n = 

6). Histopathology of the pancreas, and the serum insulin were determined. 
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CeFe-AuNPs exhibit a Surface Plasmon Resonance of 532 nm, a hydrodynamic size of 75.30 ± 

61.63 nm and a core size of 16 ± 0.31 nm. CeFe-AuNPs were spherical in shape, stable in 

various physiological media and exhibiting a zeta potential of – 30 mV. CeFe and CeFe-AuNPs 

induced 58 – 84 % and 8 – 48 % glucose uptake activity in yeast cells, respectively, thus 

advocating for the anti-diabetic potential. There were no signs of toxicity observed in the acute 

toxicity study. Furthermore, low dose CeFe-AuNPs were ineffective in treating hyperglycemia; 

however CeFe was observed to slow-down the progression of hyperglycemia. While further 

studies, such as investigation of the lipid profile, are still required, this study showed, for the first 

time, the in vivo non-toxic effects of CeFe and CeFe-AuNPs, and the anti-hyperglycemic 

potential thereof. 
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Chapter 1: Literature Review 

1.1 Introduction 

Diabetes mellitus (DM) is a chronic, multifactorial and multi-hormonal disease that affects over 

463 million adults in the world (IDF, 2019). It is characterized by either the lack of insulin 

secretion, due to autoimmune β-cell destruction, or the inability of insulin responsive cells to 

successfully utilize the insulin produced by the pancreas in response to high blood glucose levels 

(BGL) (Gyamfi et al., 2019). Physical activity and a healthy lifestyle are the main methods used 

to prevent or manage DM; with the progression of the disease, conventional drugs are often 

incorporated (White, 2014; ADA, 2017). 

Anti-diabetic drugs are usually contraindicated in many individuals, and they induce undesirable 

side effects such as gastrointestinal issues, liver dysfunction, and hypoglycaemia (Carpio and 

Fonseca, 2014; White, 2014). Many diabetic patients turn to the use of herbal medications to treat 

this illness, or they use it in combination with their prescribed drugs (Yeh et al., 2003). The 

abundant diversity, and traditional knowledge, surrounding medicinal plants in continents such as 

Asia, Africa and South America, also encourages their use (Kasole et al., 2019). Although the 

success of phytotherapy is very evident, this treatment approach is limited by poor isolation of 

active ingredients within the medicinal plant of choice; as such, patients end up ingesting both 

useful and toxic phytochemicals (Ghorbani, 2013; Governa et al., 2018). 

Phytonanotherapy is a fast growing branch of nanotechnology that seeks to use therapeutic 

phytochemicals from medicinal plants for the production of nanoparticles (NPs) (Nasrollahzadeh 

et al., 2019). The vantage point of phytonanotherapy is to find the middle ground between the 

“fast-acting and long-lasting side effect” of pharmaceutical drugs and the “slow acting but few 

side effects” of phytotherapy. By taking advantage of the small size and large surface area of 

NPs, phytonanotherapy seeks to design and develop nanomedicines that are cost effective and 

have high efficacy, while inducing the lowest possible side effects (Iravani, 2011). Herein, the 

anti-diabetic activity of gold NPs synthesised from the aqueous extract of the Carpobrotus edulis 

fruit (CeFe) were investigated in streptozotocin-induced diabetic rats. 
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1.2 Epidemiology of Diabetes Mellitus 

There are approximately 463 million adults living with Diabetes Mellitus (DM) in the world; 19 

million of these adults are found in Africa, and 4.6 million of these are found in South Africa. Of 

this total, about 2 million South Africans do not know that they are living with DM (IDF, 2019).  

In 2015, diabetes resulted in 1.5 million deaths worldwide and Africa accounted for 321 100 of 

these deaths. As of 2019, the mortality rate has since increased by over 14%, thereby amounting 

to a total of 366 200 adult deaths (Mutyambizi et al., 2018). 

Rural-urban migration is the main cause of increasing diabetes cases within Sub-saharan Africa 

(Den Braver et al., 2018). Task-shifting among clinical stuff (Lekoubou et al., 2010), and the lack 

of advanced diagnostic and therapeutic techniques also play a pivotal role (Mutyambizi et al., 

2018). If alternative treatment and diagnostic methods, that are effective, rapid and cost conscious, 

are not developed and put into effect by 2030, Africa is predicted to experience a 143% projection 

thus making it the world’s leading diabetic outbreak (IDF, 2019). 

1.3 Diabetes Mellitus and the hormones involved in glucose homeostasis 

For a very long time, DM was thought to be a mono-hormonal disorder, characterized only by the 

complete or relative deficiency of insulin. Insulin is an anabolic peptide hormone that is produced 

by pancreatic β-cells in response to high BGL. Insulin mediates the storage of glucose in the 

muscle, liver and adipose tissues. However, the discovery of glucagon, an insulin antagonistic 

hormone secreted by the pancreatic α-cell, which functions to promote the production of glucose 

via the breakdown of glycogen, changed the definition of DM to it being a bi-hormonal disorder 

(Aronoff et al., 2004; Lankatillake et al., 2019). 

Research in glucose homeostasis has revealed a string of different hormones that have 

glucoregulatory capabilities. One of these hormones is amylin, a β-cell hormone whose activity 

complements that of insulin. Amylin, like insulin, is known to suppress postprandial glucagon 

secretion, food intake, body weight gain and gastric emptying, and has been observed to be absent 

in diabetic patients (NIDDK, 2016). In general, DM is influenced by the amount of glucose present 

in one’s body, this blood glucose is derived from the food an individual eats. Holistically, the 

definition of glucose homeostasis encompasses the interrelation of glucagon, amylin, insulin and 

the incretin hormones (glucagon-like peptide – 1 (GLP-1) and glucose-dependent insulinotropic 
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peptide), thus making it a multihormonal disorder (Figure 1.1). Nevertheless, insulin and glucagon 

are seen as the major regulators of blood glucose (Aronoff et al., 2004; Qaid and Abdelrahman, 

2016). 

 

 

 
1.3.1 Insulin and insulin resistance 

Insulin is a dipeptide that consists of an A (21 amino acids) and a B (30 amino acids) chain. These 

chains are joined via two disulphide bridges (Mann and Bellin, 2016). Insulin is a hormone that 

has transformed the manner in which diabetes, one of the most studied diseases in the human 

history, is diagnosed and treated. A variety of pathways influence its secretion but the most general 

alterations occur during transcription, translation and post-translational modifications (Aronoff et 

al., 2004). Insulin was first isolated in 1921 following an 1889 hypothesis by two German 

scientists, Minkowski and von Menug, who proposed that a substance secreted by the pancreas 

was responsible for metabolic control. It took a year for the isolated hormone to be tested in a 

human, and by the year 1923 insulin was commercially available in the United States (Wilcox, 

2005; Vecchio et al., 2018). In 1936, long-acting insulin was commercialized and it eradicated the 

need for diabetic patients to wake up in the middle of the night to take injections of the former 

rapidly acting insulin (White, 2014). 

The glucose sensory mechanism (the relationship between insulin, glucagon and the other related 

hormones that influence blood glucose concentrations) can be divided into the proximal entry of 

glucose and its metabolism, as well as the distal mechanism of insulin secretion that results from 

mitochondrial signal generation and electrical activity directed at the effectors responsible for the 
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exocytosis of insulin (MacDonald et al., 2005). That is to say, as depicted in (Figure 1.2), the 

pancreatic β-cells of the Langerhans, the potassium – ATP channel and the calcium channel are 

among the mechanisms that are used to regulate glucose concentration, in the body (Wilcox, 2005; 

Koster et al., 2005; McTaggart et al., 2010). In the event of diabetes, communication between these 

pathways is lost and the release of insulin becomes nullified or hindered (McTaggart et al., 2010). 

 

 
Figure 1.2: Illustration of glucose induced insulin secretion in the pancreas: Increased blood glucose results 

in an increased influx of glucose into the pancreas via the relevant GLUT transporters (discussed in section 1.4). 

Once engulfed glucose is phosphorylated into glucose-6-phosphate (G-6-P) under the facilitation of glucokinase 

(this is the rate limiting step for the metabolism of glucose). G-6-P enters the mitochondria and goes into the 

kerbs cycle where it is used for the synthesis of Adenosine Triphosphate (ATP). ATP is responsible for the 

closure of the K+ATP channel. This closure leads to the depolarization of the cell membrane and subsequently 

triggers the voltage-gated Ca2+ channel, which will then prompt the secretion of insulin (Mann and Bellin, 2016). 

 
Normal physiological conditions require that the glucose concentration be kept at a range of 

≤3.3mmol/L (NIDDK, 2016). However, following the consumption of a meal, BGL will inevitably 

undergo a drastic increase, which then causes the body to secrete a parallel concentration of insulin; 

this will cause insulin to exceed its basal concentration of 18 – 90pmol/l (Wilcox, 2005). In the 

event that the glucoregulatory system of an individual cannot return the BGL back to the normal 

concentration range, the patient is said to be hyperglycaemic. This could be a result of insulin 

resistance, which serves as a symptom of DM. Conversely, should a diabetic patient be prescribed 

a treatment drug or drug dose that does not match their physiological need, they can develop 

hypoglycaemia, which is a condition that results from severely decreased BGL. Both occurrences 

can be life threatening when they go untreated (NIDDK, 2016; Lankatillake et al., 2019). 
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Insulin resistance (IR) is defined as an event where normal or even elevated physiological insulin 

secretion does not instigate the anticipated biological response from insulin sensitive cells, thus 

causing the pancreatic β-cells to work harder at producing insulin and, after sometime, stopping 

the production all together (Cerf, 2013; NIDDK, 2018). IR is the major contributor to the 

development and progression of the metabolic syndrome. However, it does not supersede β-cell 

dysfunction in its ability to induce diabetes. In fact, these two conditions are presumed to work 

together in intensifying diabetes (Cerf, 2013). 

While the aetiology of  IR is complex and controversial, in regard to it being an essential 

component for the development of type II diabetes mellitus (Gerich, 2000), it has been established 

that obesity is its most common cause in men; therefore, overfeeding leads to increased 

inflammation (Glass and Olefsky, 2012; Johnson and Olefsky, 2013), changes the manner in which 

the body utilizes lipids (Gustafson et al., 2015), and changes the composition of the gastrointestinal 

microbiota, consequently, the routine interaction between the microbiota and the body is changed, 

thus enhancing the individual’s susceptibility to obesity (Johnson and Olefsky; 2013, Shen et al., 

2013). 

1.3.1.1 Insulin resistance, inflammation and obesity 

The adipose tissue of an obese individual is characterized by the excess presence of activated 

macrophages that promote the secretion of the Tumour Necrosis Factor – α (TNF-α), which is 

directly responsible for causing IR (Glass and Olefsky, 2012). In this manner, obesity is a direct 

cause of IR, which is one of the key factors for the development of type II diabetes mellitus 

(discussed in section 1.5). In the same way that obesity has been established as a common cause for 

IR, it has also been recognized that the accumulation of fat in the visceral adipose tissue has the 

most effect in decreasing insulin sensitivity as compared to the subcutaneous fat (which, in fact, 

has a very restricted ability to expand in order to accommodate excess fat, but rather promotes 

ectopic storage of fat). Obesity is also said to cause inflammation of the hypothalamus, thus 

prompting the local production of cytokines that cause central leptin resistance. The occurrence of 

these two events is then closed in a positive feedback loop that fuels weight gain and systemic IR 

(Johnson and Olefsky, 2013; Gustafson et al., 2015). 

Furthermore, it is often promoted that IR is a cause for type II diabetes mellitus (T2DM); 

however, Gerich (2000) argues that it is the impaired insulin secretion that should be credited for 
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this, as IR is mostly a result of obesity and that it only plays a role of propagating the disease 

rather than causing it, considering how weight loss is able to improve insulin sensitivity even 

though T2DM would still persist. This corroborates Cerf’s (2013) argument on β-cell dysfunction 

being the major cause of diabetes. To add on to this controversy, individuals who are non-obese 

but present with T2DM and IR have been identified, even though they only make up 10 – 15% of 

the diabetic population (Gerich, 2000; Gustafson et al., 2015). 

1.3.2 Glucagon Hormone 

The islet β-cells make up 10% of the pancreatic cells and only 20% of this mass is dedicated to the 

secretion of the α-cell hormone glucagon, the remaining 80% is dedicated to the secretion of the 

previously discussed (section 1.3.1) β-cell hormone insulin (Taborsky Jr, 2010). Glucagon acts 

as a counter-regulatory hormone whose name was established, in 1923, after a hypothesis that 

was framed during the isolation of insulin, it stated that “insulin was contaminated by a glucose 

agonist” (Godoy-Matos, 2014). Furthermore, glucagon is responsible for the stimulation of 

gluconeogenesis and glycogenolysis, which occur in the liver and result in formation of glucose 

(Mann and Bellin, 2016). 

The preproglucagon gene is responsible for the expression of glucagon (Taborsky Jr, 2010). This 

pre-pro gene can undergo various modifications to yield either GLP-1, GLP-2 or glucagon and the 

end product is dictated by the tissue in which the gene is expressed. In the pancreatic islet α-cells, 

the GLP-1 and GLP-2 sequences are flanked out, thus resulting in glucagon being the dominant 

hormone; whereas in the L-cells of the small and large intestine, the glucagon sequence is the one 

that is flanked out, making the other two hormones dominant. Surprisingly, these two hormones 

have different roles: GLP-1 is reported to have a role in the stimulation of insulin release while 

suppressing glucagon, and GLP-2 is known to increase the proliferation of the intestinal epithelial 

cells (Müller et al., 2017; Hædersdal et al., 2018). 

Although previously mentioned that the secretion of glucagon increases the internal production of 

glucose, this amount is not so significant that it can substitute the importance of exogenous 

glucose; instead, it acts as a backup in case of starvation, of which in the occurrence, three 

mechanisms will be prompted in order to notify the body that there is a need for glucagon secretion, 

namely: The direct effect of low blood glucose, the inhibitory effect of insulin on α-hormones, as 

well as triggering the autonomic input of the sympathetic nerve, the parasympathetic nerve and the 
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circulating hormone epinephrine towards the α-cells (Taborsky Jr, 2010). The concentration of 

plasma glucagon is increased in patients with diabetes. Pharmaceutical drugs that decrease the 

concentration of glucagon have also been of key interest in the treatment of diabetes (Hædersdal 

et al., 2018; Finan et al., 2020). 

1.4 Glucose transporters 

The movement of glucose into glucose sensitive cells is governed by specific transporter proteins 

that surround the cell’s plasma membrane. The importance of these transporter protein’s lies in the 

fact that glucose is a large molecule that has a polar charge, as such, it cannot simply diffuse 

through the cell membrane without assistance. There are two known types of transporter proteins, 

namely: the sodium-linked glucose transporters (SLGTs) and the diffusion glucose transporters 

(GLUTs). The major difference between these two types of transporters is that the SLGTs are 

made of 14 transmembrane helices where both the carboxyl and amine terminal groups face the 

extracellular space, while GLUTs are made up of 12 membrane-spanning regions that have their 

carboxyl and amine terminal groups located intracellularly (Mann and Bellin, 2016; Navale and 

Paranjape, 2016). 

SLGTs are typically located in the intestines, brain and kidneys. They are also found, in a lesser 

percentage, in the lungs, liver, pancreas, testes and the thyroid, and they function at a lower affinity 

than the aforementioned locations (Navale and Paranjape, 2016). Genetic mutations in the SLGT 

– 1 are associated with rare conditions that results in glucose/ galactose malabsorption thus 

affirming their biological role (Brown, 2000). There are 14 known GLUTs and a few of these are 

major role players in the transportation of glucose. These GLUTs are subdivided into three classes, 

illustrated in figure 1.3 E, and are all present in different tissues, at different compositions, and 

all have varying sensitivities towards insulin (Figure 1.3 A – D) (Augustin, 2010; Mann and 

Bellin, 2016). The GLUT classes are determined by how identical the molecules’ sequences are to 

each other, and although they are named GLUTs, they transport other types of monosaccharide as 

well (Szablewski, 2019). 
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Figure 1.3: The physiological role of hexose transportation in different tissues. A: GLUT2 facilitates the 

uptake of glucose into the pancreatic β-cells. This uptake initiates a cascade of mechanism that stimulate the 

release of insulin (figure 1.2). B: GLUT2 mediates the endocytosis and exocytosis of glucose and the 

endocytosis of fructose into hepatocytes. Glucose is then converted into glycogen via glycolysis or the 

glycogen to glucose via gluconeogenesis. Fructose joins the mechanism that leads to triglyceride synthesis and 

can also be catalyzed by fructokinase for the production of uric acid. GLUT9 is known for its involvement in the 

transportation of urate and is suspected to also transport fructose although the idea has not been thoroughly 

studied. C: At the apical site of the intestines, glucose uptake, by the SLGT-1, is dependent upon the sodium-

potassium pump while the uptake of fructose is conducted via GLUT5. In cases of high glucose concentration, 

GLUT2 undergoes translocation to the apical transmembrane of the intestines to aid in with its absorption. The 

translocation of GLUT2 is reversed by the presence of insulin. Exocytosis of both fructose and glucose is 

mediated by GLUT2. D: Transepithelial reabsorption of glucose in the kidneys is mediated by SLGT-2 on the 

apical site and GLUT2 in the basolateral membrane. The same is observed in the proximal straight tubule 

except the uptake is mediated by SLGT-1 on the apical site and GLUT1 on the basolateral membrane. E: An 

unrooted phylogenetic tree that illustrates the relationship between the 14 GLUTs and the classes they are 

divided into. The distance between the branches and the length of the lines indicates the degree of evolution 

that the GLUTs have underwent. Adapted from (Augustin, 2010). 
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Class I consists of GLUT1 - 4and GLUT14, class II consists of GLUT5,7,9,11 and class III 

consists of GLUT6,8,10,12,13 (Szablewski, 2019). The class I GLUTs are the classic 

transporters and are of great interest in understanding the pathogenesis of diabetes. GLUT1 

serves a unique role in that it can transport glucose across the blood brain barrier while GLUT2, 

unlike most GLUTs that only serve to transport glucose to other locations, it is responsible for 

the reabsorption of glucose (and potentially that of galactose) from the gut and into the liver and 

pancreas (Brown, 2000, Augustin, 2010). Deficiency in the expression of GLUT1 and 3 is 

associated with Alzheimer's diseases, while deficiency in the expression of GLUT2 is associated 

with hyperglycaemia (Augustin, 2010). GLUT4, together with GLUT1, are said to be the most 

extensively studied glucose transporters, and this is because of their role in glucose homeostasis 

(Huang and Czech, 2007). 

GLUT4 is the most responsive to insulin, and it is associated with the development of type II 

diabetes (Olson, 2012). When insulin is secreted into the bloodstream, the GLUT4 transporters 

that are sequestrated within the glucose storage vesicles (GSV) are stimulated to undergo 

translocation from the cytoplasm of the adipose tissue cells, skeletal tissue cells and 

cardiomyocytes, and are taken to the respective tissues’ plasma membrane. This translocation 

can also be prompted by exercise or by contractions. Translocation of GLUT4 occurs under a 

tightly regulated mechanism (Figure 1.4). GSVs are composed of proteins such as v-SNARE, 

Vamp-2 and insulin-responsive aminopeptidase (IRAP). The presence of IRAP, instead of 

transferrin receptors, in the GSVs is the reason they are able to respond to insulin, as opposed to 

acting like normal endocytic components. In the absence of insulin, GLUT4 remains 

intracellularly encapsulated within the GSV (Richter and Hargreaves, 2013). Although insulin 

sensitive tissues express other types of GLUTs, GLUT4 is the one that conducts most of the 

glucose uptake, and 80% of this goes to the muscle tissue (Richter and Hargreaves, 2013; Vargas 

et al., 2019). 
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Figure 1.4: The translocation mechanism of GLUT4 in the adipose tissue and skeletal muscle is divided 

into the signal transduction (A) and vesicular transport (B). A: Insulin receptors respond to the presence of 

insulin by capturing the hormone, thus triggering the cascade of the phosphoinositide-3-kinase (PI3-kinase) 

independent pathway (green) and PI3-kinase dependent pathway (blue). Exercise triggers the activation of the 

5’AMP protein kinase (AMPK) in the skeletal muscle, due to an increased demand of energy, and also 

contributes to the translocation of GLUT4. B: A successful signal transduction prompts either the static model 

(blue arrows) or dynamic model (green arrows). The static model is observed only in the presence of insulin, 

while in the dynamic model the GSVs are in a constant exchange with the trans-Golgi network (TGN), thereby 

leading to a non-insulin related respond of glucose uptake (Augustin, 2010). 

The expression of GLUT4 is changed according to the state of one’s metabolic condition. A 

disruption in its transcription and/ or expression is associated with the pathology of impaired 

glucose uptake and IR, which both later become characteristics of type II diabetes and obesity 

(Marín-Juez et al., 2014). When the adipose tissue begins to house an abnormal amount of fat, 

GLUT4 becomes down-regulated. This is thought to be a mechanism that protects the brain and 

heart from glucose deprivation since a bigger adipocyte would require a larger amount of glucose 

(Abel et al., 2001; Fam et al., 2012). This same behaviour is observed in diabetic patients. 

However, it is not seen in the skeletal muscle of either obese or diabetic individuals (Brown, 2000). 

Contradictory to this, skeletal muscle specific knock-out of the GLUT4 gene in mice (Zisman et 

al., 2000; Fam et al., 2012), as well as suppressing its translocation from the cytoplasm to the 

plasma membrane (Xu et al., 2015) has been found to cause severe IR and glucose intolerance. 
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The homologous recombination of GLUT4, in order to alter its expression, proved true to the 

development of T2DM, although complete knock-out of the GLUT4 did not lead to a T2DM 

phenotype; such mice were found to have an increased expression of insulin (Stenbit et al., 1997). 

1.5 Types of Diabetes Mellitus 

The failure to achieve homeostasis from pre-diabetes results in the development of diabetes; there 

are three main clinical forms of Diabetes Mellitus: Type I diabetes mellitus (T1DM) is 

characterized by the autoimmune destruction of pancreatic β-cells, which leads to an inadequate 

production of insulin, type II diabetes mellitus (T2DM) is a result of genetic predisposition, 

environmental factors and lifestyle choices, and it is characterized by an individual’s resistance to 

insulin, and the progressive deterioration of the pancreatic β-cells, as well as gestational diabetes 

which is a form of diabetes that develops during pregnancy (IDF, 2019). 

1.5.1 Type I Diabetes Mellitus 

Formerly known as juvenile-onset diabetes (because of its commonness in children under 20 

years), or insulin-dependent diabetes, T1DM currently has no known preventative measures 

(Todd, 2010). Since the disease thrives on the autoimmune destruction of pancreatic β-cells, thus 

the depletion of endogenous insulin, individuals who are diagnosed with T1DM depend on the 

intravenous injection of the insulin hormone for survival (Gyamfi et al., 2019). It is known that at 

12 months after birth, the immune system has developed well enough to be able to support an 

automatic pathogenic response, and it is at this stage that the preclinical autoimmunity of T1DM 

is naturally and spontaneously triggered in susceptible individuals (Todd, 2010). Autoimmune 

destruction is marked by the presence of autoantibodies (antibodies that are produced by the 

immune system to target one or more of the host’s own proteins) within the biological system; 

however, T1DM can exist in the absence of these autoantibodies, and these individuals are 

classified as idiopathic or type 1B patients (Gyamfi et al., 2019). 

T1DM is a disease that is richly influenced by an individual’s genetics (Steck and Rewers, 2011). 

Rat and mouse models have shown that no environmental or infectious triggers are required for 

the offset of T1DM (Todd, 2010); conversely, the fact that there is a positive correlation between 

T1DM, geographic location and seasons of the year suggests that one or more environmental 

factors (viruses, gut microbiota and toxins) may play a role in the onset of this disease (Gyamfi et 

al., 2019). Furthermore, the evolution of sedentary living, the prevalence of obesity, and other 
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metabolic disorders have increased the frequency of T1DM by 3% annually in children worldwide 

(Steck and Rewers, 2011; Gyamfi et al., 2019). 

The Major Histocompatability Complex (MHC) class II, whose role is to stimulate the 

proliferation of T-helper cells, is the main role player when it comes to an individual’s 

susceptibility to T1DM. Human Leukocyte Antigen (HLA) region on chromosome 6p21 is 

responsible for the development of approximately 50% of all T1DM that occurs within families. 

The strongest associations are seen in the HLA DR and DQ haplotypes. Although more than 40 

non-HLA susceptibility genes have been identified and confirmed, 90% of T1DM patients carry 

either the DR4 – DQ8 or DR3 – DQ2 haplotype and carrying both haplotypes simultaneously 

presents the highest risk of developing T1DM (Todd et al., 2007; Steck and Rewers, 2011). 

1.5.2 Type II Diabetes Mellitus 

Accounting for 90 – 95% of all diabetic cases recorded in the world, type II diabetes mellitus 

(T2DM) is potentially one of the longest existing diseases known to humankind, and is currently 

a worldwide problem (Atkins and Zimmet, 2010; Olokoba et al., 2012). One of the major 

predictions for the onset of T2DM is when a whole-body insulin resistance is observed in a patient. 

This abnormality in glucose uptake is noted to usually start in the muscle tissue and is referred to 

as “the earliest detectable abnormality of T2DM” (Taylor, 2013). T2DM is characterized by 

relative insulin deficiency as well as insulin resistance by insulin responsive cells, which ultimately 

leads to chronic hyperglycemia (Olokoba et al., 2012; Gyamfi et al., 2019). 

At the inception of the disease, insulin is able to successfully match the demand of the increasing 

BGL. However, with the progression of the disease, and the negligible response given by insulin 

sensitive cells, pancreatic β-cells begin to wear-out. A decrease in insulin production is soon 

observed, thus leading to uncontrollably high BGL even during fasting periods (Gyamfi et al., 

2019). Beta-cell mass is said to decrease by approximately 50% in individuals with T2DM as 

compared to those with normal physiology. Their decline is observed to continue with the 

progression of the disease, thereby causing patients to eventually become insulin dependent 

(Taylor, 2013). 

The increased frequency of T2DM is said to be the result of westernization, and consequently, the 

prevalence of obesity across all age groups (Banoo et al., 2015). Obesity is a contributing factor to 

T2DM in that the white adipose tissue is among the three main organs that are responsible for the 
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uptake of glucose. Furthermore, accumulation of excess fat in these cells tempers with their normal 

functioning, and they begin to release proinflammatory cytokines such as interleukin-6 and TNF- 

α, which are responsible for the advancement of low insulin sensitivity (Gyamfi et al., 2019). In 

this regard, T2DM is influenced by both genetic (McCarthy, 2010; Olokoba et al., 2012) and 

environmental risk factors (Zhang et al., 2017). T2DM also puts patients at a high risk of 

developing austere long-term comorbidities such as hypertension, cardiovascular diseases, 

neurocognitive impairments, kidney diseases, non-alcoholic fatty liver diseases as well as 

retinopathy, to mention a few (Zimmet et al., 2001; Atkins and Zimmet, 2010). 

People with a familial history of T2DM are 3 times more likely to develop the disease compared 

to those who do not come from this background; other developmental risks are due to the use of 

tobacco, poor lifestyle choices such as high alcohol consumption, a lack of exercise and relaying 

largely on a high calorie diet (Haghvirdizadeh et al., 2015; Zhang et al., 2017). Patients with a 

familial background of T2DM are thought to develop the diseases earlier, and face far more 

complications than people who do not (Jeong et al., 2010). Environmental toxins have also been 

implicated as being a causative of T2DM and these include the likes of bisphenol A, a constituent 

of plastic that causes a decrease in insulin sensitivity, as well as arsenic, which is found in seafood, 

rice and mushrooms (Pizzorno, 2016; Zhang et al., 2017). 

1.5.3 Gestational Diabetes Mellitus 

Gestational diabetes mellitus (GDM) is a common metabolic disorder that is diagnosed during the 

pregnancy of a female who, prior to conceiving, was not diabetic (ADA, 2004). GDM is essentially 

a form of hyperglycaemia and is often detected between months 6 and 7 of the pregnancy (CDC, 

2019). The increase in insulin resistance is credited to the weight gain that comes with the 

pregnancy as well as the hormones associated with the placenta. The implication of the placenta 

in GDM is supported by the fact that this condition is often reversed after birth, and there are very 

limited chances that the mother will develop type II diabetes later on in their lives (Buchanan and 

Xiang, 2005) 

When GDM goes untreated, it becomes detrimental to both mother and child, and it increases the 

chances of a caesarean-section labour, spontaneous abortions, and nerve damage to the new-born, 

which is a consequences of increased bodyweight (BW) thus pressure build-up on the baby’s 

shoulders during natural labour (ADA, 2004; Buchanan and Xiang, 2005; CDC, 2019). BW during 
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pregnancy, blood pressure, the age of the female at the time of conceiving the pregnancy, and a 

history of GDM from previous pregnancies, are some of the factors that influence the development 

of GDM (Buchanan and Xiang, 2005). Although GDM can later develop into type II diabetes 

mellitus, this outcome can often be negated by exercise and a healthy diet (ADA, 2004; Buchanan 

and Xiang, 2005). 

1.6 Screening and diagnostic methods for insulin sensitivity and DM 

1.6.1 Insulin sensitivity 

Many of the methods used for the assessment of insulin sensitivity are based on the 

Hyperinsulinemic-Euglycaemic Clamp (HEC), as it serves as the gold standard technique. The 

HEC technique involves the concurrent intravenous administration of insulin and glucose at 

constant and at variable rates, respectively. An individual presenting with insulin sensitivity will 

require a higher dose of glucose to maintain euglycaemia, while one with insulin resistance (IR) 

will require minimal glucose for the same purpose. Nonetheless, HEC is limited by its long 

turnaround period, as well as its high running costs. As such, derivative methods like the glucose 

tolerance test, intravenous glucose tolerance test and the insulin tolerance test were developed to 

offer simpler technologies that are able to combat these shortcomings. A persistent challenge to 

these techniques is that they are all invasive, and are too complicated to perform in daily clinical 

work, or on large population studies (Gutch et al., 2015; Tagi et al., 2019). 

To aid in simplifying the assessment of insulin sensitivity in clinical studies, surrogate indexes 

have been developed. These are divided into two categories: 1) Using fasting plasma 

concentrations of glucose, triglycerides and insulin to calculate the indices, and 2) indices are 

calculated based on insulin plasma concentrations, and glucose concentrations that are obtained 

within 2 hours of a standard oral glucose tolerance test (Gutch et al., 2015). These varying indices 

include the plasma fasting insulin (FPI), the quantitative insulin sensitivity check index (QUICKI) 

and the homeostasis model assessment insulin resistance (HOMA-IR). Different conclusions exist 

about the accuracy of these indices. Nonetheless, literature maintains that the clinical application 

of indices is limited by the absence of values that reference normal and impaired insulin sensitivity, 

and that they are more beneficial when being used for epidemiological studies that seek to 

understand the projection of diabetes in a non-diabetic population rather than as diagnostic tools 

(Gutch et al., 2015; Fiorentino et al., 2019; Khan et al., 2019; Muniyappa et al., 2019; Okosun et 
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al., 2020). Even so, the proper diagnosis of IR remains a venture of great importance, as it is a 

significant risk factor for the development of T2DM. When IR is detected early, it leaves room for 

the possible prevention and/or reversal of DM (Gutch et al., 2015; Tagi et al., 2019). 

1.6.2 Diabetes Mellitus 

In the case of diabetes, two screening and diagnostic approaches exist: The A1c based approach 

and the plasma glucose test (ADA, 2015). Glycated haemoglobin A1C (HbA1C) is a widely used 

biomarker for chronic hyperglycaemia. It is used to assess the average BGL of an individual over 

the past 2 – 3 months. The HbA1C test plays a more valuable role in the management of diabetic 

patients and is often discouraged as a diagnostic tool. This is because HbA1C can be well 

correlated to micro- and macro- vascular complications. However, this test is considered 

insufficiently standardized to act as a go-to method for the diagnosis of diabetes, and only presents 

data that correlates to the previous 3 months (not instantaneous glucose status). Furthermore, the 

results obtained from individuals with sickle cell anaemia or other forms of haemoglobinopathy 

can lead to a misdiagnosis. As such, it is important that any HbA1C test be carried out according 

to the National Glycohemoglobin Standardization Programme (NGSP) guidelines, which state that 

a 5.7 to 6.4% result corresponds to pre-diabetes, while any percentage higher than 6.5% is a 

confirmation of existing diabetes (ADA, 2012; ADA, 2015). 

Although the HbA1C test is much more convenient than the plasma glucose test, in that it does not 

require fasting, has a greater pre-analytical stability and causes less discomfort to the patient during 

times of illness, it is still not easily accessible in many regions within 3rd world countries, and is 

still relatively expensive to develop (ADA, 2012; ADA, 2015; Tomkins and Smith, 2020). In 

light of this, the oral glucose tolerance test (OGTT) still remains the gold standard for diagnosing 

DM; nevertheless, it is not without its own limitations and contradictions (Salmasi and Dancy, 

2005; Tomkins and Smith, 2020). 

The OGTT is conducted by first withdrawing blood from a patient who has undergone an overnight 

fast – this will be used to determine the fasting Plasma Glucose (FPG) levels. The patient is then 

provided with 75g of glucose, diluted in water, for ingestion, and this is followed by a blood 

withdrawal at times 60 min and 120 min. Glucose levels are then determined and compared to 

standard readings, and a diagnosis is made (Salmasi and Dancy, 2005). The preparations needed 

prior to the test, namely: high consumption of carbohydrates 3 days before the test, 10+ hours of 
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fasting, various blood withdrawals and various waiting times, render the OGTT method tedious 

and inconvenient. Regardless, the adversities associated with DM require that the screening be as 

accurate as possible (Tomkins and Smith, 2020). 

The combined use of the FPG and the HbA1c test have been recommended as a way of reducing 

the misdiagnosis of possible diabetic patients. Results have shown that screening methods are 

largely dependent on factors such as age, ethnicity, and the risk profiles of the individuals involved. 

As such, a Standard Operating Protocol cannot be developed (Hu et al., 2010; Tomkins and Smith, 

2020). A study carried out in 144 subjects with no known pre-existing diabetes revealed that the 

use of FPG alone failed to identify 62% of persons that had an abnormal OGTT result, while 83% 

of the HbA1c tests performed in individuals who were later found to be diabetic, had a reading 

that was less than 6.1% (lower than the 6.4% threshold recommended by the World Health 

Organization and the American Diabetes Association, refer to table 1). As a result, the OGTT is 

the only conclusive diagnostic tool that is currently available (Salmasi and Dancy, 2005). A 

different study concluded that the HbA1c threshold should be decreased to 5.9%, and that the 

combined use of FPG and HbA1c did indeed improve the sensitivity of the diagnosing process; 

additionally, the study maintained that the OGTT should still be performed prior to confirming a 

diabetic case (Yu et al., 2015). 

Table 1: Criteria for diagnosing DM. 

1. FPG ≥ 7.0 mmol/L OR 

2. *OGTT with a plasma glucose level of ≥ 11.1mmol/L. OR 
 

3. HbA1c of 6.5% or more (≥ 48 mmol/mol). OR 
 

4. Random plasma glucose ≥ 11.1 mmol/L in patients with classic symptoms of 

hyperglycaemia. 

*Test should be conducted according to WHO guidelines. Table adapted from (Tomkins and Smith, 2020). 

 

1.7 Management and treatment of Diabetes Mellitus 

1.7.1 Lifestyle modification in DM patients 

As in many non-communicable diseases, lifestyle modification is often the first line of defense 

against the development or advancement of DM. It is so fundamental that even after a treatment 

regimen has been established, normally a pharmaceutical one, it will often include a balanced and 
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healthier lifestyle as its foundation Self-management of DM requires the combined efforts of the 

patient, the caregiver to the patient, and the clinician involved. The self-management approach is 

centered on the behavioural changes of the patient, which mostly entail better dietary choices and 

increased physical activity (ADA, 2017; Sheng et al., 2019). 

Stress management, smoke cessation, physical activity, socio-environmental support systems and 

a nutritional diet that focuses on a high intake of fruits and vegetables, and a lower intake of 

saturated fats, salts and sugar, are some of the recommendations that are given by the American 

Diabetes Association in order to manage or prevent diabetes, along with its comorbid diseases, i.e 

cardiovascular disorders and hypertension (Patel et al., 2017; Sheng et al., 2019). A study 

conducted on a vegetarian population, residing in California, revealed that this population group 

was at a lower risk of developing metabolic diseases as compared to a non-vegetarian population. 

This finding is thought to be a result of the lower body weights that are observed in vegetarians, 

as well as their low blood pressure and low LDL cholesterol (Fraser, 2009). 

One study showed that an improved dietary intake, physical activity, and a well-established 

knowledge on diabetes, could reduce the incidence of T2DM by 2-folds, within an average of 2.8 

years, when compared to a population that was simply prescribed metformin with no further 

instruction (Diabetes Prevention Program Research Group, 2002). Another study found that weight 

loss intervention in individuals who are at a risk of developing DM, worked better when the 

individual was moderately overweight as compared to obese patients. This, however, did not mean 

that intensive lifestyle modifications were invaluable for the obese individual; instead it is shown 

to destabilize the trend towards other comorbid diseases (Lindström et al., 2005). 

Although pharmaceutical interventions may be required at some point, or even prior to the illness, 

and especially in people who present with risk factors that are propelled by age and genetic 

predisposition, lifestyle modifications, as well as patient education and counselling, remain at the 

heart of the public health care system for the prevention and management of metabolic disorders 

(Lin et al., 2014; Patel et al., 2017; Patnode et al., 2017; LeBlanc et al., 2018). 
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1.7.2 Pharmaceutical intervention for DM 

In addition to lifestyle modification (diet and exercise), oral and injectable hypoglycaemic drugs 

form part of the strategies that are used in DM management. Deciding which type of 

pharmacotherapy to use is dependent on the type of DM one has, and how each individual responds 

to their therapeutic targets, namely: weight, blood pressure and blood glucose control. Therapeutic 

targets are agreed upon by both doctor and patient. Prior to the administration of any drug, patients 

should be well informed about the progression of the disorder, as well as the varying forms of 

treatment, and their role in terms of symptom monitoring and drug dosing. Patients should be made 

to understand that the treatment they receive is solely catered for their needs and that they might 

not only improve from the disease, but there is a potential of them progressing from just one form 

of treatment to multiple therapies (Alwan, 1994; Domiguez-Salazar, 2017). Figure 1.5 

conceptualizes some of the criteria that can be followed in order to successfully treat a diabetic 

patient: 

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



19  

 
 
 

Figure 1.5: A simplified schematic representation for the treatment of diabetes mellitus. Drug can be 

prescribed during dietary therapy. This is done is accordance to the state of the hyperglycaemia, and if whether 

or not there are other comorbidities. * Biguanides should only be prescribed when there are no contraindications 

(Renal or hepatic failure, metabolic acidosis and/ or decreased creatinine removal) present. ** Insulin dosage 

should be defined for each individual. Adapted from (Alwan, 1994). 

While insulin is arguably the most effective and predictable therapy, aside from its tendency to 

induce weight gain, chronic skin reactions, allergies, and its risk for causing hypoglycaemia, 

biguanides and sulphonylureas are the most prevalent forms of pharmaceutical treatments for 

T2DM patients. Other drug classes such as Thiazolidinedione (TZD), α-glucosidase inhibitors, 

DPP-4 inhibitors, SGLT-2 inhibitors, GLP-1 receptor antagonist, pramlintide, colesevelam, and 

bromocriptine exist, and are all said to decrease the presence of HbA1c by at least 0.5 – 1%, 
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except for biguanides and sulphonylureas. The two latter forms of treatment have a reduction rate of 

~1.5% and 1 – 2%, respectively (DeFronzo et al., 2014; White, 2014; Thrasher, 2017). 

 
For a time, clinicians were most sceptical about the use of biguanides to treat diabetes, and this 

was because of the association of phenformin and buformin with lactic acidosis. Now, metformin 

has become the most widely used anti-hyperglycaemic drug in the world (Engler et al., 2020). The 

primary mechanism of action of metformin involves the reduction of gluconeogenesis and 

lipogenesis, and an increase in glucose uptake and utilization via the mild improvement in insulin- 

sensitivity (Carpio and Fonseca, 2014; White, 2014). Metformin also promotes weight loss and/or 

suppresses weight gain, thus making it the ideal drug for obese T2DM individuals. However, it is 

known to cause gastro- related side effects such as nausea, vomiting and diarrhea, and cannot be 

used in individuals with contraindications (Carpio and Fonseca, 2014). 

Unlike biguanides, there are several formulations of sulphonylureas that are available, namely: 

Glimepiride, Glipizide and Glibenclamide. This drug class’ mechanism of action mainly functions 

through the stimulation of insulin release by the β-cells. It does this by binding to the sulphonylurea 

receptor located on the pancreatic β-cells. This occurrence leads to the closure of the calcium- 

potassium channel, cell depolarization, as well as calcium influx, thus the release of insulin. 

Because of their mechanism of action, sulphonylureas are well known for causing hypoglycaemia 

and weight gain, and are contraindicated in individuals with poor functioning livers, and those 

with nephropathy (Carpio and Fonseca, 2014; Thrasher, 2017). 

As of 2014, there were 11 classes of drug treatments for diabetes (White, 2014). This is a 

considerably strenuous amount for clinicians who are trying to come up with an effective and safe 

treatment regimen for their patients. Many more analogues and classes are being developed, each 

with their own advantages and disadvantages (Thrasher, 2017). 

1.8 Phytotherapy in the management Diabetes Mellitus 

Many anti-diabetic pharmaceutical drugs stem from botanical sources e.g metformin is derived 

from the French lilac (Galege officialis). As such, many people feel safe to use medicinal plants 

as an alternative to conventional medicines or as a co-therapy (Bailey and Day, 2004; Dias et al., 

2012). For many centuries, developing countries have exploited plants for their medicinal 

properties, and this is largely influenced by socio-cultural beliefs, especially in Africa, Asia and 
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South America. Over 80% of people living in third world countries depend on herbs for the 

treatment of ailments (Kasole et al., 2019). A study by Yeh et al. (2003) reviewed 108 clinical 

studies that focused on the mono or combinational use of phytotherapy for the treatment of 

diabetes, clearly exhibiting the large amount of literature available regarding this topic; 

nonetheless, there are still disputes about the effectiveness and safety of phytotherapy. 

Due to the growing use of herbal medicines, the World Health Organization (WHO) developed 

four volumes of monographs, each detailing the safety, efficacy, quality assurance and 

contraindications of some of the most widely used phytotherapies. The main aim of these 

monographs is to enhance the scientific information that is available on these plants and to ensure 

human safety (WHO, 2009). Allium cepa, Azadirachta indica, Momordica charantia, Ocimum 

tenuiflorum, Panax ginseng, Panax quinquefolius and Rehmannia glutinosa are some of the plants 

that have been reported to possess hypoglycaemic properties. Their main mechanisms of action 

were reported to either be the inhibition of α-glucosidase, or the increase in the expression of 

GLUT-4 and PPARs, or the possession of phytochemicals that promote the secretion of insulin by 

β-cells, as well as having the ability to increase insulin sensitivity in glucose utilizing tissue (Yeh 

et al., 2003; Ghorbani, 2013; Governa et al., 2018). 

Clinical studies using Gymnema sylvestre have long been carried out in both T1DM and T2DM 

patients. In T1DM, it was found that the administration of 200 mg of G. sylvestre, 2 times a day, 

per person, for a maximum of 30 months, along with the doctor prescribed amount of insulin 

injection, was able to decrease the average dose of insulin, increase serum c-peptide (thus 

potentially increasing β-cell function), improve glucose homeostasis, as well as reduce the activity 

of serum amylase (Shanmugasundaram et al., 1990). In T2DM, G. sylvestre (400 mg/day) was 

found to have the ability to regenerate pancreatic β-cells, as well as improve glycaemic control. 

This was postulated to be as a result of either increased insulin secretion or that the active 

component in G. sylvestre, termed GS4, was acting on the liver and inhibiting the process by which 

insulin inactivation may have been occurring. Administration of G. sylvestre in non-diabetic 

individuals did not impact insulin secretion (Baskaran et al., 1990). 

In addition to the pharmacokinetic and phytochemical studies of G. sylvestre (Sarker et al., 2019), 

scientist found that oral ingestion of this plant was able to decrease the desire to eat sweet foods 

by 21.5%, the pleasantness of sweet food by 31% and overall hunger by 21.4% (Turner et al., 
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2020). G. sylvestre is thought to alter taste receptors to be more sensitive to the bitter taste in any 

given food (Hudson et al., 2018). Although G. sylvestre is a very promising plant for the treatment, 

and possible cure of diabetes, much research is still being done in trying to understand its 

mechanism of action, as well as the most effective way to combine its phytochemicals (since some 

of the active compounds are allergens or toxins, while other are therapeutic). The same dilemma 

is being faced by cinnamon, and much of the anti-diabetic herbal medicines (Ghorbani, 2013; 

Governa et al., 2018). 

1.9 The role of nanotechnology in pharmaceutics 

Nanotechnology, defined as the study and use of materials with a diameter of 10-9 m (1 billionth 

of a meter), is a multidisciplinary field that, in the pharmaceutical industry, is seen as a “therapeutic 

revolution” (Thakur and Agrawal, 2015). In this regard, nanotechnology has become one of the 

most exciting strategies for drug-repurposing, drug-discovery and drug development (Mizushima, 

2011; Anselmo and Mitragotri, 2019). Nanoparticle formulations are desirable and promising 

products because of their tendency to acquire new physical and chemical properties, which are 

unlike their bulk counterparts. For instance, during the Roman Empire, gold nanoparticles 

(AuNPs) were used to manufacture a spectrum of coloured glasses, when, in fact, the colour of 

bulk gold is the famously known metallic yellow (Murty et al., 2013; Shah et al., 2014). 

Some of the properties that are changed when transforming bulk material to NPs, or synthesising 

NPs using the bottom-up approach, include their thermal, optical and elastic properties, their 

surface area, as well as their encapsulation capacity. How these properties change is dependent 

upon the size and the method used to synthesize the NPs (Holister et al., 2003; Khanna, 2016). 

Other advantageous properties of NPs include the ability to tailor their size to match that of, or be 

smaller than, the molecules found within biological systems, their drug release can be easily 

manipulated, multiple ligands can be attached to their surface and they display an increased 

stability when compared to conventional drugs. Together, these characteristics enable NPs to 

escape the reticular-endothelial system (RES), as such, avoid setting-off the immune response; 

which is a problem faced by many conventional drugs (Salata, 2004). Commonly used materials 

for the synthesis of biomedical NPs include liposomes, dendrimers, noble metals and metal oxides. 

These variants can be used as drug carriers, labelling agents and imaging sensors (Anderson, 

2018). 
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The use of NPs to treat diseases is termed nanotherapy. This approach can either be targeted or 

non-targeted, depending on the knowledge available about the biomarkers of the disease of 

interest. Nanotherapy has thus been vastly used in the treatment of cancer (Kim and Nie, 2005; 

Ediriwickrema and Saltzman, 2015), and in recent times has stretched its reach into the treatment 

of obesity (Sibuyi et al., 2019) and in ocular therapy (Kaur and Kakkar, 2014; Reimondez-Troitiño 

et al., 2015). Illnesses that result from the complications of diabetes have also been an area of 

interest for nanotechnology (Vives-Pi and Pujol-Autonell, 2015). Lipid based NPs have also been 

well received by the Food and Drug Administration (FDA) and many are commercially available 

(Anselmo and Mitragotri, 2019). Silver NPs have been mainly exploited for their antimicrobial 

properties (Marin et al., 2015), while AuNPs are exploited for their Surface Plasmon Resonance 

(SPR) that has improved bio-imaging and diagnosis (Ghosh and Pal, 2007). Other noble metals 

are also used in green nanotechnology [as discussed in section 1.10] (Jadoun et al., 2020). 

1.10 Phytonanotherapy 

Research in the use of green nanotechnology for biomedical application, also known as 

phytonanotherapy, is a fast growing branch in nanotechnology. Scientists all over the world have 

concerned themselves with the task of finding new ways to decrease the known, and unknown, 

toxicity of NPs. Phytonanotherapy removes the use of chemical reducing and capping agents, and 

replaces them with phytochemicals (flavonoids, polyphenols, tannins, carboxylic acids and 

amides) and antioxidants isolated from plant materials. This method alleviates cost constraints, 

presents a more sustainable and environmentally-friendly way of developing nanomedicines, 

reduces side effects that are associated with the chemical synthesis of NPs, and enhances their 

stability (Nasrollahzadeh et al., 2019). 

Because of the large number of plant species that are available in the world, especially in Africa, 

Asia and South America, and the encouragement by the WHO, to use environmentally-friendly 

and cost effective medicines for the treatment of burden diseases, different phytonanotherapies are 

being actively investigated for their hypoglycemic properties and their effectiveness in treating 

diabetes mellitus, and other diseases that arise as its complication (Anand et al., 2017). Cassia 

auriculata is a plant that is well known for its hypoglycemic potency. Using the leaf extract of this 

plant, AuNPs with a size of 15 – 25 nm were successfully synthesised at room temperature (RT) 
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and were found to be very stable at various pH points. These NPs have not been tested for their 

antidiabetic activity (Kumar et al., 2011). 

Furthermore, biosynthesised Cassia fistula stem bark AuNPs, ranging between 55.2 and 98.4 nm 

were used to treat streptozotocin (STZ) induced diabetic rats. The BW, serum glucose, and lipid 

profile of these rats were significantly improved by this treatment. C. fistula AuNPs were also able 

to decrease the amount of HbA1c present in the diabetic rats, and did not have any effect on the 

non-diabetic rats. The efficacy of these NPs was noted to be better than that of the aqueous extract 

alone (Daisy and Saipriya, 2012). In vitro testing of Gymnema sylvestre AuNPs was able to 

enhance the glucose uptake efficiency of 3T3-L1 adipocytes, and this suggests that the AuNPs 

could be as, or more, effective than the G sylvestre extract (Rajarajeshwari et al., 2014). Oral 

administration of Gymnema sylvestre silver NPs, in STZ-induced diabetic rats, was able to 

significantly decrease hyperglycemia and hyperlipidemia, as compared to the aqueous extract 

(Shanker et al., 2017a). While the treatment of STZ-induced diabetic mice with Bacillus 

lichenformis biomass AuNPs was able to decrease blood glucose by 75%, when compared with 

the diabetic control, these NPs were also able to return the lipid profile of the mice to almost 

normal (BarathManiKanth et al., 2010). 

1.11 Carpobrotus edulis plant 

C. edulis is a plant that is native to the coastal regions of the Eastern and Western Cape provinces 

of South Africa. It forms a part of the Aizoaceae plant family and is identified by its bright green 

foliage, yellow flowers that bloom during the summer time, and indehiscent fruits. This plant can 

now be found all around the world, where it is being used as a mat that holds together sand dunes, 

prevents soil erosion, and also for landscaping. However, due to its fast paced reproduction and its 

ability to survive extreme conditions, C. edulis is now classified as an invasive species, that also 

propagates the survival of other non-native plant species because of its tendency to increase the 

acidity of the soil, as well as change its biome (Herbarium, 1998). 

Also called the Sour fig, Hottentot Fig, Ikhambi lamabulawo (IsiZulu) or Igcukuma (IsiXhosa), 

the fruits of the C. edulis plant can be eaten raw, dried, as a jam or added into curries. The leaves 

of this plant have been used to treat mouth sores, cuts, eczema, ringworms and insect bites due to 

their antiseptic properties (Richter, 2003). The leaves have also been reported in the treatment of 

HIV/AIDS-associated infections (Omoruyi et al., 2012), Tuberculosis and DM (Akinyede et al., 
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2020). Following a water, ethanol and acetone extraction, C. edulis fruit peels were reported to 

have high antimicrobial activity, a high total phenolic, flavonoid and tannin content; however, the 

compositions of these phytochemicals was dependent upon the method of extraction (Castañeda- 

Loaiza et al., 2020). C. edulis leaf extracts have also been reported to have the potential to improve 

neurological function (Rocha et al., 2017). 

Aim of study: 

Much research that has been conducted on C. edulis has been focused on its leaves due to their 

numerous antiseptic properties and medicinal applications. To date, there is no known research 

that has been conducted to find the anti-diabetic potential of the C. edulis fruit extract, or its 

AuNPs. For this reason, and because of the intensive interest that is being received by 

phytonanotherapy for the treatment of various diseases, this research sought to investigate, for the 

first time, the anti-diabetic potential of AuNPs biosynthesised from the extract of the Carpobrotus 

edulis fruit (CeFe). 

Main objectives were: 

1. To synthesize of biogenic AuNPs using an aqueous extract of the Carpobrotus edulis fruit. 

2. To characterize the biosynthesised CeFe-AuNPs. 

3. To assess the effects of CeFe and CeFe-AuNPs on glucose uptake 

4. To determine the toxicity of CeFe and CeFe-AuNPs in non-diabetic rats; and 

5. To determine the anti-diabetic effects of CeFe and CeFe-AuNPs in rats with STZ-induced 

diabetes. 

Null hypothesis: 

CeFe-AuNPs do not possess hypoglycaemic properties, therefore they do not have a positive effect 

in rats with STZ-induced diabetes mellitus. 

Hypothesis: 

CeFe-AuNPs possess hypoglycaemic properties, therefore, these NPs have a positive effect in 
rats with STZ-induced diabetes mellitus. 
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Chapter 2: Materials and Methods 

2.1 Preparation of C. edulis fruit extract 

Dried C. edulis fruits were purchased from the Bellville market. In order to prepare a 0.25 g/ml 

extract solution, 100 g of the dried fruit was cleaned by removing the stem and manually removing 

off the top surface of the fruit. The fruits were then thoroughly washed with distilled water in order 

to remove debris, and were steeped in 400 ml of deionized water (ddH2O) overnight. The 

rehydrated fruits were blended until smooth, using a blender, and the resulting homogenate was 

heated to 80 ºC for 10 min. The homogenate was cooled to RT and filtered with glass wool in order 

to remove the chunky portions. The filtrate was centrifuged at 9000 rpm, 25 ºC, 10 min, filtrated 

through a Whatman No.1 filter paper, and was topped up with ddH2O to a final volume of 400 ml. 

The C. edulis fruit extract (CeFe) was then stored at -80 ºC until further use. 

2.2 Green synthesis of gold NPs 

The frozen (CeFe) was thawed at RT. The pH of the extract was adjusted to 8 by the addition of a 

1 M NaOH solution and then centrifuged at 9000 rpm, 25 ºC, 10 min, in order to clarify the 

solution. A 0.5 mM gold chloride tri-anhydrous was prepared in ddH2O, and the biogenic gold 

NPs were synthesised at a 1:10 ratio of extract: gold chloride. The synthesis reaction was carried 

out at RT, without shaking. 

2.3 Determination of the absorbance Spectra 

The UV-Vis spectrophotometer (PolarStar Omega microplate reader) was used to determine the 

absorbance spectra, as well as the SPR of the synthesized CeFe-AuNPs. A 30 µL volume of CeFe- 

AuNPs was diluted in 270 µL of ddH2O, and transferred into a flat bottom Greiner 96 well plate. 

The UV-Vis spectrophotometer was set to a wavelength of 400 nm – 700 nm and the generated 

data was analysed using Microsoft excel. 

2.4 Hydrodynamic size, Poly-dispersity Index and Zeta potential 

Dynamic light scattering (DLS) technique was used to determine the hydrodynamic size and the 

poly-dispersity index (PDI) of the CeFe-AuNPs. A 1:10 ratio of CeFe-AuNPs to ddH2O was placed 

into a 10 mm optic density polystyrene cuvette, and the sample was analysed using a Malvern 

Zetasizer Nano-ZS90 which was set to a temperature of 25 ºC. Size distribution was determined 
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at 90 º angle following the Strokes-Einstein relationship, and 11 experimental runs were 

conducted, each lasting 10 seconds. The zeta-potential was determined by adding a 1:10 ratio of 

CeFe-AuNPs: ddH2O into a disposable folded capillary cell and was analysed at 25 ºC, at a 90 º 

angle to the light beam. The equilibration time was set to 30 seconds and the experimental runs 

were conducted in triplicates, at a voltage of 4 mV. 

2.5 High Resolution -Transmission Electron Microscopy 

To determine the core size of the synthesised CeFe-AuNPs, the sample was diluted with ddH2O at 

a 1:10 ratio, drop-coated on a copper grid that is supported by a thin amorphous carbon film, and 

allowed to dry under a xenon lamp for 10 min. The micrographs were generated by viewing the 

grid under a TECNAI F20 HRTEM at an acceleration voltage of 200 kV, in a bright field mode. 

The micrographs were processed using the ImageJ software and the size distribution graph was 

obtained using the Origin8 software. 

2.6 FTIR analysis 

CeFe-AuNPs were pelleted using the ethanol extraction method. Briefly, a 5:1 ratio of ice cold 

ethanol to CeFe-AuNPs was prepared. The solution was placed at – 80 ºC for 30 min, then allowed 

to reach RT. It was then centrifuged at 8000 rpm, 25 ºC, 10 min, and the supernatant discarded. 

The CeFe-AuNPs pellet was left to air dry overnight. Potassium Bromide was crushed together 

with the AuNP pellet or the CeFe pellet, the resultant powder was placed in a metal disk, and 

analyzed using a Perkin-Elmer spectrum one FTIR spectrophotometer. The spectra range was read 

at 4000 – 400 cm-1 and a resolution of 2 cm-1. 

2.7 In vitro Stability analysis 

The in vitro stability of CeFe-AuNPs was tested in various physiological mediums. Briefly, 1 % 

Bovine Serum Albumin (BSA), 10 % NaCl, phosphate buffer solution (PBS), and ddH2O were 

used as the physiological media. CeFe-AuNPs were added at a 1: 5 ratio, and were incubated at 37 

ºC for 24 hours. The absorbance spectra were determined using a UV-Vis spectrophotometer at an 

absorbance range of 350 nm to 700 nm. 
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2.8 Determination of gold nanoparticle concentration 

A concentrated pellet of CeFe-AuNPs was obtained via centrifugation of 1 ml of the sample at 

20 000 rpm, 25 ºC, 30 min. A final weight of 0.02 g of the pellet was obtained. This was placed in 

a clean glass vial, which was previously washed with aqua regia (3 HCl: 1 HNO3). Two millilitres 

of freshly prepared aqua regia was added, and the sample was incubated at 70 ºC for 24 hours or 

until a 0.5 ml volume remained. The remaining solution was transferred to a 15 ml Greiner tube, 

and was made up to 10 ml with 2 % HCl. The samples were then sent to the Central Analytical 

Facilities at Stellenbosch University for Inductively Coupled Plasma – mass spectroscopy (ICP- 

MS) analysis. 

2.9 Glucose uptake by yeast cells 

Yeast cell suspension was prepared according to a published protocols (Cirillo, 1962, Bhutkar and 

Bhise, 2013, Saghir et al., 2020). Briefly, 1 g of commercial baker’s yeast was re-suspended in 50 

ml of ddH2O and was left overnight at RT. The yeast was centrifuged at 4200 rpm, 25 ºC, 5 min, 

and the supernatant was discarded. The pellet was re-suspended in 50 ml ddH2O, and centrifuged 

as above. This was repeated until the supernatant was clear. The pelleted yeast cells (~2 ml) were 

reconstituted into 18 ml of ddH2O to make a 10 % (v/v) yeast suspension. 

CeFe and CeFe-AuNPs were prepared at varying test concentrations (1.56 – 100 mg/ml). A 100 

µl of each test concentration was added into an Eppendorf tube, and an equal volume of either 10 

mM, 20 mM or 50 mM glucose was added. The Eppendorf tubes were incubated at 37 ºC for 10 

min and then 10 µl of the yeast suspension was added. The tubes were vortexed to ensure consistent 

distribution of the yeast cells and was incubated at 37 ºC for a further 60 min. 

The samples were centrifuged at 3800 rpm, 25 ºC, 5 min, and the supernatant was transferred to 

an Eppendorf tube containing 100 µl of 3,5-dinitrosalicylic acid reagent (DNS).The tubes were 

heated in a heating block at 100 ºC for 5 min. The samples were immediately placed in an ice water 

bath, and 300 µl of ice cold ddH2O was added to stop the reaction. The absorbance was read at 

540 nm using the PolarStar Omega microplate reader. The % increase in glucose uptake was 

calculated as follows: 

 
% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 = 

(𝐴𝑏𝑠. 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠. 𝑠𝑎𝑚𝑝𝑙𝑒) 
 

 

𝐴𝑏𝑠. 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

 
𝑥 100 
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The control of the experiment was the sample that included all the reagents except the test samples 

(CeFe or CeFe-AuNPs). The blanks were the varying concentrations of either CeFe or CeFe- 

AuNPs in water, or in water with 10 µl yeast. 

2.10 Animal care 

All animal experiments were carried out according to the guidelines and approval of the South 

African Medical Research Council (SAMRC), Ethics Committee for Research on Animals (ECRA 

08/19) and the University of the Western Cape, Animal Research Ethics Committee (AR 20/1/1) 

(Annexure A). Twenty female Wistar rats and forty two male Wistar rats were sourced from the 

SAMRC PUDAC, and were allowed to acclimatize to the laboratory living conditions, and 

handling for a week (22 – 25 ºC temperature, 45 – 55 % humidity, 15 – 20 cycles/hour ventilation). 

Animals were subjected to 12 hours light/dark cycles, water and food were provided ad libitum. 

For socialization purposes, rats were caged in pairs, and were provided with nesting materials for 

enrichment. Housing tubes were also added for sleeping and hiding purposes. Rats were introduced 

to the jelly cubes during the week of acclimatization. 

2.11 Gummy bear preparation 

Jelly cubes were prepared by first thoroughly mixing 9.25 g unflavoured gelatine with 85 g of 

cherry/strawberry/raspberry flavoured jelly powder in 62.5 ml of ddH2O maintained at 80 ºC, on 

a magnetic stirrer hot plate. It was ensured that the mixture did not boil, so as to preserve the 

integrity of the gelatine. Once the jelly was melted, 62.5 ml of RT ddH2O was added. The mixture 

was allowed to mix for a further 1 min. To prevent the jelly from solidifying before time, the jelly 

mixture was kept at 20 ºC before transferring it, by weight, into silicon moulding trays using a 

dropper. The jelly cubes were left to set for at least 1 hour, removed from the moulds, and kept at 

4 ºC until use (Figure S1). These jelly cubes were used during the acclimatization stage. 

2.12 Acute toxicity Gummy bear preparation 

A stock of the jelly mixture was prepared as in point 2.11. Prior to placing the jelly into the silicon 

tray, CeFe, CeFe-AgNPs or CeFe-AuNPs was added into the jelly stock, all to a final concentration 

of 2000 mg/kg. The CeFe-AgNPs were a gift from Prof AM Madiehe. This mixture was then 

transferred into the silicon tray moulds, left to set for at least 1 hour and kept at 4 ºC until use. 
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2.13 Acute toxicity study 

Twenty female Wistar rats, aged 8 weeks, were sourced from the SAMRC PUDAC. The rats were 

acclimatized for a week and later randomized, by weight, into four groups (n = 5), namely: Group 

I: Control group, Group II: CeFe treated group, Group III: AuNPs treated group and Group IV: 

AgNPs treated group. The lethal dose test was performed according to the OECD guidelines and 

at a dose of 2000 mg/kg. Briefly, one animal in each group was fasted overnight and water was 

provided ad libitum. The fasted rats were each provided with a jelly cube containing either CeFE, 

CeFe-AuNPS, CeFe-AgNPs or no treatment, as a single dose, and were only allowed to eat after 

1 hour of treatment administration. 

The treated rats were closely observed for any signs of toxicity for 30 min and then after 4 hours. 

In the absence of any death or toxic effects, the remaining 16 rats were fasted overnight, with water 

provided ad libitum. Each of the animals were given jelly cubes containing 2000 mg/kg of either 

CeFe, CeFe-AuNPs, CeFe-AgNPs or no treatment, according to the group they belonged to. The 

rats were observed as above and thereafter daily, for a further 14 days. BWs were measured once 

a week, and on the day of necropsy. At the end of the study, blood was collected by exsanguination 

via the vena cava, under isoflurane anaesthesia and organs of interest were collected and placed in 

10 % formalin in preparation for histology. 

2.14 Anti-diabetic study gummy bear preparation 

To avoid the presence of excess sugar, only gelatine was used in the preparation of these jelly 

cubes. Briefly, 75 ml of ddH2O was brought to a temperature of 80 ºC, 2 ml of red food colouring 

was added and the two were thoroughly mixed. Following this, 47 g of unflavoured gelatine 

powder was added. Once evenly mixed, 75 ml of RT ddH2O was added. The mixture was 

transferred to silicon moulds and allowed to set for at least 1 hour, then kept at 4 ºC until use. For 

the experimental animals the jelly mixture was combined with either metformin (250 mg/kg), CeFe 

(200 mg/kg and 400 mg/kg) or CeFe-AuNPs (100 mg/kg and 200 mg/kg), and were allowed to set 

for at least 1 hour in the fridge, and kept at 4 ºC until further use. 

2.15 Anti-diabetic study 

Forty-two male Wistar rats were sourced from the SAMRC PUDAC and were acclimatized for a 

week. The rats were randomized, by weight, into seven groups (n = 6), namely: Group I: non- 
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diabetic control, Group II: Diabetic control, Group III: Diabetic metformin treated (250 mg/kg), 

Group IV: Diabetic extract treated (200 mg/kg), Group V: Diabetic extract treated (400 mg/kg), 

Group VI: Diabetic CeFe-AuNPs treated (100 mg/kg) and Group VII: CeFe-AuNPs treated (200 

mg/kg). 

Rats were fasted for 6 - 8 hours, in preparation for the STZ injection. In order to avoid sudden 

death due to hypoglycaemia, animals were provided with 10% sucrose water ad libitum. STZ was 

freshly prepared (40 mg/kg in 0.1 M citrate buffer, pH 4.5) and intraperitoneally (IP) injected, 

within 5 minutes of dissolving, into Group II – VII rats (n = 38). Group I rats (n = 6) were injected 

with 0.1M citrate buffer at pH 4.5. Animals were kept on 10% sucrose water for 3 days and then 

it was changed to regular water. After 48 hours since diabetes induction, a glucometer and tail 

prick method was used to determine the blood glucose levels of the rats. This also served as the 

first day of treatment. Each group was administered a single oral dose of the appropriate treatment, 

daily, for 25 days. The rats were observed daily for any signs of toxicity, and their BWs were 

recorded weekly. 

A day before necropsy, rats were fasted for 12 hours (21h00 – 09h00). On the day of necropsy, the 

rats were weighed and fasting blood glucose was measured using the tail prick method. The rats 

were anaesthetized by isoflurane inhalation and euthanized by exsanguination. Blood samples 

were collected via the vena cava, and various organs were collected (brain, heart, kidney, liver, 

spleen, pancreas, adipose tissue, lungs and testicles), weighed and placed in 10% formalin in 

preparation for histology. 

2.16 Histopathology analysis 

The livers, kidneys, spleens, pancreata and hearts of the animals used in the acute toxicity study, 

and the pancreases of the anti-diabetic study, were collected and fixed in 10% neutral buffered 

formalin. The morphological changes induced by the CeFe-AgNPs, CeFe-AuNPs and CeFe were 

analyzed at the National Health Laboratory Services, Department of pathology, University of Cape 

Town via a haematoxylin and eosin (H and E) staining procedure. Briefly, the organs were placed 

in cassettes and embedded in paraffin. After the embedding process, the organs were cut into 

sections of 2 µm and floated in 35 – 40% alcohol. The tissues were then floated into a 45 ºC water 

bath in order to remove creasing from the tissue, then floated onto their respective slides, and 
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allowed to dry at 55 ºC overnight. Finally, the sections were stained with H and E, and were viewed 

with a light microscope at different magnifications (10x, 40x and 200x). 

2.17 Hematology analysis 

Blood was collected in serum separating tubes and was centrifuged at 3500 rpm, 4 ºC, 20 min, in 

order to separate between serum and blood cells. The serum was aliquoted into cryovial tubes and 

stored at – 80 ºC until further use. 

2.17.1 Serum insulin determination 

The insulin assay was carried out according to the manufacturer’s protocol (Erins, Rat Insulin 

ELISA Kit, Thermo Scientific). Briefly, all working reagent were brought to RT prior to using. 

The insulin standard was prepared by adding 400 µl of assay diluent C into the lyophilized insulin 

vial. In a separate eppendorf tube, 440 µl of diluent C was added, along with 120 µl of the insulin 

standard; of this solution, 300 µl were aliquoted into a new tube. A serial dilution was carried out 

in tubes containing 250 µl of diluent C (150, 75, 37.5, 18.75, 9.38, and 4.69 µlU/ml). Standard 

zero was composed only of 250 µl of diluent C. 

Into the anti-rat insulin pre-coated 96-well strip plate, a 100 µl of the standard and samples was 

added (all reaction were carried out in duplicates). The plate was incubated at RT for 2.5 hours 

with gentle shaking. The samples were then discarded, the plate washed 4 times with 300 µl of 1x 

wash buffer, and inverted on a clean paper towel to dry. A 100 µl of biotinylated antibodies was 

added to each well and incubated for 1hr at RT with gentle shaking. After incubation, the solution 

was discarded, and was washed and dried as described previously. A 100 µl of streptavidin-HRP 

was added into each well, and the plate was incubated for 45 min at RT with gentle shaking. The 

solution was discarded, and washed and dried as before. Finally, a 100 µl of TMB substrate was 

added to each well and incubated for 30 min at RT with gentle shaking. A 50 µl volume of stop 

solution was added immediately after and the absorbance was determined at 450nm and 550nm. 

For all the incubation steps, a new cover slip was used and the plate was covered with foil. To 

account for optical imperfections, the formula Abs at 550nm minus Abs at 450nm was used. 
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2.18 Statistical analysis 

All experiments were carried out in triplicates and analyzed using the student t-test on Microsoft 

excel 2013, unless stated otherwise. The statistical analysis for the anti-diabetic animal study was 

conducted via a one-way multivariate analysis of variance (MANOVA) on R, followed by the one- 

way analysis of variance (ANOVA) and TukeyHSD post hoc analysis on python (Table S2; Table 

S3). Values were considered significant at p < 0.05. 
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Chapter 3: Results and Discussion 

3.1 Synthesis and characterization of CeFe-AuNPs 

3.1.1 Introduction 

Biogenic NPs are rapidly gaining recognition owing to their relatively easy synthesis and up-scale 

methods. These NPs are considered to be both eco-friendly and biocompatible, thus making them 

desirable for biomedical applications (Elbagory et al., 2016; Nasrollahzadeh et al., 2019). Gold 

NPs are amongst the most widely used biomedical NPs, and they present with valuable 

characteristics such as biocompatibility, high surface reactivity, as well as a high resistance to 

oxidation (Guo et al., 2005; Nasrollahzadeh et al., 2019). To broaden the body of knowledge 

already available on phytonanotherapy for the treatment of diseases, this study sought to pioneer 

the investigation of AuNPs biosynthesized with Carpobrotus edulis fruit extract as potential 

treatment for Diabetes Mellitus. 

This chapter discusses the synthesis method and characterization of CeFe-AuNPs using 

techniques such as the UV-Vis spectrophotometer, Dynamic Light Spectroscopy (DLS), High- 

Resolution Transmission Electron Microscopy (HR-TEM) and Fourier Transform Infrared 

spectroscopy (FTIR). 

3.1.2 Synthesis of CeFe-AuNPs 

The UV-vis absorption spectrophotometer is one of the most commonly used techniques for 

assessing the formation of NPs. This technique takes advantage of the electron cloud oscillation 

that occurs around the surface of NPs (> 2 nm), and correlates it to their diameter (Philip, 2008). 

In this study, the biogenic synthesis of CeFe-AuNPs was conducted through the direct interaction 

of CeFe and AuCl4∙3H2O. The control of parameters such as pH, temperature, gold salt 

concentration and extract concentration are pivotal for the successful synthesis of AuNPs, as they 

influence their size, shape and charge; which are all important components for decision making in 

terms of their downstream applications (Elbagory et al., 2016). The parameters of the CeFe-AuNPs 

used in this study were optimized by Prof AM Madiehe (manuscript in progress); as such, these 

details will not be included in this thesis. 
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In order to determine the rate of reaction for the formation of CeFe-AuNPs, the absorbance spectra 

of the NPs was measured at time intervals (in minutes) of: 1; 2.5; 5; 10; 15; 20; 30; 60; 120 and 

1440 (Figure 3.1 A and B). The reaction was observed to reach saturation at 20 minutes (Figure 

3.1 B). Equation 1 demonstrates the latter point and shows how the change in absorbance between 

these two time points is 0.0136 Abs. min-1. 

 

Figure 3.1: A) The absorbance spectra of CeFe-AuNPs as a function of time and B) The absorbance of CeFe- 

AuNPs at 532 nm as a function of time. Experiments were conducted in triplicates, and R2 = 0.8606. 

 
 

𝐸𝑞. 1: 𝑅𝑎𝑡𝑒 𝑜𝑓 
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

∆𝑂𝐷 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 λmax 0.212 
= = 

 

 
= 1.1 𝑥 10−2𝐴𝑏𝑠. 𝑚𝑖𝑛−1 

(𝑡=20min) ∆𝑡𝑖𝑚𝑒 20 𝑚𝑖𝑛 
 
 

 
 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 ∆𝑂𝐷 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 λmax 0.216 = = 
 

 
= 1.5 𝑥 10−4𝐴𝑏𝑠. 𝑚𝑖𝑛−1 

(𝑡=1440 𝑚𝑖𝑛) ∆𝑡𝑖𝑚𝑒 1440 𝑚𝑖𝑛 
 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐴𝑏𝑠. = 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜(𝑡=1440min) − 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛(𝑡=20min) 

 
= 1.5 𝑥 10−4𝐴𝑏𝑠. 𝑚𝑖𝑛−1 − 1.1 𝑥 10−2𝐴𝑏𝑠. 𝑚𝑖𝑛−1 

 
= 0.0136 𝐴𝑏𝑠. 𝑚𝑖𝑛−1 

 

Amongst the many available characterization techniques of AuNPs, observing their change in 

visible colour is also one way in which preliminary confirmation of the successful formation of 

AuNPs can be done. This colour change is due to the local surface plasmon resonance and often 
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ranges between ruby red to purple-blue, depending on the shape of the AuNPs (colloids, cubes, 

rods, stars or triangles) and/or their aggregation state (Philip, 2008). The colour change from 

yellow to ruby red, was observed to begin between 2 and 3min, and it indicated the formation of 

CeFe-AuNPs. Figure 3.2 illustrates the absorbance spectra of CeFe-AuNPs at 24 hours, as well as 

the collaborating colour change of the CeFe-AuNPs (insert). The maximum absorbance (λmax) of 

the SPR band of these NPs was observed at 532 nm (Figure 3.1: A), which is in alignment with 

the notion that clinically applicable gold NPs will generally exhibit a SPR maxima in the range of 

517 nm and 575 nm (Azzazy et al., 2012). 

 

Figure 3.2: Absorbance spectras of Au, CeFe and CeFe-AuNPs. CeFe-AuNPs were observed to display a 

Surface Plasmon Resonance maxima at 532 nm. The insert indicates that CeFe-AuNPs display a characteristic 

ruby red colour compared to the unreacted ligiht yellow AuCl4∙3H2O solution and the brownish colour of CeFe 

at pH 8. 

 

3.1.3 Characterization of nanoparticle morphology, size and size distribution 

3.1.3.1 Dynamic light scattering and zeta-potential analysis 

The dynamic light scattering (DLS) procedure is a technique used to measure the Brownian motion 

of particles in solution. This measurement is then correlated to the size of the particle on the basis 

that larger particles will have a slower movement compared to smaller ones. For a long time this 
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technique was used to determine the particle size distribution of polymer latex products (Vega et 

al., 2003), and is now also being used for the characterization of NPs, especially those that display 

surface plasmon resonance (Khlebtsov and Khlebtsov, 2011). Because DLS measures the 

hydrodynamic size of the nanoparticle, it is recommended that it be accompanied by HR-TEM, 

which will reveal the particle’s core size (Alexander and Dalgleish, 2006; Khlebtsov and 

Khlebtsov, 2011). 

As shown in figure 3.3 A, CeFe-AuNPs synthesised in this study had an average hydrodynamic 

size of 75,30 ± 61,63 nm and a polydispersity index of 0.435, the zeta potential was – 30.9 mV 

(Figure 3.3 B). Literature states that a polydispersity index that is less than 0.5 is representative 

of NPs that are mono-dispersed, and that a zeta potential that is less than – 30 mV is indicative of 

NPs that have an excellent stability, due to the repulsive electrostatic forces that exist between 

them. These features are especially important in NPs that have biomedical applications in that 

their behaviour can be easily predicted, as compared to unstable and polydispersed NPs 

(Rajarajeshwari et al., 2014; Omran et al., 2018). 

 

Figure 3.3: Characterization of CeFe-AuNPs using the dynamic light scattering technique. A: The 

hydrodynamic size distribution of aqueous CeFe-AuNPs (peak 1 = 94.2% and peak 2 = 5.8%). B: The zeta 

potential spectrum of CeFe-AuNPs. 

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



38  

 

3.1.3.2 High Resolution – Transmission Electron Spectroscopy 

HR-TEM analysis revealed that the synthesised NPs have a spherical shape, and that they are 

mono-dispersed (Figure 3.4). These findings support the previously stated notion that a PDI value 

that is < 0.5 represents a sample that is homogenously dispersed. According to literature, the size 

and shape of the NPs is influenced by the plant and gold salt concentrations, as well as other 

variables such as temperature, pH, rotation per minute during mixing, and the reaction time (Sun 

and Xia, 2002). In order to determine the particle size distribution of the sample by HR-TEM, 50 

CeFe-AuNPs were individually measured using the Image J software. The core diameter was 

calculated to be 16 ± 0.31 nm. Determination of the nanoparticle frequency in relation to their size, 

showed that the most occurring CeFe-AuNPs had a core size between 16 nm and 17 nm. DLS and 

HR-TEM are known to give varying results on the size of the same NPs. While HR-TEM measures 

the “true” core size of the AuNPs, DLS measure the hydrodynamic size which includes the metal 

core size, the organic molecules that may be present on the surface of the NP and any molecules 

present in the solvent which may have a tight association with the surface coating (Lim et al., 

2013). 
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Figure 3.4: HR-TEM images showing the size and morphology of CeFe-AuNPs. A and B: Morphology of 

CeFe-AuNPs at a 100 nm and 5 nm scale. C: Histogram showing size distribution of CeFe-AuNPs, as determined 

by ImageJ software. 

3.1.3.3 Identification of functional groups involved in the formation of CeFe-AuNPs 

Fourier Transform Infrared (FTIR) spectroscopy is used to generate data concerning the local 

molecular environment on the surface area of NPs. Generally, FTIR is used to analyse the chemical 

composition of organic, inorganic or biological samples, minerals, polymers and paints (Devaraj 

et al., 2013). The FTIR spectra is divided into two sections, namely: the functional group region 

(4000 cm-1 – 1500 cm-1) and the fingerprint region (1500 cm-1 to 400 cm-1). While the functional 

group region remains relatively the same in many samples, the fingerprint region contains 

functional groups that are unique to each sample, and is thus used in the identification and/or 

verification of substances (Coates, 2006). 
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In this study, FTIR was conducted as a way of identifying biomolecules that may have been 

involved in the capping and reducing of Au3+ to Au0, during the biosynthesis of CeFe-AuNPs. A 

variety of functional groups can be identified according their characteristic infrared absorption. As 

indicated in figure 3.5, CeFe displayed characteristic peaks at 1260.11, 864.16, 816.46, and 750.59 

cm-1; while CeFe-AuNPs showed characteristic peaks in the range of 2159.53, 1522.82, 1369.82 

and 1146.55 cm-1. The 1260.11 cm-1 peak could be representative of a C-N stretch, C-O stretch or 

a C-H wag. Due to its weak intensity, the peak could be more related to the C-H wag rather than 

the C-N or C-O stretch functional groups, which are often observed to display strong intensities. 

The peak at 864.16 cm-1 could be a result of the presence of the =C-H functional group, while the 

816.46 and 750.59 cm-1 could be representative of the C-Cl functional group, which is assigned to 

alkyl halides. The characteristic peaks in CeFe-AuNPs: 2159.53, 1522.82, 1369.82 and 1146.55 

cm-1, are associated with C≡C alkynes, NO2 stretch and C=C aromatic compounds, and the 

aliphatic amines C-N stretch, respectively (Coates, 2006, UCSC, 2006). 

 

Figure 3.5: The FTIR spectrum of CeFe at pH 8 and CeFe-AuNPs. 
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Due to the numerous peaks that were visible in the fingerprint region, CeFe was noted to be a 

complex extract (Figure 3.5) (Coates, 2006). Fruits are generally known to contain a great variety 

of phenolic compounds that are associated with many health benefits, some of which are water 

soluble, and can be found in aqueous extracts (Haminiuk et al., 2012). It has been previously 

reported that the appearance of the same intensity peaks, representing the same functional groups, 

in both the extract and AuNPs, is an indication that the phytochemicals present in the extract may 

be responsible for the reduction and stabilization of the formed colloidal AuNPs (Das and 

Velusamy, 2014). Therefore, comparison of the functional group of CeFe and CeFe-AuNPs was 

performed. 

Table 3.1 shows the functional groups that are shared by CeFe and CeFe-AuNPs. While FTIR 

cannot be used to provide definitive organic molecules that are involved in the formation of 

AuNPs, the technique can give an idea as to which functional groups partake in the biosynthesis. 

Analysis of the CeFe-AuNPs spectra revealed that alkyl and aryl halides, alcohols, ethers, 

carboxylic acids, aliphatic amines, primary and secondary amines, alkenes, alkynes and aromatics 

may have been involved in this biosynthesis. Major and minor shifts in the position of the 

absorption peak are said to be a result of the interaction between the phytochemicals and the 

present metal (Elia et al., 2014), which clearly indicates that there is an interaction between Au3+ 

and the phytochemicals present in CeFe, in order to form CeFe-AuNPs. 
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Table 3.1: Shift in the position of major CeFe peaks that are involved in the capping or reducing of CeFe-AuNPs 

 

CeFe pH 8 CeFe-AuNPs Shift in position 

(cm-1) 

Peak range 

(cm-1) 

Functional group 

3294.40 3262.60 +31.8 3500 - 3200 O-H Stretch (Alcohols and phenols) 

2914.34 2916.61 -2.27 2990 – 2850 C-H stretch (Alkanes) 

1733.29 1730.26 +3.03 1740 – 1720 
1750 – 1705 

C=O stretch (Aldehydes) 
Ketones 

1603.07 1601.58 +1.49 1650 – 1600 
1625 - 1440 

C=C (Alkenes) 
C=C (Aromatic compound) 

1410.02 1409.26 +0.76 1000 - 1400 C-F stretch (Alkyl & Aryl halides) 

1283.58 1284.34 -0.76 1335 -1250 

1320 – 1000 
1300 - 1150 

C-N stretch (aromatic amines) 

C-O stretch (Alcohols, esters, ethers, Carboxylic 

acids) C-H wag (Alkyl halides) 

1061.75 1067.81 -6.06 1320 – 1000 
1250 - 1020 

C-O stretch (Alcohols, esters, ethers, Carboxylic acids) 
C-N stretch (Aliphatic amines) 

1023.15 1016.33 +6.82 1320 – 1000 C-O stretch (Alcohols, esters, ethers, Carboxylic acids) 

896.71 893.68 +3.03 1000 – 650 
910 – 665 

900 - 675 

=C-H bend (Alkenes) 
N-H wag (1º, 2º amines) 

C-H “oop” (Aromatics) 

778.61 768.76 +9.85 1000 – 650 

910 – 665 
900 - 675 

=C-H bend (Alkenes) 

N-H wag (1º, 2º amines) 

C-H “oop” (Aromatics) 

702.14 703.66 -1.52 1000 – 650 
910 – 665 

900 - 675 
700 – 610 

=C-H bend (Alkenes) 
N-H wag (1º, 2º amines) 

C-H “oop” (Aromatics) 
-C≡C-H: C-H bend (Alkynes) 

662.77 666.56 -3.79 1000 – 650 
910 – 665 
690 - 515 

=C-H bend (Alkenes) 
N-H wag (1º, 2º amines) 
C-Br stretch (Alkyl halides) 
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3.1.3.4 Effect of various physiological media on the stability of CeFe-AuNPs 

Good physicochemical stability is one of the most important features for NPs that are designed to 

have a biomedical application. Good physicochemical stability refers to the ability of NPs to 

preserve their composition, surface chemistry, size and shape, under various physiological 

conditions. Furthermore, these qualities are what define the effectiveness of the NPs, their shelf- 

life, and resistance to aggregation as a function of time (Phan and Haes, 2019). Since the biological 

impact of metal NPs is influenced by their oxidation state and the ligands attached to their surface, 

NPs that are prone to oxidation, or speciation, take on an unpredictable behaviour, and are thus 

known to induce cytotoxicity and/or genotoxicity in the experimental model (Auffan et al., 2009). 

The physicochemical stability of CeFe-AuNPs was examined by incubating the NPs at 37 ºC in 

either 0.5 % BSA, 10 % NaCl, PBS or ddH2O, over a 24 hours period (Figure 3.6: A - D). The 

samples were monitored for a blue colour change, as well as changes in their absorbance spectrum 

using UV-Vis spectrophotometry (PolarStar Omega microplate reader). CeFe-AuNPs that were 

incubated in 0.5% BSA were found to be stable and maintained a λmax of 532 nm. CeFe-AuNPs 

incubated in PBS and those incubated in ddH2O were also found to be stable and also maintained 

a λmax of 532 nm, although a slight increase in absorbance was observed in the PBS experiment. 

CeFe-AuNPs incubated in 10 % NaCl were observed to undergo a blue-shift 24 hours after 

incubation. 

Aggregation of NPs, in the presence of high ionic strength media, is associated with red-shifting 

(denoted by a colour change from ruby-red to blue NPs). A red-shift represents a lack of protection 

by the capping and stabilizing agents involved, thereby leading to particle size enlargement and 

precipitation due to the interaction between the NP surface area and the ions present in the solution. 

Analysis of this aggregated state, on a UV-Vis spectrophotometer, reveals an absorption spectra 

with longer wavelengths (Barreto et al., 2015). Contrary, when noble metal NPs experience a blue- 

shift, dipole coupling is said to have occurred (Jenkins et al., 2014). This phenomena results in the 

dispersion of NPs in alkali solutions, thus decreasing their wavelength (Tseng et al., 2015), as seen 

in the CeFe-AuNPs incubated in 10 % NaCl. 

The stability or instability of NPs influences their proneness to aggregation, their bio-distribution, 

pharmacokinetic properties, and their degree of systemic toxicity. NPs that undergo aggregation 

are also inclined to being cleared by the RES, thus hindering their ability to reach their therapeutic 
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target, in so doing reduces their efficacy (Moore et al., 2015). Therefore, the relative stability of 

CeFe-AuNPs shows that the phytochemicals involved in their capping and stabilization fully 

protects their surface area, thus leaving no area for additional ligands to bind and disrupt their 

composition. This lack of aggregation also suggests that CeFe-AuNPs are good candidates for in 

vitro and in vivo experiments. 
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Figure 3.6: Stability of CeFe-AuNPs in various physiological media over 24 hours: A) Absorbance spectra of CeFe-AuNPs incubated in 0.5 % BSA, B) 

Absorbance spectra of CeFe-AuNPs incubated in 10 % NaCl, C) Absorbance spectra of CeFe-AuNPs incubated in PBS, and D) Absorbance spectra of 

CeFe-AuNPs incubated in H2O. 
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3.2 Biomedical application of CeFe and CeFe-AuNPs 

3.2.1 Introduction 

Opposed to the non-diabetic population, diabetic people have a 3-fold likelihood of being 

hospitalized. Furthermore, hyperglycemia is reported in 22 – 46% of non-critically ill patients. 

Inpatients that develop hyperglycemia are at an increased risk for complications, ICU admission, 

home-nursing, and mortality. Experiencing hyperglycemia can also increase the chances of 

developing diabetes later on in life (Corsino et al., 2017). Accordingly, the successful management 

of BGL is of utmost importance, in both diabetic and non-diabetic patients. The combined efforts 

of a healthy diet, regular exercise and pharmaceutical drugs are the major role players in the 

management of BGL in diabetic patients (White, 2014). Available pharmaceutical drugs are 

known to cause serious side effects, and as such, create an urgent need for the discovery and 

development of non-toxic and efficient alternative medicines (Saghir et al., 2020). 

Due to its abundant availability, easy accessibility, and prominent use in many regions of the 

world, phytotherapy has been identified as an effective treatment method that displays less toxicity 

compared to conventional drugs, and also bridges the financial gap that is imposed by these drugs. 

Conventional drugs go through vigorous manufacturing processes which later render them 

expensive; while medicinal plants are often home-grown and normally require boiling in water in 

order to extract the phytocompounds (Governa et al., 2018; Kasole et al., 2019). Nonetheless, the 

effectiveness of phytotherapy is still limited by the inadequate separation of therapeutic and toxic 

phytocompounds during the extraction process. Moreover, the self-dosing approach of this therapy 

may lead to liver toxicity (Del Prete et al., 2012; Laccourreye et al., 2017). 

To develop safer dosage regimens, much research is being conducted in phytotherapy for DM 

treatment. Capparis spinosa leaf extract has been previously described as a phytotherapy that has 

the ability to significantly lower serum glucose and normalize the lipid profile of STZ-induced 

diabetic rats after 28 days of treatment. However, this extract was unable to increase insulin levels 

(Kazemian et al., 2015). Afzelia africana stem extract was found to decrease serum glucose in 

STZ-induced rats, as well as improve their hematological parameters after 10 days of treatment 

(Oyedemi et al., 2011). Most promising is the Gymnema sylvestre plant which has been studied 

for many years, however has been hindered by insufficient understanding on how to best combine 

its therapeutic phytochemicals (Ghorbani, 2013; Governa et al., 2018; Sarker et al., 2019). 
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The incorporation of nanotechnology into plant-based medicines is believed to improve the 

efficacy of phytotherapy. It does this by decreasing the required dose, overall toxicity and 

increasing the bioavailability of the active compounds (Gunasekaran et al., 2014). This improved 

performance is attributed to the large surface area to volume ratio of the NPs, which allows for the 

binding of different functional groups, and their small size, which allows them to withstand 

degradation and escape phagocytosis by the RES (Bonifácio et al., 2014). 

In this chapter, the in vitro and in vivo anti-hyperglycemic effects of CeFe-AuNPs are described. 

In order to predict the response of a therapeutic drug in a human system, pre-clinical experiments 

must be conducted. The aim of this is to determine the ideal dosing concentration of the drug, its 

toxicity, and how it compares to drugs that are already in use. In this study two models viz., 

Saccharomyces cerevisiae and Rattus Novergicus, Wistar strain, were used as experimental 

organisms for in vitro and in vivo studies, respectively. 

3.2.2 Effects of CeFe and CeFe-AuNPs on the glucose uptake by yeast cells 

The use of Saccharomyces cerevisiae as a model for testing the anti-hyperglycemic effects of 

various phytocompounds is progressively becoming an accepted technique (Cirillo, 1962; Sairam 

and Urooj, 2012; Bhutkar and Bhise, 2013; Saghir et al., 2020). Therefore, in this study, yeast cells 

were used as a model to determine the effects of CeFe-AuNPs on the uptake of glucose. The 

experiment was carried out by subjecting yeast cells to varying concentrations of glucose (5 mM, 

10 mM and 25 mM), together with varying concentrations of CeFe or CeFe-AuNPs (1.56 mg/ml 

– 100 mg/ml), and glucose uptake was determined using the DNS method. 

 
Although S. cerevisiae transports glucose via a complex mechanism, it is generally stated that the 

mode of glucose transportation is through a facilitated diffusion mechanism. Because of this, the 

amount of glucose that is present in the media, after a period of time, is said to be representative 

of the glucose taken up by the yeast cell (Smits et al., 1996; Sairam and Urooj, 2012). Facilitated 

carriers enforce a system in which solutes are transported through a concentration gradient, thus 

emphasizing that an effective glucose utilization process is one where intracellular glucose is 

effectively reduced (Teusink et al., 1998; Pitchaipillai and Ponniah, 2016). 

Treatment of yeast cells with CeFe increased glucose uptake activity by 58 – 84 %, 58 – 64 %, and 

0.2 – 55 %, in the 5, 10, and 25 mM glucose reactions, respectively. High CeFe concentrations 
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were observed to induce a statistically significant decrease in glucose uptake activity. Even with 

the decrease, glucose uptake activity still ranged above 50 % (Figure 3.7: A - C). Plants naturally 

contain toxic secondary metabolites, which they use as phytoprotectants (Ifeoma and 

Oluwakanyinsola, 2013); therefore, the observed decrease in activity could be alluded to a 

potential increase in the response triggered by these phytoprotectants, such that they begin to 

overshadow the effects of the therapeutic compounds (Kumari et al., 2012). 

The best results were observed in the 5 mM glucose reaction, where three CeFe concentrations 

(1.56 mg/ml, 3.125 mg/ml and 6.125 mg/ml) were able to prompt a significantly high glucose 

uptake activity in the yeast cells (Figure 3.7: A). Considering the lack of statistical significance 

between 1.56 mg/ml, 3.125 mg/ml and 6.125 mg/ml concentrations, it can be assumed that CeFe 

may have the same effect when administered at these concentrations. In the 10 mM glucose 

reaction, CeFe was observed to be most active between 1.56 mg/ml and 12.5 mg/ml (Figure 3.7: 

B). While both CeFe and CeFe- AuNPs seemed to induce a linear increase in glucose uptake in 

the 25 mM glucose reaction, the results were not statistically different from each other (Figure 

3.7: C). It has been reported that, at this glucose concentration, uptake activity decreases due to 

glucose transporters being saturated, and as such a drive to establish equilibrium between 

intracellular and extracellular glucose is experienced (Saghir et al., 2020). 

Treatment of yeast cells with CeFe-AuNPs increased the glucose uptake by 7 – 43 %, 8 – 48 %, 

and 4 – 62 % in the 5, 10, and 25 mM glucose reactions, respectively (Figure 3.7: A - C). The 

lowest concentration of CeFe-AuNPs, 1.56 mg/ml, did not exhibit any activity in all 3 glucose 

concentrations, and 6.125 mg/ml of CeFe-AuNPs also did not demonstrate any activity in 5 mM 

glucose reaction (Figure 3.7: A – C). There was no statistical significance observed between the 

glucose uptake responses induced by CeFe-AuNPs at concentrations 1.56 mg/ml – 12.5 mg/ml, in 

both the 5 mM and 10 mM glucose reactions (Figure 3.7: A; Figure 3.7: B). This suggested that 

CeFe-AuNPs may only be able to improve glucose uptake at higher concentrations (> 12.5 mg/ml). 

Conversely, 100 mg/ml CeFe-AuNPs did not increase glucose uptake activity in the 5 mM glucose 

reaction (Figure 3.7: A). It is possible that a statistically significant increase in glucose uptake 

activity may only be induced every 3-fold increase in CeFe-AuNPs concentration, considering that 

there was also no statistical significance observed in both the 1.56 mg/ml – 12.5 mg/ml and 25 

mg/ml – 100 mg/ml concentration ranges (Figure 3.7: A; Figure 3.7: B). Additionally, at 50 
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mg/ml, CeFe-AuNPs may begin to cause saturation of the yeast cell receptors that they interact 

with, such that an increase in CeFe-AuNPs does not have an effect on glucose uptake activity. At 

this concentration, CeFe-AuNPs may also be displaying toxicity towards the yeast cells, e.g.: 

hindering growth of the yeast cells or inducing death. To better understand these response 

variabilities, further experimentations need to be conducted. Nevertheless, zinc oxide (Shwetha et 

al., 2020) and silver (Yakoob et al., 2016) biogenic NPs have been reported to induce a linear 

glucose uptake that is comparable to that of a standard drug. 

Like CeFe, CeFe-AuNPs were observed to induce the most activity in the 5 mM glucose reaction; 

however, CeFe induced the highest glucose uptake activity, (Figure 3.7: A). Increase in glucose 

concentration (5 mM, 10 mM and 25 mM) was observed to cause a decrease in glucose uptake 

activity in both CeFe and CeFe-AuNPs treated yeast cells. Both these trends have been reported 

before (Sairam and Urooj, 2012; Bhutkar and Bhise, 2013). Additionally, it was suggested that the 

successful mediation of glucose uptake in yeast cells could be due to both facilitated diffusion and 

elevated glucose metabolism (Rehman et al., 2018). This could further imply that CeFe and CeFe- 

AuNPs could possibly enhance glucose uptake in the muscle cells and adipose tissue, which may 

result in anti-hyperglycemic properties. 
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Figure 3.7: The effect of CeFe and CeFe-AuNPs on the glucose uptake by yeast cells. The concentrations that were investigated ranged from 1.56 

mg/ml to 100 mg/ml. Experiments were carried out in triplicates and error bars are represented as mean ± SEM. Bars with different letters are statistically 

different to each other at p < 0.05. Asterisk (*) represents statistical difference between CeFe and CeFe-AuNPs at p < 0.05. 
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3.2.3 In vivo acute toxicity effects of CeFe and CeFe-AuNPs 

Medicinal plants are known to house a variety of therapeutic phytochemicals, namely: flavonoids, 

alkaloids, steroids, terpenoids, glycosides and quinones. Because medicinal plants are naturally 

occurring, they are generally deemed safe for consumption. However, this is not always 

guaranteed, since plants exhibit a duality of both toxic and non-toxic phytochemicals (Mlozi et al., 

2020). Tephrosia vogeli is one such plant, it is used to treat skin diseases, constipation and as a 

purgative. Similarly, this plant is used as an insecticide and in the making of poison-arrows used 

in fishing and hunting (Orwa C et al., 2009). Due to genetic conservation between taxa, 

phytochemicals that are designed to protect plants from herbivorous predators can cause 

neurological damage in humans, and these include some of the therapeutic compounds (Ifeoma 

and Oluwakanyinsola, 2013). Nonetheless, some phytotoxicities have been reported as being 

reversible, while other phytotherapies did not display any organ toxicity (Tchuente, 2018). 

AuNPs form a part of the most used NPs in biomedical sciences. This is owed to their reigning 

stability and biocompatibility. Nevertheless, it is important to have a knowledge of their toxicity 

as this could assist in the development of better dosage strategies, and in avoiding the use of 

therapeutics that may have lethal effects (Bahamonde et al., 2018; Singh et al., 2019). The in vivo 

investigation of nanotoxicity enables researchers to monitor the long-term effects of NPs within 

the experiment model, their tissue localization, biodistribution, and their retention and excretion. 

In vivo tests mainly focus on blood serum chemistry, cell populations, histopathological changes 

in the tissues, and nanoparticle biodistributions (Marquis et al., 2009; Kaufmann and Jacobsen, 

2020). Herein, focus is drawn to the changes in BWs, tissue weights and tissue histopathology. 

One of the key interests of this study was not only to develop a drug that has a high efficacy and 

is highly effective, but also one that would also increase patient compliance. As such, an oral route 

of administration was selected. Acute oral toxicity was determined via the up and down procedure, 

as detailed in the 425 OECD guidelines (OECD, 2008). After a single-dose administration of jelly 

cubes containing 2000 mg/kg, the rats were observed daily for a period of 14 days, for signs of 

toxicity, namely: loss of appetite, change in fur colour, fatigue, weight loss, or death 

(BarathManiKanth et al., 2010). No signs of toxicity, abnormal behaviour or mortality were 

observed throughout the study. This served as preliminary evidence that a single oral dose of 2000 

mg/kg CeFe, CeFe-AuNPs and CeFe-AgNPs was safe to administer (Umrani and Paknikar, 2014). 
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The organs of interest were selected on the basis of them either being major organs, being the 

target site for DM, or their involvement in NP clearance; these include the heart, pancreas, spleen, 

liver and kidney. As shown in figure 3.8, CeFe, CeFe-AuNPs and CeFe-AgNPs had no effect on 

the BWs of the animals, as they remained comparable between the treatment groups. Table 3.2 

shows that the organ weights were comparable to those of the control group, except for the 

pancreas in the CeFe-AuNPs group. A close inspection of this data revealed that two animals in 

this group had pancreas weighing 0.7 g, while others weighed 1 g. This may have been an error 

that resulted during dissection, or the natural weights of the pancreas, considering how their 

histology did not show any signs of pathology (Table S1; Figure S6), and there was no statistical 

significance when compared to the control (p = 0.07). Histopathology analysis the treatment 

groups did not display any signs of toxicity and were comparable to those of the control group 

(Figure 3.9). 

 

 
 

 

 

Figure 3.8: Effect of CeFe, CeFe-AuNPs and CeFe-AgNPs on the BW of female Wistar rats after 14 days. The 

data is expressed as mean ± SEM (n = 6). 
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Table 3.2: Tissue weights of the rats 14 days after administration of treatments. 
 

Organ Control CeFe CeFe-AuNPs CeFe-AgNPs 

Liver 5,975 ± 1,195 5,6852 ± 1,137 5,9286 ± 1,186 5,909 ± 1,182 

Kidney 1,512 ± 0,302 1,4278 ± 0,286 1,4818 ± 0,296 1,4982 ± 0,230 

Spleen 0,4846 ± 0,097 0,5066 ± 0,101 0,48 ± 0,096 0,5142 ± 0,103 

Pancreas 1,1142 ± 0,222 1,107 ± 0,221 0,8928 ± 0,179 1,2318 ± 0,246 

Heart 0,6498 ± 0,129 0,6038 ± 0,121 0,6314 ± 0,126 0,6058 ± 0,121 
Data is presented as mean ± SEM (n = 6). 

 
While chemically synthesised AuNPs have been reported to damage cardiac tissue, depending on 

their size (10, 20 or 50 nm) and duration of exposure (3 or 7 days) (Abdelhalim, 2011), another 

study reported their accumulation in various major organs, and causing death in rats (Bahamonde 

et al., 2018). However, analysis of the histology sections from the latter study did not reveal any 

signs of pathology, namely: fibrosis, which is characterized by an increased presence of connective 

tissue; inflammation, which is characterized by an influx in macrophages; and dilated or 

constricted blood vessels, which are characterized by red blood cell congestion, or the lack thereof 

(Shanker et al., 2017b). 

Instead, the heart muscles cells (myocardium) were seen to display a characteristic long and flat 

shape with a defined parallel direction (Abdelhalim, 2011). The islets of Langerhans, in the 

pancreas, were intact and well granulated (Liggitt and Dintzis, 2018). The white and red pulp of 

the spleen where clearly distinguishable and were not invaded by erythrocytes (Abbott et al., 2004; 

Suttie, 2006). The liver was observed to have central veins with consistent sinusoids, healthy 

hepatocytes and intact portal tracts (Cardona, 2011; Krishna, 2013). The glomerulus capsule in the 

kidney was also found to be intact, and its tubules exhibited a normal architecture (Bachmann et 

al., 1986; Sangle, 2012; Madrazo-Ibarra and Vaitla, 2020) (Figure 3.9; Figure S2 – S6). The 

findings of this study corroborated those of another investigation that applied Chamaecostus 

cuspidatus biogenic AuNPS for the treatment of T2DM and wound healing (Ponnanikajamideen 

et al., 2019). Furthermore, the lack of significant pathological effects in these tissues shows that 

these NPs are coated by non-toxic phytochemicals, thus demonstrating their overall safety 

(Shanker et al., 2017b). Nonetheless, further investigations need to be carried out to determine 

their biodistribution and excretion. 
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Figure 3.9: Histopathological examination of female Wistar rats’ heart, pancreas, spleen, liver and kidney of the control group, CeFe, CeFe-AuNPs and 

CeFe-AgNPs treatment groups, after 14 days of observation following the administration of jelly cubes containing 2000mg/kg of the various treatments. 
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3.2.4 In vivo anti-diabetic effect of CeFe and CeFe-AuNPs 

Streptozotocin (STZ) is a chemical predominantly used to study in vivo induction of diabetes when 

seeking to study the disease’s mechanism or screen novel drugs for their anti-diabetic potential. 

This method is frequently used because it produces a diabetic model that is clinically similar to 

human diabetes (Furman, 2015). Although STZ damages numerous organs that express GLUT2, 

its bioaccumulation is mainly in the pancreas. This accumulation of STZ leads to the destruction 

of β-cells, which in turn cause a severe decrease in insulin production, hence increased BGL 

(Goyal et al., 2016). In this study, 60 mg/kg of freshly prepared STZ was used to ablate pancreatic 

β-cells thereby inducing hyperglycemia. Thereafter, the effects of CeFe and CeFe-AuNPs on BGL 

(Figure 3.10), BWs (Figure 3.11), relative progress in hyperglycemia (Figure 3.12), tissue 

weights (Table 3.3), pancreatic islet cells (Figure 3.13), and serum insulin (Figure 3.14) was 

analyzed. Since female rats are less sensitive to STZ, male rats were used for this section of the 

study (Furman, 2015). 

3.2.4.1 Effects of CeFe and CeFe-AuNPs on blood glucose and bodyweight 

Single high-dose STZ diabetic models are commonly characterized by hyperglycemia (high BGL) 

and rapid weight loss (low BW), which result from insulin deficiency and muscle-wasting elicited 

by the chemical (Guo et al., 2020). In this study, all animal groups that were injected with STZ 

were found to display some degree of hyperglycemia (17.2 ± 0.83 mmol/L) when compared to the 

non-diabetic control (NDC) (Figure 3.10; Figure S7). A progressive decline in BWs was also 

observed (Figure 3.11; Figure S8). Conversely, not all animals followed the “high-BGL, low- 

BW” trend often seen in a STZ diabetic model (Deeds et al., 2011; Gupta and Saxena, 2011; 

Furman, 2015; Shanker et al., 2017a; Shanker et al., 2017b). 

Seven (7) days after STZ injection, 4 of the animals in the diabetic control (DC) group were 

observed to experience a spontaneous decrease in their hyperglycemic status; the 2 remaining 

animals maintained a severe hyperglycemic condition for the rest of the study (Figure S7). This 

outcome was problematic in that experimental controls are used to set a benchmark in which to 

compare the results of the primary experiment (Johnson and Besselsen, 2002). While NDC animals 

were observed to behave like normal and healthy Wistar rats, maintaining a constant BGL 

throughout the study (Figure 3.10), and displaying a linear increase in BW, which was due to their 

natural growth (Figure 3.11), as previously stated, much of the DC animals did not develop a 
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severe hyperglycemia, thus this group could not be considered a good benchmark for STZ-induced 

diabetes. The DC animals were also observed to gain as much weight as the NDC, further 

reiterating that the DC was indeed a weak control, and did not display the natural progression of 

STZ induced DM (Figure 3.11; Figure S8). 

Due to the random ablation of β-cells by STZ, lower doses (40 – 75 mg/kg) have been implicated 

in inducing the most varied degrees of hyperglycemia, while higher doses (> 75 mg/kg) are most 

likely to cause animal mortality (Goyal et al., 2016). STZ has also been reported to induce varying 

degrees of hyperglycemia in rodents that were age or gender matched, regardless of them being an 

inbred or outsourced strain. These challenges present difficulties with reproducibility, thus leading 

to the variations observed in this study (Deeds et al., 2011). 

 

 
Figure 3.10: Effect of CeFe and CeFe-AuNPs on the blood glucose of male Wistar rats (n = 6). NDC: non- 

diabetic control, DC: Diabetic control, SD: 250 mg/kg metformin standard drug, T1: 200 mg/kg CeFe, T2: 400 

mg/kg CeFe, T3: 100 mg/kg CeFe-AuNPs and T4: 200 mg/kg CeFe-AuNPs. Day 3: 3 days after STZ 

administration and day 1 of treatment with either T1, T2, T3 or T4. Day 7, 14 and 21: 7, 14 and 21 days 

after treatment. 

Between day 3 and day 7 after STZ-injection, 4 of the 6 animals in the 250 mg/kg metformin 

standard drug (SD) treatment group maintained severe hyperglycemia while the remaining 2 

experienced a mild hyperglycemia. In the 200 mg/kg CeFe (T1), 400 mg/kg CeFe (T2) and 200 
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mg/kg CeFe-AuNPs (T4), 5 of the 6 animals maintained severe hyperglycemia between day 3 and 

day 7, and the remaining animals experienced a mild hyperglycemia which is postulated to be 

caused by a natural recovery from severe hyperglycemia. All the animals in the 100 mg/kg CeFe- 

AuNPs (T3) maintained severe hyperglycemia throughout the study (Figure 3.10; Figure S7). 

Administration of the metformin standard drug also proved challenging in that the rats would not 

completely consume the jelly cubes, due to the bitter taste of the metformin, thus ingesting a lower 

dose than intended. Considering that metformin is the go-to drug for the treatment of DM, it is safe 

to assume that the BGL and BWs of SD could have resembled those of the NDC (Figure 3.11; 

Figure S8). Observations of a mild and consistent decrease in BGL, as well as a mild increase in 

BW, between days 14 and 21, also support this hypothesis (Figure 3.10; Figure 3.11). Similar 

studies using either metformin (Shanker et al., 2017a; Shanker et al., 2017b) or glibenclamide 

(Ponnanikajamideen et al., 2019) as a standard drug have reported increase in BWs and 

normalization of blood glucose to a level that resembles that of their NDC groups. 

Furthermore, for successful induction of diabetes, using 40 – 65 mg/kg STZ dosage, the preferred 

bodyweight of Wistar rats is between 150 g and 200 g (Cunha et al., 2009; Furman, 2015; Goyal 

et al., 2016; Shanker et al., 2017a; Shanker et al., 2017b; Ponnanikajamideen et al., 2019). While 

the initial proposal was to use animals weighing 150 g – 180 g, all rats weighed between 260 g 

and 390 g by the time they reached the recommended minimum experimental age of 8 weeks 

(Furman, 2015). The larger BWs could have influenced the bioavailability of STZ, thereby 

influencing the degree of hyperglycemia obtained (since larger organs are more likely to express 

more of the GLUT2 compared to smaller organs). Intravenous injection of STZ has been reported 

to give a more reproducible STZ model compared to i.p injection (Deeds et al., 2011). 

In addition to exhibiting the highest BGL, T3 animals also experienced the most severe weight 

loss (Figure 3.11). Two animals (rat 32 and 33) in this group experienced a mild weight gain (4.5 

g and 6.5 g) (Figure S8); however, judging from their hyperglycemic status (25.83 ± 3.63 mmol/L 

and 28.05 ± 2.97 mmol/L, respectively), this weight gain was attributed to their natural growth and 

not the effects of the treatment. The continuous weight loss and severe hyperglycemia (Figure 

3.10; Figure 3.11), in T3 animals, indicated that 100 mg/kg CeFe-AuNPs do not induce any 

therapeutic effects on STZ-induced diabetic rats. A previous study reported that the lack of BGL 

normalization and increase in BW, was an indication that the Chamaecostus cuspidatus plant 
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extract had no therapeutic effects on STZ-induced diabetic albino rats (Ponnanikajamideen et al., 

2019). 

T4 animals followed a trend similar to T3 animals; however, 2 of the rats in this group (40 and 42) 

were observed to experience considerable weight gain (23 g and 45 g, respectively) (Figure S8). 

Similarly, each animal’s weight gain was attributed to their low hyperglycemic state (rat 42; 9.50 

± 0.46) or potential natural recovery (rat 40; 9.98 ± 1.97). Between day 3 and 7, rat 40 was observed 

to move from a BGL of 16 mmol/L to 9 mmol/L, which is a change that was not observed in any 

of the other animals (Figure S7). Rats that develop mild hyperglycemia, induced by STZ, have 

been reported to experience β-cell regeneration. The β-cells of rats with severe hyperglycemia, 

were observed to continue deteriorating (Cheng et al., 2017). As such, the low hyperglycemic 

status of these rats may have influenced their weight gain. 

 

 

 

Figure 3.11: Effects of CeFe and CeFe-AuNPs on the bodyweights of male Wistar rats (n = 6). NDC: non- 

diabetic control, DC: Diabetic control, SD: 250 mg/kg metformin standard drug, T1: 200 mg/kg CeFe, T2: 400 

mg/kg CeFe, T3: 100 mg/kg CeFe-AuNPs and T4: 200 mg/kg CeFe-AuNPs. Day 3: 3 days after STZ 

administration and day 1 of treatment with either T1, T2, T3 or T4. Day 7, 14 and 21: 7, 14 and 21 days 

after treatment. 

T1 animals displayed a spectrum of responses: 2 of the animals (rat 23 and 24) experienced mild 

weight gain (6 g and 9 g, respectively) (Figure S8); of these, rat 23 experienced a severe 

hyperglycemia (22.33 ± 1.76 mmol/L), while rat 24 experienced a mild hyperglycemia (10.95 ± 
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1.27 mmol/L). Conversely, the decline in BGL of rat 24 was thought to be a result of the treatment 

since the decrease in BGL was steady and not as abrupt as the one observed in the DC group, or in 

rat 19 (48 g weight gain, 9.20 ± 0.9 mmol/L hyperglycemic status) of the same group. Rat 21 

presented as an outlier in that it was both very hyperglycemic (21.9 ± 0.6 mmol/L) yet still 

experienced a relatively large weight gain (14 g) (Figure S8). This could have been a result of the 

animal’s natural growth, since NDC animals gained an average weight of 42.83 ± 2.70 g. This 

weight gain could have also been a result of CeFe, considering that MANOVA analysis revealed 

that the various treatments used in this study could have had independent influences BGL and BW 

(Wilk’s λ = 0.198, p = 0.0132). However, further investigations would have to be performed to 

confirm this hypothesis. 

T2 animals were observed to follow a similar trend as T1 animals, where 2 rats (rat 25 and 30) 

were observed to experience a mild weight gain (1.5 g and 9.5 g, respectively), which was 

attributed to their natural growth since these rats remained hyperglycemic throughout the study 

(20.95 ± 0.76 mmol/L and 24.73 ± 0.78 mmol/L, respectively). Furthermore, 2 rats (27 and 29) 

were observed to experience and immense weight gain (23.5 g and 67 g, respectively). As in rat 

19 in T1, the weight gain experienced by rat 27 was thought to be a result of it mild hyperglycemia 

(9.25 ± 1.41 mmol/L) and not the effects of the treatment. However, the steady decline in the BGL 

of rat 29 lead to the assumption that the weight gain observed may have been a result of the 

treatment (Figure S7; Figure S8). Progressive weight gain of STZ-induced diabetic Wistar rats, 

due to plant extract and biogenic AuNPs administration, has been associated with signs of animal 

recovery from DM. It is postulated that this weight gain results from improved glucose uptake by 

the body thus replenishing of tissue proteins that were lost due to dehydration (Sengani, 2017). 

Noteworthy, is that rat 29 experienced a weight gain (67 g) that greatly surpasses the average 

weight gain of NDC animals (42.83 ± 2.70 g), thus rendering it overweight and an outlier. 

Taken together, this experiment revealed that 100 mg/kg CeFe-AuNPs were not effective at 

treating STZ-induced diabetes. However, while it cannot be concluded that the treatments being 

investigated in this animal study possess the ability to improve hyperglycemic status, comparing 

the BGL at the beginning (day 3) and end (day 21) of the experiment showed that 200 mg/kg CeFe, 

400 mg/kg CeFe and 200 mg/kg CeFe-AuNPs had varying abilities in delaying the progression of 

the diabetes, thus emphasizing its anti-diabetic potential. Figure 3.12 shows how there was no 

hyperglycemic progression observed in the NDC group. Furthermore, DC animals were observed 
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to display a negative relative progression in hyperglycemia, clearly demonstrating what is 

postulated to be a spontaneous decrease in hyperglycemia (resulting from the β-cell regeneration 

previously reported in mildly hyperglycemic animals) (Cheng et al., 2017). Due to the difficulties 

faced during metformin administration, the relative progression in SD animals was observed to be 

higher than the NDC, as well as the T1 and T2 groups. Interesting to note, was the very low 

progression in T1 and T2 animals. This observation clearly indicates that although CeFe does not 

seem to restore BGL to normal, it does indeed delay the progression of hyperglycemia. While T4 

animals surpass CeFe treated animals in their relative progression of hyperglycemia, comparing 

T4 results to T3 result allows for the hypothesis that CeFe-AuNPs could perform better at higher 

concentrations. Carrying out the experiment for a longer duration could potentially provide further 

insight into how well CeFe and high dose concentration CeFe-AuNPs can delay the progression 

of hyperglycemia, and if this delay could eventually promote normoglycemia. Studying the lipid 

profile of these animals could also provide useful information on other parameters that these 

treatments could influence. 

 

Figure 3.12: Effects of treatment on the progression of hyperglycemia. Data is represented as the difference in 

means of day 3 and day 21. 
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3.2.4.2 Effects of CeFe and CeFe-AuNPs on tissue weights 

In this study, the spleens and hearts of diabetic animals were observed to experience a decrease in 

weight, while the livers and kidneys were observed to be slightly enlarged when compared to the 

NDC (Table 3.3). Although no statistical significance was found across all treatment groups, DM 

has been reported to decrease the immune capacity, and cause atrophy of immune organs via the 

suppression of immune cell function (Ebaid et al., 2015). As such, the decrease in spleen weight  

that was seen in this experiment could be a result of this common trait. Furthermore, diabetic 

toxicity has also been reported to cause lymphocyte stress, white pulp depletion, and depletion in 

the erythrocytes found in the red pulp of the spleen (Ebaid et al., 2015). Loss of heart mass may 

be due to the previously mentioned muscle wastage that occurs due to insulin deficiency, and also 

relates to the fact that cardiovascular diseases are among the most occurring comorbidities of DM 

(Leon and Maddox, 2015). Increase in liver weights is normally attributed to the liver specific fat 

accumulation that usually accompanies DM (Zafar and Naeem-ul-Hassan Naqvi, 2010), while 

enlargement of the kidney is often a result of vascular damage and often serves as one of the 

earliest signs of diabetes (Hostetter, 2001). 

The white adipose tissue (WATs) weights corroborate the low BWs observed in the diabetic 

animals. There was no statistical significance observed between the WATs of NDC and DC, 

further supporting that DC animals gained as much weight as the. Furthermore, no statistical 

significance was observed between SD and DC. T3 animals, as previously mentioned had the 

lowest BWs, and their WATs were also observed to be the smallest. The white adipose tissues of 

CeFe treated animals (T1 and T2) were found to be larger than those of the CeFE-AuNPs treated 

groups (T3 and T4). 
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Table 3.3: Effect of CeFe and CeFe-AuNPs on the tissue weights (g) of diabetic male Wistar rats 21 days after administration of treatments. 

Organ NDC DC SD T1 T2 T3 T4 

Initial BW 314,17 ± 9,38 316,17 ± 16,60 317,75 ± 16,10 314,92 ± 10,97 314,83 ± 15,16 314,83 ± 8,9 316,83 ± 12,49 

Final BW 357 ± 11,30 339,17 ± 15,09 331,25 ± 15,86 314,58 ± 15,91 326,17 ± 18,07 300,75 ± 11,78 316,67 ± 13,24 

Liver 10,394 ± 0,257 10,196 ± 0,626 11,117 ± 0,786 10,422 ± 0,441 11,267 ± 0,359 11,352 ± 0,518 11,006 ± 0,491 

Kidney 2,390 ± 0,072 2,446 ± 0,116 2,628 ± 0,143 2,654 ± 0,107 2,705 ± 0,09 2,863 ± 0,126 2,639 ± 0,123 

Spleen 0,666 ± 0,017 0,578 ± 0,034 0,617 ± 0,023 0,565 ± 0,046 0,581 ± 0,047 0,550 ± 0,026 0,596 ± 0,05 

Pancreas 1,376 ± 0,059 1,315 ± 0,144 1,357 ± 0,088 1,232 ± 0,043 1,314 ± 0,058 1,254 ± 0,065 1,344 ± 0,064 

Heart 1,084 ± 0,023 0,969 ± 0,055 1,006 ± 0,035 1,02 ± 0,042 0,984 ± 0,068 0,98 ± 0,028 0,981 ± 0,037 

Lungs 1,564 ± 0,036 1,404 ± 0,052 1,431 ± 0,063 1,376 ± 0,048 1,487 ± 0,09 1,314 ± 0,049 1,412 ± 0,055 

Brain 1,997 ± 0,016 1,995 ± 0,043 1,973 ± 0,037 1,969 ± 0,031 1,944 ± 0,042 1,942 ± 0,029 1,932 ± 0,052 

Testes 2,927 ± 0,087 2,910 ± 0,158 2,889 ± 0,125 2,841 ± 0,12 2,819 ± 0,132 2,826 ± 0,078 2,878 ± 0,073 

Epididymal 6,308 ± 0,865 4,507 ± 1,143 4,384 ± 0,867 4,871 ± 1,32 4,568 ± 0,554 2,231 ± 0,290 3,06 ± 0,822 

Subcutaneous 3,690 ± 0,395 2,824 ± 0,754 2,312 ± 0,505 2,041 ± 0,512 2,157 ± 0,357 1,023 ± 0,155 1,429 ± 0,312 

Retroperitoneal 5,935 ± 0,914 4,100 ± 1,308 3,929 ± 1,013 3,499 ± 1,386 3,842 ± 0,863 1,176 ± 0,205 2,497 ± 0,6 

Omental 3,751 ± 0,521 3,071 ± 0,791 2,41 ± 0,407 2,237 ± 0,799 2,239 ± 0,405 0,974 ± 0,180 1,904 ± 0,437 

WATs 19,684 ± 2,695 14,503 ± 3,996 13,035 ± 2,792 12,647 ± 4,017c 12,805 ± 2,180b 5,404 ± 0,830ab 8,889 ± 2,172a 
Data is presented as mean ± SEM (n = 6). White Adipose tissues (WATs) is represented as mean ± SEM of epididymal, subcutaneous, retroperitoneal and 
omental tissues (n = 4). a < 0.05 when compared to NDC. b < 0.05 when compared to DC. c < 0.05 when compared to SD. 
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3.2.4.3 Effect of CeFe and CeFe-AuNPs on pancreatic islet morphology and serum insulin 

As previously mentioned, the administration of STZ leads to varying degrees of β-cell ablation, 

with varying severities of hyperglycemia. Administration of varying treatments, in this study, 

showed different capacities in their ability to delay the progression of hyperglycemia (Figure 

3.12). Consequently, analysis of the pancreatic islets showed that CeFe treated animals (T1 and 

T2) had a more regular shape compared to those of the DC group. The state of T1 and T2 pancreatic 

islets could imply that CeFe delays the progression of hyperglycemia by decreasing the potency 

of STZ and as a result, preserving undamaged β-cells (Figure 3.13) (Ghorbani et al., 2019). This 

hypothesis could be corroborated by the fact that pancreatic islets in the extract treated T1 and T2 

groups still maintained a similar size and shape seen in the NDC, although they were fewer in 

numbers. Pancreatic islets of the DC had highly irregular shapes, and were relatively hard to find 

(Figure 3.13). While the mechanism by which CeFe operates is unknown, it is understood that 

conventional drugs involved in the treatment of DM do so by improving insulin sensitivity of the 

muscle cells and adipose tissue, inhibiting gluconeogenesis, reducing glucose absorption by the 

gut or increasing overall insulin production (Santos et al., 2012). 

Due to the high BGL in T1, T2 and T3, which served as evidence that STZ indeed ablated the β- 

cells, insulin production was expected be low, however this was not the case. Instead, the DC was 

found to have the lowest serum insulin. However, this insulin concentration was not statistically 

significant to either the SD or T2 (Figure 3.14). Metformin has been long reported to manage DM 

through a decrease in glucose production by the liver, an increase in insulin sensitivity of insulin 

responsive cells, and the reduction of calorie intake through the gut. Though the mechanism of 

metformin is complex, insulin production has not been implicated as one of them; therefore, the 

moderate insulin production in SD came as no surprise (Rena et al., 2017). Furthermore, T3 and 

T4 groups were observed to have a significantly higher serum insulin concentration (p < 0.01) 

(Figure 3.14). 

The insulin concentrations of individual animals corroborated those of the mean (Table 3.4; 

Figure 3.14). Unlike the BW and BGL, there was not much variation within the serum insulin 

concentrations of the animals in each group. Considering how there were no outliers in any of the 

groups, it was surprising to see that the DC animals had the lowest serum insulin concentration 

even though STZ injection failed to produce severe hyperglycemia in most of the animals. 
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Flavonoids have been previously implicated as being able to preserve pancreatic islets, and in the 

potentiation of β-cells in diabetic rat models (Ghorbani et al., 2019). Flavonoids are one of the 

phytochemicals involved in the bio-reduction of Au3+ to form AuNPs, which have also been 

implicated in the regeneration of pancreatic islet cells and potentiation of β-cells (Shanker et al., 

2017b; Guo et al., 2020). Therefore, there is reason to suspect that a similar observation was made 

in this study, and that this may be the reason behind the relatively higher insulin concentrations in 

the CeFe and CeFe-AuNPs treated groups compared to the DC. 

Additionally, the microscopic anatomy of the T4 pancreas revealed architectural structures that 

were suspected to be immature pancreatic islets were observed (Figure S9 – S13); however, an 

insulin immunohistochemical stain would have to be performed in order to confirm this 

postulation. As stated before, increasing the duration of this study may allow for more in-depth 

knowledge, and this includes these structures; perhaps an increase in CeFe-AuNP dosage may 

result in the islets maturing faster and could stand to support the previously formulated hypothesis 

that the effect of CeFe-AuNPs could be increased with increasing dosage (Section 4.2). 

Transplantation of pancreatic islets has been, for a very long time, viewed as the only real hope 

that would effectively normalize BGL in T2DM patients, without running the risk of developing 

conventional drug-associated hypoglycemia (Bottino et al., 2018). If it is true that CeFe-AuNPs 

have the ability to cause regeneration of islets, then these AuNPs would present a far less tedious 

and invasive technique, which would not require donor organs. 
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Figure 3.13: Effects of CeFe and CeFe-AuNPs on pancreatic islets. NDC: non-diabetic control, DC: Diabetic control, SD: 250mg/kg metformin standard 

drug, T1: 200mg/kg CeFe, T2: 400mg/kg CeFe, T3: 100mg/kg CeFe-AuNPs and T4: 200mg/kg CeFe-AuNPs. Due to their severe hyperglycemia, T3 

animals a similar morphology to the DC group. Note: Structures postulated to be immature pancreatic islets are indicated with a black arrow. 
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Figure 3.14: Effect of CeFe and CeFe-AuNPs on serum insulin. a < 0.05 when compared to NDC. b < 0.05 when compared to DC. NDC: non-diabetic 

control, DC: Diabetic control, SD: 250 mg/kg metformin standard drug, T1: 200 mg/kg CeFe, T2: 400 mg/kg CeFe, T3: 100 mg/kg CeFe-AuNPs and T4: 

200 mg/kg CeFe-AuNPs. 
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Table 3.4: Effect of CeFe and CeFe-AuNPs on serum insulin levels in individual rats. 

 NDC DC SD T1 T2 T3 T4 
 25,943 18,811 19,066 22,814 18,702 19,829 20,303 

 28,127 17,956 22,814 20,266 20,194 20,849 18,738 

 23,614 19,320 19,029 19,357 20,357 19,975 20,885 

  19,266 23,359 19,648 19,029 20,303 22,159 

  16,409 18,702 18,847 20,0298 20,084 20,485 

  19,484 21,067 21,777 20,485 21,249 22,649 

Average 
25,895 ± 

1,303 
18,696 ± 

0,282 
20,303 ± 

0,888 
20,812 ± 

0,732 
19,751 ± 

0,372 
20,218 ± 

0,225 
19,975 
±0,453 

NDC: Non-diabetic control, DC: Diabetic control, SD: 250 mg/kg metformin standard drug, T1: 200 mg/kg 

CeFE, T2: 400 mg/kg CeFe, T3: 100 mg/kg CeFe-AuNPs and T4: 200 mg/kg CeFe-AuNPs. 

Average is represented as mean ± SEM (n = 6) 
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Chapter 4: Conclusion 

4.1 Conclusion 

The aim of the present study was to synthesize and characterize biogenic CeFe-AuNPs, and further 

investigate their anti-diabetic potential in STZ-induced diabetic rats. CeFe-AuNPs were 

successfully synthesized and characterized using various microscopic and spectroscopic 

techniques. The average size of the CeFe-AuNPs was found to be 16 ± 0.31 nm, with a λmax of 

532 nm. The PDI was 0.435 and the zeta-potential was -30 mV, thus illustrating the desirable 

monodispersity and high stability required of NPs with a biomedical application. Furthermore, 

HR-TEM analysis revealed that CeFe-AuNPs were spherical in shape and corroborated the 

monodispersity observed in DLS. CeFe-AuNPs were stable in 0.5% BSA, PBS and ddH2O; 

however, after 24 hours of incubation in 10 % NaCl, CeFe-AuNPs began to experience a blue 

shift. 

CeFe and CeFe-AuNPs successfully induced glucose uptake in yeast cells. The best activity was 

observed in the 5 mM glucose reaction, where CeFe and CeFe-AuNPs caused uptake of 58 – 84 

% and 8 – 48%, respectively. These findings demonstrated that CeFe and CeFe-AuNPs indeed 

have anti-diabetic properties and could potentially increase glucose uptake in in vivo models. A 

high single oral dose of CeFe and CeFe-AuNPs (2000 mg/kg) did not induce any toxic effects in 

vivo. The latter finding showed that the lethal dose of both CeFe and CeFe-AuNPs was above 2000 

mg/kg and that at dosage concentrations lower than 2000 mg/kg, these treatments were safe to 

administer to rats. 

The results for anti-diabetic effects of CeFe and CeFe-AuNPs were inconclusive. While it was 

clear that 100 mg/kg CeFe-AuNPs had no therapeutic effects on STZ-induced diabetic rats, the 

remaining three treatments (200 mg/kg and 400 mg/kg CeFe, and 200 mg/kg CeFe-AuNPs) were 

observed to slow down the progression of hyperglycemia or to reverse the STZ-induced 

hyperglycaemia. It is postulated that this delay is achieved through the preservation of pancreatic 

islet cells that were not damaged by STZ. Moreover, animals treated with 200 mg/kg CeFe-AuNPs 

were observed to display structures that were postulated to be immature pancreatic islets. However, 

future studies, such as immunohistochemical analysis using insulin antibodies, would have to be 

conducted to confirm this observation. 

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



69  

This study has successfully pioneered the demonstration of the in vitro and in vivo anti- 

hyperglycaemic potential of CeFe and CeFe-AuNPs. Nonetheless, further optimization, in terms 

of dosage concentration of the treatments, duration of the study and refinement of STZ injection 

protocol, need to be conducted in order to obtain more clinically-relevant information about the 

anti-hyperglycemic properties of CeFe and CeFe-AuNPs. 

4.2 Limitations of the study 

The development of a severely hyperglycaemic STZ model proved challenging in this study. The 

obtained results could have been influenced by the random nature in which STZ ablates β-cells, 

and the use of larger bodied animals (which may have influenced STZ bioavailability and 

susceptibility). Furthermore, administration of metformin using jelly cubes presented some 

challenges that need to be addressed in future studies. Although the rats were eating the jelly cubes, 

they were not ingesting all of them, thus all rats ultimately received different doses of the standard 

drug. 

4.3 Recommendations and future work 

STZ-induced diabetic models are relatively unstable models which are obtained by chance (8 out 

10). In future studies it would be recommended that larger sample size of animals be used. 

Intravenous injection of STZ has been reported to yield more reproducible results compared to 

intraperitoneal injection. Therefore, to avoid variation within the animals, it would be 

recommended to use this route of administration. While STZ models develop hyperglycemia 

within 48 – 72 hours, it would be recommended that at least a week be allowed prior to 

administration of treatment. This is due to the reversal of hyperglycaemia that was observed in 

some STZ-injected rats in this study. Grouping the animals by hyperglycemic status instead of 

bodyweight could also decrease the variation that was observed in this study. 

Further studies would include immunohistochemistry of the pancreas to assess pancreatic islets 

regeneration. Determining the biodistribution of CeFe-AuNPs is also a vital procedure that can 

help assess the bioavailability and excretion of the NPs. Analysis of the lipid profile can also 

provide more in depth information about the effects of CeFe and CeFe-AuNPs. 
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