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Abstract 
 

Diabetes Mellitus is a metabolic disorder with multiple aetiologies with an estimated 422 million people 

with the condition, which is characterised by the chronic presence of hyperglycaemia and dysfunction in 

carbohydrate, protein, and fat metabolism. Diabetes Mellitus is separated into two main types; Diabetes 

Mellitus Type 1 and Diabetes Mellitus Type 2. In Diabetes Mellitus Type 2, individuals often exhibit insulin 

resistance with the exact pathophysiology being unknown. However, what is known is that the β-cells (the 

insulin-producing cells of the pancreas) can change in mass and different observations have been reported 

as to how this affects the progression of the disease. Since there are several different observations, there 

is a need to produce an imaging agent which can help give visual evidence as to the changes in the β-cell 

mass within the pancreas. The aim of this project was to develop an multimodal imaging probe that could 

be used to image the β-cell mass and it’s changes in the pancreas through MRI imaging and fluorescence 

microscopy.  

A multimodal imaging probe was developed which has been synthesised by functionalising fluorescent 

quantum dots with Exendin-4 (for specific binding to GLP1-R) and Gd-DOTA-TA (for MRI imaging). The 

spectra of the probe showed an excitation wavelength of 400nm and an emission wavelength of 607nm. 

With the probe being determined to be 533.6nm in size and with a charge of -20.1mV, there was evidence 

of good conversion from the TGA ligands to the Exendin-4 and Gd-DOTA-TA. Despite this, the relaxivity of 

the QD-Exendin-Gd-DOTA-TA conjugate could not be determined due to the low concentration obtained. 

The confocal studies show that the imaging agent was internalised into the cell, with some indication of 

specific binding to the GLP1-R on the MIN6 cells. However, cell viability studies show error between 

readings, so it is unclear of the actual effects of the agent on the cell.  

 

To conclude, the result of this study demonstrated the successful synthesis and functionalisation of the 

multimodal imaging probe with some future studies needed to optimise the functionalisation process. 

Furthermore, it was demonstrated that this probe can successfully enter MIN6 cells within 1 hour, and 

indicates specific binding to GLP1-R. This shows initial potential that this probe can specifically bind to 

cells expressing GLP1-R and can be used to visualise the mass present in the pancreas.  

 

With this, in future studies, confocal studies can be conducted to focus on alternative cell lines that 

express this receptor, and the localisation of the probe within the cell. The synthesis of the imaging probe 

can be repeated and optimised to prevent aggregation. If this is done, a more accurate idea of the 

cytotoxicity can be done. This information can further indicate the probes potential in visualising the β-

cell mass overtime to investigate it’s changes.  

 

 

 



201402438  MSc By Research Thesis 

5 
 

 

 

 

  



201402438  MSc By Research Thesis 

6 
 

 

Acknowledgements 

 

I would primarily like to express my gratitude to Dr Graeme Stasiuk for providing me with the opportunity 

to undertake this project for me to achieve my MSc By Research in Biomedical Sciences. I thank all of the 

members of Dr Stasiuk’s research group for making me feel part of the group. I want to thank the following 

members: 

 

Michelle Kinnon; Thank you for teaching me the critical aspects of Chemistry and providing me with 

quantum dots which were necessary for me to conduct my Master’s degree. You also became my friend, 

and I’ve experienced so much with you throughout the time I was doing my Master’s and could not have 

done it without you. 

 

Thomas Price; Thank you for going through my concerns and questions, even when they were repetitive 

and silly. Thank you for teaching me how to work GraphPad and giving me advice throughout my Master's 

degree. 

 

Mitchell Clarke; Thank you for teaching me key aspects of quantum dot chemistry as well as providing me 

quantum dots for my experiments. 

 

I would also like to thank members of the Biomedical Sciences department including  

 

Dr Cordula Kemp, Dr Leigh Madden and Ellie Beeby; I’m grateful to you for training me in several biological 

techniques, for sharing your expertise and for guiding me throughout my Master’s.  

 

 

  



201402438  MSc By Research Thesis 

7 
 

1.  Introduction 

1.1    The Pancreas 

The Pancreas is a dual functioning gland located in the upper left abdominal cavity behind the stomach 

(Harris, 2013). The pancreas functions both as an exocrine and an endocrine gland (Pandol, 2011).  The 

exocrine pancreas secretes digestive enzymes, water, and ions during digestion. The digestive enzymes 

are essential in processing food into its molecular components, and without this, malnutrition would 

follow (Pandol, 2010). The endocrine pancreas secretes hormones to maintain glucose concentration 

homeostasis (Nussey & Whitehead, 2001). 

 

 

Figure 1.1: A diagram to illustrate the location of the pancreas in relation to other surrounding organs 

(Longnecker,2014) 
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The exocrine tissues are organised into what are known as acini. The acini are arranged in lobes and 

separated by thin, fibrous tissue (Longnecker, 2014). They are surrounded by intercalated ducts which 

drain into larger ducts. The role of the acini is to secrete digestive fluids and digestive enzymes, including 

amylases, lipases, and peptidases. The digestive enzymes drain through the ampulla of Vater into the 

duodenum (Baron et al., 2016). The endocrine tissues are called pancreatic islets or The Islets of 

Langerhans. The Islets contain five endocrine tissues, described in Table 1.1.  

 

Table 1.1: Summary of the five endocrine tissues and their roles within the pancreatic Islets (Jarnagin, 

2017) 

Cell Type Role Approximation 
of the cell 
distribution 
within a 
Pancreatic 
Islet 

α (Alpha) Secretion of 
Glucagon  

35% 

ᵦ (Βeta) 
Secretion of 
Insulin  

55% 

δ (Delta) Secretion of 
Somatostatin. 
Regulation of 
digestion and 
nutrient 
absorption.  

10% 

γ 
(Gamma) 

Secretion of 
pancreatic 
polypeptide 

5% 

ε 
(Epsilon) 

Secretion of 
Gherlin  

<1% 

 

The pancreas has a critical role in the regulation of blood sugar concentrations. α and β cells contribute 

to this regulation by maintaining a negative feedback system. Glucagon and Insulin which are secreted 

from the α and β cell respectively are essential hormones to maintain blood sugar concentration 

homeostasis and regulate metabolism (Roder et al., 2016). These secreted molecules which control blood 

sugar homeostasis will be discussed in further detail below. 
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1.1.1  Glucagon 

 

Glucagon is a 29-amino acid polypeptide hormone, weighing 3.48 KDa, which belongs to the secretin 

hormone family (Jarnagin, 2017). As previously mentioned, this hormone is produced in the α cell of the 

pancreatic Islet. Glucagon is encoded from the GCG gene, which provides the proglucagon peptide. The 

proglucagon peptide is then processed by neuroendocrine convertase 2 to produce the glucagon peptide 

(Habegger et al., 2010). Regulation of glucagons transcription occurs through homeodomain transcription 

factors which are influenced by cAMP and amino acids (Habegger et al., 2010). 

 

Glucagons secretion is related to the blood sugar levels present. Low levels of glucose directly stimulate 

the secretion of glucagon from the α cell (Olsen et al., 2005) Secretion of glucagon occurs through the 

actions of voltage-dependent sodium (Na+) and Calcium (Ca2+) channels (Quesada et al., 2008). The effect 

of these voltage-dependent gates maintains action potentials. At low levels of glucose, KATP  channels will 

cause the membrane potential to be approximately -60Mv. This causes depolarisation of the membrane 

to which Na+ and Ca2+ channels will be activated. An influx of Ca2+ will occur to cause the release of 

glucagon by exocytosis (MacDonald et al., 2007). When glucose levels increase, cytosolic ratios of 

ATP/ADP will increase which in turn blocks KATP  channels. This will depolarise the alpha cell membrane, 

and the membrane potential will be at a level the Na+ and Ca2+ channels deactivate. Ca2+ influx will cease, 

and glucagon will not be secreted (Quesada et al., 2008).  

 

In the liver, glucagon promotes glycogenolysis, gluconeogenesis, the breakdown of proteins, and ketone 

synthesis (Stanfield, 2013). Glycogenolysis occurs when glucagon binds to the glucagon receptors in the 

liver and conversion of glycogen to glucose occurs, with glucose then being released (Stanfield, 2013). 

Gluconeogenesis occurs when the stores of glycogen decrease, and new glucose will be synthesised by 

the liver and kidneys (Stanfield, 2013). 

 

In adipose tissues, glucagon stimulates lipolysis and suppresses triglyceride synthesis (Stanfield, 2013). 

This process starts when glucagon binds to the glucagon receptor. This receptor is a G coupled receptor. 

In the plasma membrane, a conformational change will activate the G protein (which has an α, β, and γ 

subunit). At the place of the α subunit, GDP is replaced by GTP. The α subunit is released (Habegger et al., 

2010). 

The release of the α subunit activates adenylate cyclase. cAMP is produced, and protein kinase A is 

activated. This, in turn, activates phosphorylase kinase. This enzyme phosphorylates glycogen 

phosphorylase-B. This creates the active form phosphorylase A. Phosphorylase A is responsible for the 

release of glucose-1-phosphate from polymers of glycogen. Glycolysis and Gluconeogenesis in the liver 

are controlled by the activator of glycolysis called fructose-2,6-biphosphate. Protein kinase A 

phosphorylates one serine residue on a polypeptide chain that contains the enzymes fructose-2,6-

biphosphatase and phosphofructokinase-2. Phosphorylation activates the former and deactivates the 
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latter. This allows gluconeogenesis to predominate over glycolysis because the catalysing of fructose-2,6-

biphosphatase is slowed (Habegger et al., 2010).  

 

1.1.2  Glucagon-like peptide 1 

 

Glucagon-like peptide 1 (GLP-1) is a 31 amino acid polypeptide that is derived from post-translational 

modifications of proglucagon by the enzyme prohormone convertase 1 (Anandhakrishnan & Korbonits, 

2016). GLP-1 is primarily synthesised by the enteroendocrine L cells, but it also expressed on pancreatic α 

cells and neurons on the brain stem region (Anandhakrishnan & Korbonits, 2016).  

 

L-cells are located in the gastrointestinal mucosa and release GLP-1 when fatty acids, sugars, and amino 

acids are detected as the result of meal consumption (Lim & Brubaker, 2006). Primarily, GLP-1 activates 

reflexes that start gastric motility, that then results in gastric emptying. Secondly, GLP-1 activates vagal 

sensory nerve terminals which leads to initiation of vagal-vagal autonomic reflexes that control endocrine 

pancreas function (Spreckley et al., 2015). Circulating GLP-1, therefore, acts as a hormone at the Islets of 

Langerhans to stimulate the release of insulin. The actions of GLP-1 acts to lower blood sugar glucose 

(Nadkarni et al., 2014). GLP-1 and gastric inhibitory peptide (GIP) show evidence of effecting the increase 

in insulin secretion in response to the ingestion of food and resulting in the pancreatic β-cell mass 

increasing  (Prasad-Reddy & Isaacs, 2015).  

 

1.1.3   Insulin 
 

Insulin is a 51 amino acid peptide hormone, with a molecular mass of 5.808 kDa (Jarnagin, 2012). It exists 

as a dimer with an A chain and B chain that is linked together by disulfide bonds.  

 

As previously mentioned, insulin is produced by the β-cell in the pancreatic islet. Insulin is produced by 

the modification of the single polypeptide, preproinsulin. Preproinsulin is firstly directed to the rough 

endoplasmic reticulum (RER). In the lumen of the RER, preproinsulin is cleaved to form proinsulin (Fu et 

al., 2013). In the RER, proinsulin is folded correctly, and three disulfide bonds form. Proinsulin is then 

transported to the trans-Golgi network. Proinsulin will undergo maturation into the active form of insulin 

by the action of the following enzymes: cellular endopeptidases, prohormone convertases 1 and 2, and 

carboxypeptidase E. The endopeptidases cleave to release C peptide (Fu et al., 2013). This leaves the A 

and B chain linked by two disulfide bonds and two pairs of basic residues (Lysine-64, Arginine-65 or 

Arginine-31, Arginine-32). Carboxypeptidases remove these. Insulin is stored in granules until released by 

exocytosis. Insulin is sorted into clathrin-coated secretory granules and stored as a hexamer with two Zinc 

(Zn2+) ions (Weiss et al., 2018). 

 

The events of insulin release are initiated when glucose is in high concentration outside the cell and moves 
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into the cell through facilitated diffusion through glucose transporter 2 (GLUT2). Glucose is then converted 

to pyruvate through glycolysis and enters the mitochondrial matrix. Oxidative phosphorylation takes place 

in the matrix and releases ATP into the cytosol (Fu et al., 2013). ATP acts as a ligand and binds ATP selective 

K+ channels causing them to close and blocking potassium movement out of the cell. This prevented 

potassium movement causes cell membrane depolarisation. This leads to calcium-gated channels to open 

and calcium to enter. Calcium then triggers insulin release by exocytosis (Fu et al., 2013). This process is 

illustrated in Figure 1.2 below. 

 

 

 

 

 

 

 

Figure 1.2: A diagram to summarise the events of insulin release in the pancreatic β-cell (Baur et al., 2012).  

 

There are approximately 10,000 secretory granules per β-cell , but only 100 to 200 granules are capable 

of releasing their insulin in the first release phase (Brunner et al., 2007). The remaining granules are in a 

reserve pool and undergo ATP dependent reactions to release their insulin by exocytosis (Brunner et al., 

2007). The pancreatic β cell has one of the highest concentrations of Zn2+ in a mammalian cell with a 

concentration range of between 10-20mM per insulin granule (Davidson et al., 2015). Insulin promotes 

the synthesis of fatty acids and triglycerides by a process called lipogenesis in the liver and adipose tissue, 

and it also suppresses the process of gluconeogenesis in the liver. Insulin also promotes glycogenesis, the 

process of glycogen synthesis from glucose (Weiss et al., 2018).  
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1.2 Glucose 

 

Glucose is a monosaccharide which consists of six carbon atoms and an aldehyde group. It exists as an 

acyclic and cyclic form. Glucose is a primary source of energy for living organisms and can occur naturally 

in fruits or plants, or it can be formed as a result of the breakdown of glycogen (glycogenolysis). Glucose 

is also synthesised in the liver and kidneys from pyruvate and glycerol (gluconeogenesis). Glucose is used 

in respiration to create ATP in the cells of the body to provide energy (Human Metabolome Database, 

2019). Respiration can be aerobic or anaerobic. Aerobic respiration requires Oxygen and is summarised 

in Figure 1.3. 

 

 

 

Figure 1.3: An illustration of the processes and where they are undertaken in aerobic respiration (Lodish 

et al., 2016) 

 

1.2.1 The Movement of Glucose 

    

Movement of glucose is enabled by membrane transporters which are either Na+ dependent or Na+ 

independent: Na+ dependent glucose transporters include SGLT1 (found in the small intestine) and SGLT2 

(found in the proximal renal tubule) (Weiss et al., 2018). These transporters use the concentration 

gradient of Na+ to transport glucose, which will be moving against a concentration gradient (Weiss et al., 

2018).  
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The concentration gradient of Sodium is maintained by Na+/K+ATPase ion pumps (Lodish et al. 2016). 

 

Na+  independent glucose transporters consist of a family of several isoforms (GLUT1 to GLUT7) (Weiss et 

al., 2016). These transporters facilitate the movement of glucose down its concentration gradient. GLUT4 

is in the highest concentration in insulin-sensitive tissues (Weiss et al., 2014). GLUT1 enables them to 

increase their uptake of glucose, and this lowers the amount of circulating blood glucose (Lodish et al., 

2016). Insulin enhances the uptake of glucose by increasing the number of Na+  independent glucose 

transporters to the plasma membrane of target cells (Weiss et al., 2018). 

 

1.3   Diabetes Mellitus  

 

Diabetes Mellitus is a metabolic disorder with multiple aetiologies with an estimated 422 million people 

with this condition (WHO, 2018). It is characterised by the chronic presence of hyperglycaemia, with the 

disturbance in the metabolism of carbohydrates, protein, and fats (Stanfield, 2013). The chronic presence 

of hyperglycaemia is a result of the pancreas not being able to produce insulin (in the required amounts, 

if at all) or has an impairment to react appropriately to insulin. This results in defects in insulin secretion 

or insulin action, or both (Stanfield, 2013). Diabetes Mellitus is separated into Diabetes Mellitus Type 1 

(T1D) or Diabetes Mellitus Type 2 (T2D).  

 

1.3.1 Diabetes Mellitus Type 1 

 
 

Diabetes Mellitus Type 1 (T1D) occurs as the β-cells become partially damaged or entirely destroyed, 

leading to the pancreas being unable to produce sufficient insulin or it does not provide any at all. This is 

thought to be due to an autoimmune reaction causing the immune system to attack and destroy the β-

cells. T1D accounts for 5-10% of all diabetes diagnoses (Stanfield, 2013). 

 

Individuals with this condition are at risk of ketoacidosis because the lack of insulin prevents glucose 

absorption. Therefore, inhibiting the production of oxaloacetate through reduced levels of pyruvate. This 

results in the production of ketone bodies being unregulated, potentially increasing the levels of glucose 

in the blood (Stanfield, 2013). T1D is classified into Type 1a and Type 1b which represent a genetic cause 

or an environmental cause of T1D, respectively (Stanfield, 2013). Type 1a is a subclass that describes cases 

which those with T1D had an autoimmune reaction that involves their antibodies attacking the β-cells.  

 

In histological examinations of those with T1D, autoimmune reactions are identified as samples often 

show activated lymphocytes and autoantibodies to pancreatic proteins (Lebastchi & Herlond, 2012). 
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Autoantibodies are antibodies that react to self-antigens and have the potential to be found in all cell 

types within the human body (Schmidt & Leslie, 2005). They can be highly specific and may compromise 

the function of proteins, carbohydrates, lipids, and nucleic acids. Many autoantibodies are a marker of a 

pathological process (Elkon & Casali, 2009). 

 

Type 1 Diabetes can also be caused by environmental factors including viral infections which expose a 

genetic predisposition. Viruses which may induce the β cell destruction include viral infections of the 

gastrointestinal tract (coxsackie B) which will cause the immune system to try to clear the infection, but 

cause destruction (Coppieters et al., 2012).  

 

Another virus is Rubella which can cause a general response to attack several β cell proteins (Coppieters 

et al., 2012). In diagnosis, markers of this destruction can be identified, and they include islet cell 

autoantibodies, autoantibodies to insulin, GAD65, tyrosine phosphatases IA-2 and IA-2 β (Stanfield, 2013). 

 

1.3.2 Diabetes Mellitus Type 2 

 

Diabetes Mellitus Type 2 (T2D) occurs typically due to an excess of calorie intake over energy expenditure 

and progressively insulin resistance occurs. This increases the body’s demand for insulin to maintain 

glucose homeostasis (Fu et al., 2013). This disease is heterogenous caused by a combination of genetic 

and environmental factors (Stanfield, 2013). Genetic factors can affect the genes associated with impaired 

insulin secretion, insulin resistance. Environmental factors such as diet, lack of exercise, alcohol intake, 

cigarette consumption, and stress affect the onset and progression of T2D (Stanfield, 2013) 

 

Chronic hyperglycaemia is present in this disease with long-term damage to tissues in the blood vessels, 

nerves, eyes, kidneys, and heart. T2D makes up 85-90% of all diabetes diagnoses. The exact 

pathophysiology is unknown, but the disease is associated with an increase in glucose production, 

impaired insulin action, and loss of insulin secretion (Papatheodorou et al., 2016).  
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1.4 Symptoms and complications 

 

1.4.1 Symptoms 

 

Diabetes is often varied considerably between individuals and can often be asymptomatic in nature, 

especially in the early stages of Type 2 Diabetes, but common symptoms include: polyuria (excessive 

urination), polydipsia (excessive thirst), polyphagia (excessive eating, or appetite), fatigue, weight loss 

(without intending to do so), recurrent infections, recurrent wounds that won’t heal, blurred vision, 

thrush. Individuals should seek medical attention immediately if they present with the following 

symptoms: No appetite, vomiting, stomach pain, a fruity/chemical smell on the breath, as these 

symptoms could be a sign of ketoacidosis (Ramachandran, 2014). 

 

1.4.2 Complications 

 

Complications in Diabetes often affect the vascular system of the body and therefore, effects can be micro 

or macrovascular. The main microvascular complications include neuropathy, nephropathy, and  

retinopathy. Induced by chronic hyperglycaemia via advanced glycation end products (AGE), and the 

creation of proinflammatory microenvironment, and the induction of oxidative stress. (Fowler, 2011). 

 

Diabetic polyneuropathy (DPN) is the most common diabetic complication and is a leading cause of 

disability due to the development of foot ulcers, and a foot or leg amputations, and fall-related injuries. 

(Papatheodorou et al., 2016). Sensory symptoms often start in smaller nerves, located in the toes and 

fingers. Over time, the damage and sensory symptoms continue throughout the limbs in the classic 

‘stocking and glove’ distribution pattern. Individuals will at this stage start to experience loss in sensation, 

and pain sensation, tingling, burning sensations, allodynia, or hyperalgesia. Diagnosis of DPN is made on 

neurologic exam and nerve conduction studies. The pathogenesis of DN is complicated and has many 

contributing factors, which include metabolic factors, hyperglycaemia, oxidative stress, mitochondrial 

dysfunction, the formation of AGE products, and the addition of inflammatory products (Juster-Switlyk & 

Smith, 2016).  

 

Diabetic nephropathy (DN) is the most common cause of end-stage renal disease with one-third of 

patients with Type 1 Diabetes Mellitus having end-stage renal disease (Sharaf El Din et al., 2017). The 

glomerular hyperfusion and hyperfiltration are present due to the decrease of the afferent arteriolar 

resistance. Increased glucose causes the Sodium Glucose Transporter 2 gene to stimulate increased 

absorption of filtered sodium and glucose (Papatheodorou et al., 2016). With increased sodium uptake, 

the proximal tubular epithelia wont absorb glucose into the filtrate, so it is not excreted.  
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Also, energy expenditure decreases and results in vasodilation, leading to polyuria (Sharaf El Din et al., 

2017). The increase in glucose availability leads to an increased activity in the polyol pathway, which 

results in fructose being synthesised. Fructose can result in an increase in uric acid intracellularly. Uric acid 

stimulates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme causing increased 

intracellular oxidative stress, mitochondrial injury, adenosine triphosphate (ATP) depletion, endothelial 

injury, RAS activation and increased epithelial-mesenchyme transition (EMT) (Sharaf El Din et al., 2017). 

 

Diabetic Retinopathy (DR) is a complication of diabetes associated with the retina of the eye becoming 

damaged, leading to vision impairment and sometimes, blindness. DR is complex and progressive 

(Mathebula, 2018). The mechanism that contributes to DR includes the polyol pathway, activation of 

protein kinase C, formation of AGE products, and oxidative stress. These microvascular changes contribute 

to macrovascular complications, such as atherosclerosis and strokes (Duh et al., 2017)  

 

1.5 Diagnosis of Diabetes 

 
Determining the type of diabetes an individual may have depended on several factors including family 

history, current medications, circumstance, time of diagnosis, and the results of plasma glucose tests: 

Fasting Plasma Glucose (FPG), HbA1c, Oral glucose tolerance test, and random plasma glucose (Chaudhury 

et al., 2017). Other tests include ketone urine tests and peptide C tests (Brewster et al., 2017). Individuals 

often do not fit entirely into one category of diabetes and circumstance can change the diagnosis 

(Davidson, 2010). For example, individuals can develop diabetes on a large dose of exogenous steroids 

but can become normoglycemic after this medication is discontinued. This also may lead to a risk of 

diabetes in later years as episodes of pancreatitis can occur (Davidson, 2010). 

 

1.5.1 HbA1c Test 

 

Glycated haemoglobin (HbA1c) is a component of haemoglobin which is formed in a non-enzymatic 

glycosylation reaction (Leow, 2016). The reaction occurs between glucose and a Valine residue on the N-

terminal end of the β chain in haemoglobin. The result forms a Schiff base aldimine intermediate. This is 

then converted to 1-deoxyfructose (Leow, 2016). The HbA1c test is, therefore, the measure of the β-N-1-

deoxyfructosyl component of glycated haemoglobin.  

 

The longer hyperglycaemia occurs, the more glucose can bind to haemoglobin and therefore more of 

HbA1c can form. The build-up of this component, therefore, reflects the levels of glucose in the blood 

(Renz et al., 2015). The lifespan of the red blood cell is approximately 120 days, which means this test can 

be used to identify a 3-month average of plasma glucose (Sacks, 2011). The test is used to diagnose higher 

levels of plasma glucose in those who are considered prediabetic and is used to monitor plasma glucose 

in individuals with diabetes.  
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The test can be used to show the effectiveness of medications diabetic patients are on (Chaudhury et al., 

2017). 

 

This was first demonstrated in studies by Larsen et al. (1990). The studies showed that the monitoring of 

HbA1c (compared to monitoring urine glucose alone) in those with T1D lead to improvement in metabolic 

control. To those who did not show change, this led to a change in their medication which subsequently 

leads to an improvement of the remaining individuals. The measurement of HbA1c equals the assessment 

of fasting glucose levels and also captures postprandial glucose peaks; therefore, it could be said that 

HbA1c testing is more reliable than FPG and 2-h OGTT plasma glucose (Bonora and Tuomilehto, 2011). 

The test can be a good indicator of an individual’s lipid profile, in a study by Khan et al. (2007), HbA1c 

levels directly correlated with levels of cholesterol and low-density lipoproteins.  

 

This test requires little preparation, is highly reproducible and fasting is not needed which is advantageous 

(Bonora and Tuomilehto, 2011). HbA1c is measured by a variety of methods including high-performance 

liquid chromatography, capillary electrophoresis, and immunoassay although laboratories may differ in 

analytical technique (Urrechaga, 2012). Table 1.2 shows the levels of HbA1c in nondiabetic, pre-diabetic, 

and diabetic individuals. However, values in the interpretation of the results can differ.  The International 

Diabetes Federation and The American College of Endocrinology recommend that levels of HbA1c should 

be above 48 mmol/mol (6.5%) however the American Diabetes Society suggest levels of HbA1c should be 

above 53 mmol/mol (7%) (Sherwani et al., 2016).  

 

Studies by Heller et al. (2017) show no difference in macrovascular complications or mortality in those 

with 48 mmol/mol however Currie et al. (2010) identified an increase in mortality in their retrospective 

study of 47,970 patients with type 2 diabetes with a HbA1c level of 48 mmol/mol or above. The different 

findings of the significance of HbA1c levels suggest that the test is needed for diabetic control and 

diagnosis. It also indicates that higher levels of HbA1c and glucose contribute to the pathophysiology of 

the disease. The test is not appropriate in all cases. For example, the analysis will underestimate the level 

of HbA1c in those with conditions which results in a shorter average of circulating red blood cell lifespan. 

This is because the test will assume normal red blood cell lifespan and subtypes of red blood cells. Hence, 

people with recent blood loss, sickle cell disease, iron deficiency anaemia, cystic fibrosis, or pregnancy are 

not suitable for the test (Wolfsdofr & Garvey, 2016).  
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Table 1.2: A table to show the levels of HbA1c per mmol/mol in non-diabetics, prediabetics, and diabetics.  

(Higgins, 2012). 

Diabetic 
Progress 

HbA1c 
(mmol/mol) 

Non-
Diabetic 

<42 

Prediabetic 42-47 

Diabetic >48 

 
 

1.5.2 Fasting Plasma Glucose (FPG) 

 

The fasting plasma glucose test is used to diagnose prediabetes and T2D. Patients are advised to not eat 

or drink (except water) for 8-10 hours before the scheduled test is performed. The test is aimed to identify 

if insulin is acting correctly. The test is for symptomatic individuals or high-risk individuals (Sacks, 2011). 

When the body is in a fasting state, this should cause glucagon to be released. This should, in turn, cause 

glucose to be released into the bloodstream and glycogenolysis will occur in the liver (Sacks, 2011). 

In healthy individuals, this is counteracted with the appropriate level of insulin. In T2D, insulin response 

or production will be impaired and thus, fasting blood sugar glucose will remain high (Sacks, 2011). 

 

The results can be interpreted in milligrams per decilitre (mg/dl) or millimoles per litre (mmol/l).  

Fasting plasma glucose tests below 6.1 mmol/l or 110 mg/dl are considered normal. Results between 6.1-

6.9 mmol/l or 111-125 mg/dl are interpreted as an individual having impaired fasting glucose or 

prediabetic. Results of 7 mmol/l or above or 126mg/dl are considered diabetic (Ketema & Kibret, 2015). 

 

The results can also be affected if the blood sample is analysed too long after it is taken from the patient. 

The test can also be affected by stress (this increases endogenous glucose production) and exercise (this 

can decrease concentrations of fasting glucose) (Bonora & Tuomilehto, 2011).  Patients themselves may 

also cause an error in the test by not fulfilling the preparations required for the test. For example, patients 

are required to consume a diet of 200g of carbohydrates several days before the test is scheduled and 

must not eat 8-10 hours before the test, both of which a patient may not fulfil (Bonora & Tuomilehto, 

2011). In a study by Rohlfing et al. (2002) Coefficients of variation of the HbA1c, FPG and 2-hour FPG had 

values of 3.6, 5.7, 16.6% respectively. Biological variability of HbA1c was lower than FPG (1% v. 4%) which 

suggests both tests should be taken. 
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1.5.3 Glucose Tolerance Test (GTT) 
 

The glucose tolerance test is used to determine how quickly glucose is removed from the blood. If insulin 

is not adequately released or there is insulin resistance, the glucose will remain in the blood, showing high 

results of blood glucose (Higgins, 2012). The patient is required to fast for 8-12 hours, avoid medication, 

and eat less than 200g in carbohydrates before the fast. Blood is then taken to record the blood glucose 

levels at time 0. The patient then ingests a high glucose content drink, and a blood test is retaken after 2 

hours (Higgins, 2012). Table 1.3 illustrates the levels of blood glucose in those who are nondiabetic and 

those with T2D. 

 

Table 1.3: A table representing blood sugar before and after testing. It shows the levels shown to 

determine if a patient has normal blood glucose or has T2D. 

 

 Normal 
Blood 
Glucose 
(mmol/l) 

Impaired 
glucose 
tolerance 
(mmol/l) 

T2D 
(mmol/l) 

Fasting 
(before 
the 
test) 

<6 6-7 >7 

At 2 
hours  

<7.8 7.9-11 >11 

 
 
 

1.5.4 C Peptide Test 

 

Insulin is produced in the β-cell in the pancreatic islet and is modified from proinsulin (which is cleaved 

from preproinsulin). Proinsulin undergoes maturation into the active form of insulin by the action of the 

following enzymes: by cellular endopeptidases, prohormone convertases 1 and 2, and carboxypeptidase 

E (Fu et al., 2013). The endopeptidases cleave at two sections to release C peptide.  

 

This cleavage of proinsulin leads to insulin and C peptide being released in equal amounts. C peptide can 

be measured, and results give clinicians an indication of β-cell function. The test is used to distinguish 

between Diabetes Mellitus type 1 and 2 as Type 1 Diabetics tend not to produce a lot of insulin and 

therefore not a lot of C-peptide (Leighton et al., 2017). 
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The test is more stable compared to measuring insulin alone as C peptide is degraded slower than insulin 

(Leighton et al., 2017). Furthermore, C peptide has negligible liver clearance meaning exogenous and 

endogenous insulin can be distinguished (Jones & Hattersley, 2013).  

 

Disadvantages of the test are that it is inappropriate for those with kidney disease as C peptide is 

metabolised by the kidneys with approximately 10% of it being excreted in the kidneys. There have been 

advances in assays testing C peptide. Non-isotopic assays (e.g. fluorescent) reduce assay costs and 

improve reproducibility. There are still limitations to the assays however as there is no standardisation 

between laboratories (Jones & Hattersley., 2013). 

 

 

 

1.6 Treatment of Diabetes 

 

Treatment and management of diabetes are aimed at change in lifestyle and with the addition of 

pharmacological treatments. Lifestyle measures that are focused on are diet, exercise, weight, alcohol 

consumption, and cigarette consumption. Pharmacological treatments focus on the following: increased 

glucagon secretion, reduced insulin secretion, neurotransmitter release, increased lipolysis, increased 

glucose absorption in the nephron, reduced incretin release, decrease in glucose uptake in target tissues 

(Chaudhury et al., 2017). Oral diabetic medications can be classified into Thiazolidinedione (TZD), 

sulfonylureas, dipeptidyl peptidase 4 (DPP-4) inhibitors, sodium-glucose cotransporter (SGLT2), α-

glucosidase inhibitors, biguanides, meglitinide. Single or multiple medications (with or without insulin) 

may be used, and this often depends on an individual’s HbA1C percentage. (Chaudhury et al., 2017). 

 

1.6.1 Lifestyle Measures 

 
Literature suggests that genetic and environmental factors are critical to the development of T2D. 

Environmental changes can be modified, and disease onset can possibly be prevented or slowed with 

lifestyle changes. This approach is advised for those newly diagnosed with type 2 diabetes or who are at 

risk of developing the T2D. (Asif, 2014). Lifestyle interventions aim to provide dietary and exercise advice 

which can be used to achieve goals such as: reducing saturated fat in the diet, replacing carbohydrates 

with whole grain alternatives, increase fruit and vegetable uptake and taking 2 and a half hours a week of 

moderate intensity exercise. Modification of a patients diet also should result in a patient being in a 

healthy BMI bracket (18.5-24.9) (Asif, 2014). 
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The benefits of changing the lifestyle in diabetic patients or those at risk of developing it was 

demonstrated by Knowler et al. (2002). This study was conducted with 3234 patients with elevated fasting 

glucose to placebo, metformin, or a lifestyle measures programme. Results demonstrated that a lifestyle 

measures programme reduced the incidence of diabetes by 58% compared to 31% of those who were 

placed on metformin in a period of 3 years. Early studies such as this demonstrated the effectiveness of 

changing environmental factors, such as diet, that contribute to the onset of diabetes.  

 

1.6.2 Thiazolidinediones 
 

Thiazolidinediones (TZD’s) otherwise known as glitazones activate peroxisome proliferator-activated 

receptors (PPAR’s) with the endogenous ligand for these receptors being free fatty acids (Tyagi et al., 

2011). When activated, the receptor binds to DNA in a complex with retinoid X receptor (PPAR, RXR 

complex). This, in turn, causes an increase in the transcription of genes that promote the storage of fatty 

acids in adipose tissue (Tyagi et al., 2011). The PPAR, RXR complex binds to the peroxisome proliferator 

hormone response elements upstream of target genes. This causes upregulation of genes involved in a 

decrease in insulin resistance, leptin decrease, an increase in insulin sensitivity (Tyagi et al., 2011).  

 

Advantages of these group of medications are that they can be used to treat diabetic patients with chronic 

kidney disease/problems. One member of this drug group, pioglitazone (as shown in Figure 1.4), has been 

reported in the literature to have renal protective properties by decreasing urinary albumin and urinary 

protein (Sarafidis et al., 2010). However, there is evidence of cardiovascular disease risks with the drug 

rosiglitazone (another member of the thiazolidinedione drug group). A meta-analysis from studies 

conducted by Nissen & Wolski (2007) shows the risk of developing a myocardial infarction was increased 

significantly with rosiglitazone. 

 

 

 

 

Figure 1.4: The chemical structure of Pioglitazone, a member of the Thiazolidinedione group of diabetic 

medications. 



201402438  MSc By Research Thesis 

22 
 

 

 

1.6.3 Sulfonylureas 

 

Sulfonylureas are organic compounds which act to increase insulin release from the β cells. By doing so, 

this results in glucose being metabolised as opposed to free fatty acids (Broichhagen et al., 2014). 

Sulfonylureas work by binding to and closing ATP sensitive potassium channels of the β cells. This causes 

depolarization of the cell membrane (Broichhagen et al., 2014).  This causes calcium-gated channels to 

open, increasing the amount of insulin storage granules that move and fuse to the cell membrane to 

release insulin (Broichhagen et al., 2014).  Sulfonylureas, however, can induce hypoglycaemia, headaches, 

hypersensitivity, and stomach upsets (Sola et al., 2015).  

 

1.6.4 Dipeptidyl Peptidase 4 Inhibitors 

 

Dipeptidyl Peptidase 4 inhibitors are anti-hyperglycaemic medications which block the action of the 

enzyme Dipeptidyl Peptidase 4 (DPP-4) (Pathak & Bridgeman, 2010). This enzyme breaks down incretin. 

Incretin helps to increase the levels of insulin release and decrease the levels of glucagon release and 

blood glucose (Pathak & Bridgeman, 2010). Dipeptidyl Peptidase 4 inhibitors, therefore, aim to increase 

levels of incretin (Pathak & Bridgeman, 2010). DPP-4 inhibitors can be used alone or in combination with 

Metformin to treat T2D (Diabetes UK, 2018). Some of the most used of these inhibitors are illustrated in 

Figure 1.5. 
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Figure 1.5: Chemical structures of four DDP-4 Inhibitors used in the United Kingdom. Sitagliptin (Top left), 

Alogliptin (Top right), Linagliptin (Bottom right), and Saxagliptin (Bottom left). They are either used 

individually or in combination with Metformin to block the activity of the enzyme Dipeptidyl Peptidase 4 

(DPP-4) to stop the breakdown of Incretin, which in turn helps the release of Insulin which contributes to 

glucose homeostasis. 

 

 

1.6.5 Sodium-Glucose Cotransporter 2 Inhibitors 

 

Sodium-glucose cotransporter 2 (SGLT2) is a member of the sodium glucose cotransporter family which 

are sodium-dependent glucose transport proteins. SGLT2 is a significant cotransporter involved in glucose 

reabsorption in the kidney. Glucose is reabsorbed in the nephron via the proximal convoluted tubule. 

Inhibitors of SGLT2 are often called gliflozins and aim to reduce blood glucose levels. SGLT2 inhibitors 

inhibit SGLT2, therefore, preventing the reabsorption of glucose (Kalra, 2014).  

Glucose is then excreted through the urine. Blood glucose levels will decrease as less glucose is reabsorbed 

and put back into the bloodstream.  

https://en.wikipedia.org/wiki/Sodium-glucose_transport_proteins
https://en.wikipedia.org/wiki/Glucose
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1.6.6 α-glucosidase Inhibitors 

 

α-glucosidase inhibitors are medications that prevent the absorption of carbohydrates. α-glucosidase 

inhibitors are saccharides that act as competitive inhibitors of enzymes required to digest carbohydrates. 

Inhibition of these enzymes means there is a reduced rate of digestion of carbohydrates. Less glucose is 

absorbed because the carbohydrates are not broken into glucose (Van de Laar, 2008). 

 

1.7 β-Cell mass and imaging targets 

 

In Diabetes, hyperglycaemia is the consequence of inadequate levels of insulin to lower levels of plasma 

glucose. Insulin levels are dependent on the β-cells producing and secreting it. The amount also depends 

on the total number of β-cells in the Islets, the β-cell mass, and the output of the cells (β-cell function) 

(Chen et al., 2017).  

 

There is a suggestion that β-cells have compensatory abilities, which cause an increase in their mass, and 

that this prevents most obese and insulin resistant individuals from developing T2D (Chen et al., 2017). It 

is hypothesised that the increase in insulin release and expanded β-cell mass counteracts the 

development of hyperglycaemia. However, an article by Inaishi et al., (2016) reports that within eight 

studies into β-cell mass in T2D and non-diabetics, there is a decrease in β-cell mass, ranging from 24% to 

65% which contradicts the findings in (Chen et al., 2017) who reported β-cell mass increase. 

 

This observation of decreased β-cell mass was observed in Deng et al., (2004). Reduced Islet sizes were 

seen in pancreas samples from T2D patients and non-diabetics. Studies into the changes in β-cell mass 

suggest that the reduction in mass is due to an increase in apoptotic mechanisms, and not a decrease in 

neogenesis or replication (Mezza et al., 2013). 

 

The different observations in beta cell mass in the pathogenesis and progression of T2D mean more 

research should be aimed at the preservation of β-cell function, the regeneration of working β-cell mass, 

and the imaging of the β-cell mass (Steppel & Horton, 2004). Studies into developing imaging agents that 

can show (by MRI, PET, or fluorescence) insulin release, of β-cell mass, or Ca2+ mechanisms can help 

distinguish the changes in Diabetes Type 2 progression. Figure 1.6 below illustrates different receptors 

and cytosolic targets that have been a potential protein to image. The following subsections will elaborate 

on these targets. 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Inaishi%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27070277
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Figure 1.6: A diagram to illustrate the summarise the targets of the β-cell and corresponding imaging 

tracers (Laurent et al., 2016). The cellular targets are written in black font, alongside the corresponding 

imaging tracers/substances used to investigate them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key for abbreviations: 

Glucagon-Like Peptide 1 Receptor (GLP-1R) 

Sulfonylurea Receptor 1 (SUR-1) 

Polysialylated modification of neural cell adhesion 

molecule (PSA-NCAM) 

Vesicular Monoamine Transporter 2 (VMAT2) 

Transmembrane Protein 27 (TMEM27) 
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1.7.1 Vesicular Monoamine Transporter 2 

 

Vesicular monoamine transporter 2 (VMAT2) is responsible for the translocation of monoamines from the 

cytosol into the secretory granules and has a role in transporting neurotransmitters (Jodal et al., 2017). 

Pancreatic β-cell secretory granules express VMAT2 and are a target for PET and SPECT radiotracers (Jodal 

et al., 2017). VMAT2 is expressed on delta cells and PP cells in the Islets of Langerhans, so VMAT2 in itself 

is a less specific target for β- cell imaging (Jodal et al., 2017). Dihydrotetrabenazine (DTBZ) analogues 

target VMAT2 and compounds include 11C-DTBZ, 18F-FP-DTBZ, 18F-FE-DTBZ, and 18F-AV-133 (Laurent et al., 

2016).  

 

Specificity of some of these agents is inconsistent with studies conducted by Fagerholm et al. (2010) 

showing 11C-DTBZ binds mostly to exocrine tissues of the pancreas. Specificity has also been a drawback 

in studies using 18F-AV-133 with non-specific binding in β-cells in rats (Laurent et al., 2016). 

 

 

1.7.2 Sulfonylurea Receptor 1 

 

Sulfonylurea receptor 1 (SUR1) is a subunit of ATP dependent potassium (K+) channels and is involved in 

insulin secretion (Jodal et al., 2017). SUR1 is located in the plasma membrane of the pancreatic Islet cell 

(Laurent et al., 2016). Glibenclamide and Glipizide are T2D drugs and have been developed as 

radiolabelled compounds including 99mTc-DTPA-Glipizide, 99mTC-Glibenclamide, and 18F-Glibenclamide 

(Jodal et al., 2017).  

 

1.7.3 Transmembrane Protein 27 

 

Transmembrane protein 27 (TMEM27) is specifically expressed on the β- cell surface and kidney collecting 

ducts (Laurent et al., 2016). A study by Vats et al. (2012) used fluorescent and radiolabelled compounds 

to determine the specificity in β-cells. The results showed the tracers specifically were uptaken in 

pancreatic islets (co-localized with insulin staining) and hTMEM27 positive tumours, demonstrating the 

specificity for β- cells. 

 

1.7.4 Zinc 

 

GdDOTA-diBPEN is an MRI agent sensitive for Zn(II) reported by Lubag et al., (2011) and Esqueda et al. 

(2009). This compound showed improvement in the magnetic resonance images in the pancreas of mice 

and appeared to measure zinc co-secreted with insulin into the bloodstream (Hanaoka et al., 2004) 
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1.7.5 Glucagon-Like Peptide 1 Receptor 
 

GLP1 binds to Glucagon-like peptide one receptor (GLP1-R). This receptor is expressed on the pancreatic 

β-cell, and the receptor belongs to a G-protein coupled receptor family (Wang et al., 2014). Exendin-4, a 

GLP1-R agonist, and GLP-1 analogue is resistant to cleavage by dipeptidyl peptidase 4 (DPP4), displaying 

the same binding specificity as GLP-1 (Wang et al., 2014). Exendin-4 derivatives have therefore been 

developed for fluorescence and MRI of endogenous β- cells (Laurent et al., 2016). 

 

One of these derivatives includes 111In-DTPA-Lys40-exendin-4 which binds explicitly to GLP1-R positive 

tissues in rats (Wild et al., 2006). Another is 18F-Al-NOTA-MAL-Cys(39)-exendin-4 developed by Mi et al. 

(2016). Their studies showed that 18F-Al-NOTA-MAL-Cys(39)-exendin-4 uptake increased after 60 minutes 

and they concluded this agent might be suitable for pancreatic β-cell imaging. Other studies by Zhang et 

al. (2013) are demonstrating the use of nanoparticles, such as superparamagnetic iron oxide nanoparticles 

to target the GLP1-R. They have described the use of targeted superparamagnetic iron oxide (SPIO) 

nanoparticle using Exendin-4 which is conjugated to polyethene glycol-coated SPIO (PEG-SPIO). The 

results demonstrated that exendin-4 functionalized SPIO was able to specifically bind to and be 

internalised by GLP-1R-expressing INS-1 cells.  Table 1.4 summarises results of clinical trials which have 

utilised the imaging of GLP-1 receptors. 
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Table 1.4: Summary of studies and the following findings in the utility of GLP1-R imaging 

 

Investigated compound Study Findings Author(s) 

[Lys40(Ahx-DTPA-
111In)NH2]Exendin-4 

There is a high 
density of 
GLP1-R in 
insulinomas 
and high 
specific uptake 
of the 
compound 

Wild et 
al. (2006) 

[Lys40(Ahx-DTPA-
111In)NH2]Exendin-4 

GLP1-R is a 
successful 
target for 
molecular 
imaging and 
therapy for 
insulinomas 

Wicki et 
al. (2007) 

[Lys40(Ahx-DOTA-
111In)NH2]Exendin-4 

In vivo 
experiments 
showed GLP1-R 
imaging was 
successful in 
diagnosing 
small 
insulinomas pre 
and 
intraoperatively 

Christ et 
al. (2009) 

[125I]BH-exendin(9-39) Useful probe 
for pancreatic 
β-cell imaging 

Mukai et 
al. (2009) 

[64Cu](Lys40(DOTA)NH2exendin-
4 

An active ligand 
for PET imaging 
in vivo imaging 
of β- cell mass 

Connolly 
et al. 
(2012) 

68Ga-DO3A-exendin-4 Pancreatic 
uptake of this 
compound is 
decreased by 
selective 
destruction of 
β-cells 

Selvaraju 
et al. 
(2013) 
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1.8 Magnetic Resonance Imaging 

 

Magnetic resonance imaging (MRI) is a non-invasive imaging technique which can produce anatomical 

images of the body (Katti et al., 2010). MRI uses signals from the nuclei of the hydrogen atoms in the 

human body to generate images. The nucleus of the hydrogen atom consists of one proton and one 

electron. The proton is positively charged, and the electron is negatively charged, resulting in the 

hydrogen atom overall is electrically neutral (Grand et al., 2012). The proton possesses a property called 

spin, and the proton nuclear spin rotates about its axis. As a rotating mass, the proton has angular 

momentum and wants to maintain spatial orientation of its rotation axis. As a rotating mass, with an 

electrical charge, there is also magnetic momentum. This means the proton behaves like a small magnet. 

In addition to this, the proton can be affected by external magnetic fields and electromagnetic waves 

(Weishaupt et al., 2008). Figure 1.7 represents the spins of protons in an external magnetic field. 

 

 

 

 

 

Figure 1.7: The orientation of protons spins when in absence or presence of an external magnetic field. 

 

A proton’s nuclear spin always has the same magnitude and therefore can neither be accelerated nor 

decelerated. When an external magnetic field is applied, the spins align with the direction of the field. 

Precession of the nuclei occurs at a characteristic speed that is proportional to the strength of the 

magnetic field applied (Grand et al., 2012). This is called the Larmor frequency. Energy can be introduced 

to a stable spin system by applying an electromagnetic wave of the same frequency of the Larmor 

frequency. The electromagnetic wave is generated in a radio transmitter and applied to the object of 

interest. The process of energy absorption is known as excitation of the spin (Weishaupt et al., 2016). 
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All of the longitudinal magnetisations is rotated into the transverse plane by the radiofrequency pulse by 

a radio frequency pulse that is strong enough and then applied long enough to tip the magnetisation by 

exactly 90°. Whenever transverse magnetisation is present, it rotates or precesses about the z-axis, which 

induces the alternating voltage of the same frequency of the Larmor frequency in a receiver coil. This 

signal is collected and processed to generate an MR image (Weishaupt et al., 2016). 

 

Immediately after excitation, the magnetisation rotates in the XY-plane and is now called transverse 

magnetisation. It is the rotating transverse magnetisation that gives rise to MR signal in the receiver coil 

(Weishaupt et al., 2016). The MR signal rapidly fades due to two independent processes: T1 relaxation 

and T2 relaxation. As transverse magnetisation decays, the longitudinal magnetisation is slowly restored 

(the projection of the magnetization vector onto the z-axis). This is longitudinal relaxation or T1. The nuclei 

can return to their ground state by dispersing their excess energy into the surroundings. The time constant 

for this recovery is T1 (Currie et al., 2012). Transverse or T2 relaxation is the decay of transverse 

magnetisation. Transverse relaxation differs from longitudinal relaxation because the spins do not 

disperse their energy but instead exchange energy with each other. Figure 1.8 illustrates the difference in 

T1 and T2 images in that they focus on different areas. Coherence is lost in two ways: energy transfer 

(between spins) and time-dependent inhomogeneities of the external magnetic field (Currie et al., 2012).  

 

 

 

Figure 1.8: A) T1 weighted image post contrast of the brain, coronal plane. B) T2 weighted image pre-

contrast of the brain, coronal plane (Bladowska et al., 2011) 

Contrast agents are used in MRI to emphasise the contrast in images. MR contrast agents alter the intrinsic 

contrast properties of biological tissues by changing the local magnetic field or the resonance properties 

of a tissue.  
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The local magnetic field strength is altered due to the unpaired electron spins of the contrast agent 

interacting with the surrounding hydrogen nuclei of the water, protein, or fat molecules of the tissue. The 

mechanisms of the MR agent, therefore, compromise the processes of the electron shell (Nam et al., 

2014).  

 

The majority of MRI contrast agents are either paramagnetic Gadolinium (Gd3+) ion complexes or 

superparamagnetic Iron Oxide Magnetite particles. Paramagnetic contrast agents are usually formed with 

Dysprosium (Dy3+) or Gadolinium (Gd3+) or the transition metal Manganese (Mn2+). Due to the presence 

of unpaired electrons, the following elements have paramagnetic properties; Gadolinium has seven, 

Dysprosium has four, and Manganese has five unpaired electrons (Xiao et al., 2016). Gadolinium-based 

contrast agents shorten T1 and T2 relaxation times of nearby water protons. However, these metal ions 

can cause tissue toxicity and to reduce that, chelation is used. One of the contrast agents, Gd-DOTA, 

(Gadoteric acid/Dotarem) is a macrocyclic structured Gadolinium-based MRI contrast agent. Consisting of 

DOTA as the chelating agent, this compound reduces the T1 relaxation time in MRI scanning. Gd-DOTA 

can be used for the imaging of blood vessels, vessels which are inflamed and those affected by disease, 

where the vessels become leaky (Xiao et al., 2016). Figure 1.9 illustrates some of the Gadolinium-based 

contrast agents that are clinically used. 
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Figure 1.9: Clinically used Gadolinium-based contrast agents (Xiao et al., 2016) 

 

There are several advantages and disadvantages of MRI. The technique is non-invasive, does not use 

radiation, which is advantageous. In addition to those, there is less chance of patients gaining an allergic 

reaction to the MR contrast agents. MR images can also large areas with clear images on soft tissue. MRI 

in itself, however, is expensive and cannot distinguish between benign and cancerous tissues (Nam et al., 

2014) 

 

1.9 Fluorescence Imagery 

 
Fluorescence is a form of luminescence that involves excitation of electrons to a higher energy state as a 

result of photon absorption. During the excited state (S1) electrons lose energy and return to S0. The loss 

of energy results in the release of a low energy photon that has a longer wavelength than the absorbed 

photon (Combs, 2013). The Stokes shift is the gap between the maximum of the first absorption band and 

the maximum of the fluorescence spectrum.  
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Fluorescence imaging allows the visualisation of molecular structures and processes. 

 

Fluorescence starts with a photon of energy (supplied by an external source) being absorbed by a 

fluorophore, creating an excited electronic singlet state (S1) (Bachmann et al., 2006). S1 exists for a finite 

amount of time, during this time, the fluorophore undergoes interactions with its environment. 

Fluorescence emission occurs, a photon of energy is emitted, returning the fluorophore to its ground state 

(Bachmann et al., 2006). Due to energy dissipation, the energy of the photon is lower than the excitation 

photon. The difference in energy or wavelength is referred to as the Stokes shift (Bachmann et al., 2006). 

A Jablonski diagram (as seen below, labelled as Figure 1.10) is classically used to illustrate the physics and 

stages of fluorescence.    

 

 

 
Figure 1.10: A simplified Jablonski diagram showing the electronic states of a  given molecule that results 

in fluorescence (Institut de Biologie Structurale, 2018) 
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1.10 Quantum Dots 
 

Quantum dots (QD’s) are semiconducting nanomaterials that show electronic and optical properties. 

These properties include size-tunable light emission, simultaneous excitation of multiple fluorescence 

colours, high signal brightness, long-term photostability, and broad absorption and excitation spectra (Jin 

et al., 2011).  Quantum dots have semiconductor cores (e.g. Se, Cd, InP) and surrounded by a 

semiconductor shell (e.g. ZnS). The addition of this shell improves their optical properties (Barroso, 2011). 

There are two types of quantum dots: Type I and Type II.  

Type I quantum dots have charge carriers that are confined to the core of the particle, by large band 

offsets of both the conduction and valence bands of shell material.  

Type II quantum dots have separation of excited electrons and holes into either the core or shell by a 

staggered band structure (Tytus et al., 2008) 

 

Quantum dots show advantages over fluorescent dyes (Barroso, 2011). Firstly, they have tuneable core 

sizes of approximately 1-10nm, which means they generate a wide range of fluorescent emission peaks. 

Secondly, quantum dots show wide-ranging absorption patterns (Barroso, 2011).  Lastly, quantum dots 

are more photostable (Barroso, 2011). Quantum dots have been utilised in various biological applications 

including in vivo Imaging. Many quantum dots are synthesised using Cadmium, despite its toxicity. 

Alternatives include CuInS2 or InP. 

 

Quantum dots in biological applications show more advantages compared to fluorophores and 

fluorescent proteins. Quantum dots are more photostable and with strong fluorescence. Also, their broad 

excitation and narrow emission spectra make it easy for several wavelengths and colours to be 

investigated in a given experiment (Mo et al., 2017). In fixed cells, they can show strong fluorescence, but 

limitations can be seen in live cells as quantum dots tend to accumulate in living cells or be detected by 

endocytic vesicles (Smith et al., 2008). Cells also tend to endocytose quantum dots in an unspecific 

manner, meaning specific receptor targeting can be difficult (Deng et al., 2013).  

 

Recent application of quantum dots has been in in vivo imaging of tumours. The application is difficult as 

the quantum dot needs to be sensitive, other concerns are that quantum dots over 6nm have been 

observed as not suitable for lymphatic drainage (Ji et al., 2014). Despite tumours having blood vessels that 

are leaky by nature, this observation could mean tumour staging or the full extent of tumour progression 

is not observed. 

 

Cadmium QD’S are easily synthesised but show toxicity, so there is a concern for using them in biological 

applications. For example, Cd2+ has been reported to be released from the quantum dot during oxidation 

and endocytosis into the cell, which contributes to the generation of reactive oxygen species.  
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Cd2+ can bind to sulfhydryl groups on many intracellular proteins, leading to the reduced functionality in 

various subcellular organelles (Wang et al., 2014). Cd2+ toxicity has also been observed in human 

fibroblasts and tumours when using CdSe/ZnS quantum dots (Wang et al., 2014). 

 

 

1.11 Multimodal Imaging 

 

MRI has an excellent anatomic resolution but lacks specificity in cells. To combat this, a high concentration 

of contrast agent would have to be used but at the molecular levels, targets present at much lower levels 

(pico-nanomolar) (Stasiuk et al., 2015). Another approach is to combine medical imaging techniques (e.g. 

MRI, PET) with high sensitivity modality like fluorescence which creates a multimodal approach. These 

probes can target different proteins, molecules, or pathological processes in a given disease. This is done 

primarily by functionalising the agent with specific proteins that bind to the molecules of interest.  

 

For example, Huang et al. (2018) have described the use of a Glypican-1 (GPC-1) antibody conjugated with 

Gadolinium-Gold nanoparticles. GPC-1 is expressed in pancreatic cancer, and this study showed with 

confocal imaging and flow cytometry that the probe could successfully detect the expression of GPC-1. 

Furthermore, higher MR signals were shown in the pancreatic cancer cell lines that express GPC-1 

compared with HEK-293T. Moreover, the probe could effectively detect pancreatic cancer cells in vivo by 

dual-modal fluorescence imaging/magnetic resonance imaging at 30 minutes post-injection. The 

sensitivity of this probe was demonstrated in the study because MR imaging could determine the 

presence of the probe in the cells, but the fluorescence imaging could show the probe was targeting the 

cell membrane of the cells. Other multimodal imaging agents aim to target specific elements which are 

known to contribute to biological processes, for example, Zinc or Fluorine.  

 

1.12 Aims of the project 

 

This Master’s project aims to develop a multimodal imaging fluorescent/MRI agent to image the β-cell 

mass in the pancreas. This agent will be formed by functionalising the surface of fluorescent red and 

yellow emitting quantum dots with Exendin-4 for targeting of the GLP1 receptor and Gd-DOTA-TA for MRI. 

This project will aim to determine the characteristics of the agent. Also, cellular studies aim to give results 

into the cell viability of the multimodal agent and as to whether the agent enters the cell with specificity.  
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2.0 Materials and Methods 
 

2.1 Probe Synthesis 
 

2.1.1 Quantum dot phase transfer 
 

Mitchell Clarke and Michelle Kinnon synthesised all Quantum dots used for this project (see 

acknowledgements). Quantum dots were provided in Hexane, and from this, they could be taken into the 

water using phase transfer. To do this, 1ml of the quantum dot was added to 3ml of ethanol and vortexed. 

After this, 1ml of this was added to 4 Eppendorf tubes and spun in a centrifuge at 13.3 rotations per 

minute (rpm) for 3 minutes. The ethanol waste was then removed from the Eppendorf’s. A 3:1 of ethanol 

and chloroform solution was made, and 1ml of this was added to the 4 Eppendorf’s. They were span again 

at 13.3rpm for 3 minutes. After this, the waste was removed, and 1ml of chloroform was added to each 

Eppendorf. A 70% Thioglycolic acid (TGA, 0.2M) solution was made, and 200µl of this was used to create 

a solution with a total volume of 10ml, using water. This solution was then degassed under Argon for 

approximately 20-30 minutes.  

 

When the solution had been degassed, 1ml of the quantum dots in chloroform was added to 2ml of the 

TGA solution. 50µl of Tris(2-carboxyethyl)phosphine (TCEP, 0.5M) was then added. The pH was adjusted 

to 10.5 using Tetramethylammonium hydroxide (TMA-OH). The quantum dots were then spun on a 

heated magnetic plate at 1500rpm until the quantum dots went into the water layer, creating two distinct 

layers. The top layer was then separated equally into 30KDa filtered Eppendorf’s as well as 50µl of water. 

The filtered Eppendorf’s were then spun at 1300rpm for 3 minutes. 100µl of water was added, and the 

quantum dots were resuspended and then spun at 1300rpm for 3 minutes. This process was repeated a 

further 2 or 3 times to wash the quantum dots and remove any waste fully. After the last spin cycle, the 

quantum dots were then resuspended into 1ml of water and were ready to use.  

 

2.1.2 Quantum dot functionalisation 

 

Quantum dots were functionalised with either Exendin-4, Gd-DOTA-TA, or both Exendin-4 and Gd-DOTA-

TA. A custom Exendin protein was purchased from Cambridge Research Biochemicals Limited ([Cys]-

Exendin 4 ([C]-HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPSamide) to be functionalised with 

quantum dots. The protein was prepared at a 1M stock by dissolving it in 233µl of DDH20. This stock was 

then aliquoted into Eppendorfs and frozen ready for use. 
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In a filtered Eppendorf tube, the quantum dot was combined with Exendin (1M) or Gd-DOTA-TA (0.01M) 

with the addition of 200µl of water. 20µl of TCEP was added, and The pH was then adjusted to between 

9-10 using Tetramethylammonium hydroxide (TMA-OH). One half of this solution was placed into two 

separate filtered Eppendorf tubes and diluted with water. These were spun at 13.3 rpm for 10 minutes. 

The solution in each tube was resuspended in water and spun at 13.3 rpm for a further 10 minutes. Again, 

the solution in each tube was resuspended in water and spun at 13.3 rpm for a further 10 minutes. The 

solution was again resuspended in water, spun, and the contents of the two filtered Eppendorf tubed 

were combined. For the quantum dot that was functionalised with Exendin and Gd-DOTA-TA, the Gd-

DOTA-TA was functionalised first then a second step was added to functionalise the quantum dot with 

the Exendin. The concentration of the following solution was determined by UV Vis.  

 

2.1.3 Photophysics 

 

Fluorescence excitation and emission experiments were done on the Fluromax-4 spectrofluorometer. The 

functionalised quantum dots and quantum dots in water were analysed. An emission/excitation 

experiment was selected, and samples were loaded into the machine. Equation settings were adjusted 

(S1/R1), and the experiment was run. Data was smoothed and plotted using GraphPad Prism.  

 

2.1.4 UV Vis 

 

The UV Vis spectrophotometer was used to determine concentrations of the functionalised quantum dots 

and quantum dots in water and to show absorption. A blank sample of water was first run to create a 

baseline. After this, samples were prepared in a 1:8 ratio with water to be run. Each data set was plotted 

alongside the photophysics data on GraphPad Prism.   

 

2.1.5 Dynamic Light Scattering (DLS) and Zeta potential 

 

DLS was conducted to determine the size change in functionalised quantum dots compared to the 

quantum dots in water. Zeta potential readings were undertaken to determine the surface charge of the 

functionalised quantum dots compared to the quantum dots in water. Samples were run on the DLS 

Machine, and a Zeta potential cell was required for the Zeta readings. For the DLS readings, 10 µl of sample 

was added to 100 µl of water in a disposable plastic cuvette. The settings were set so that InP was the 

core material of the nanoparticle. The sample was placed in the machine, and several readings were taken, 

an average was then generated alongside a graph. The results were then saved, and readings could be 

reported appropriately. For the Zeta readings, the samples were prepared the same in separate cuvettes, 

and a Zeta potential cell was placed inside the cuvette. The settings were changed to allow the machine 
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to read the potential. The sample was placed in the machine, and several readings were taken, an average 

was then generated alongside a graph. This was then saved, and readings could be reported appropriately.  

 

2.2 Cell Culture 

 

2.2.1 Cell Lines 

 

The human embryonic kidney cells (HEK293) and the pancreatic β-cells (MIN6) used in the project were 

purchased externally (from ECACC) or donated. HEK293 cells were cultured in Dulbecco’s modified Eagle 

Medium (DMEM; Lonza) and were supplemented with 10% Fetal Bovine Serum (FBS; Lonza), 1% 

Penicillin/Streptomycin (P/S; Gibco) and 1% Glutamine (Lonza). MIN6 cells were cultured in DMEM and 

were supplemented with 15% FBS, 1% P/S, 1% Glutamine, 50µmol of β- mercaptoethanol (Fluka) and 1% 

of HEPES. 

 

2.2.2 Use of Class II Biological Safety Cabinet 

 

The class II biological safety cabinet is used to create a sterile environment for samples to be taken into 

and subsequently tested. To protect the laboratory worker and biological samples, tissue culture 

laboratory coats and nitrile gloves are worn when performing experiments. Before the use of the cabinet, 

the surfaces inside were cleaned with disinfectant then 70% ethanol. 70% ethanol was also applied to any 

materials that were required within the cabinet to ensure they were sterile.  

 

A container of 1% Virkon solution was used to dispose of waste. After work was complete within the hood, 

all equipment and waste were removed. The biosafety hood was again cleaned with disinfectant then 

70% ethanol. Any waste material from the hood was disposed of appropriately.  

2.2.3 Cell Passaging 

 

Media and Trypsin-EDTA were placed in the water bath at 37°C. The biosafety hood was prepared as 

described in section 2.2.1. Before cells were passaged, cells were observed under the microscope to assess 

their confluency percentage. Cells were passaged at 80-90% confluency. When cells had reached the 

required confluency, flasks were transferred to the biosafety hood. Spent media in the flasks were 

removed and discarded. The cells were then washed twice with Phosphate Buffer Saline (PBS) and then 

Trypsin-EDTA was added. The flask was incubated for 5-10 minutes in the incubator at 37 °C, 5% CO2. Cells 

would be observed under the microscope to confirm the cells had fully detached. On confirmation of this, 

a small amount of medium was added to deactivate the trypsin, creating a cell suspension.  
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In separate 75ml culture flasks (Sarstedt), 30ml of fresh media was added, and the cell suspension was 

added to the new flasks at the appropriate volume to ensure the correct splitting ratio (typically 1:8 for 

HEK293, 1:4 for MIN6). The cells were then placed into the incubator (37 °C and 5% CO2) until they reached 

80-90% confluency. 

 

2.2.4 Cell Counting 

 

A haemocytometer (also known as a counting chamber) is a slide used to determine the concentration of 

cells in a sample of cells. A grid on the glass of the haemocytometer is designed to make the counting of 

cells more accurate. The full grid design can be seen in Figure 2.1 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: The design of a haemocytometer grid. The green highlighted corners are the corners of which 

cells are counted. 

 

Before use, the haemocytometer was cleaned with 70% ethanol. A coverslip was then fixed on top of the 

haemocytometer grid. In an Eppendorf tube, a 1:1 ratio of cell suspension and 0.2% Trypan Blue was 

made. 10µl of this solution was placed underneath the coverslip. The haemocytometer was then put 

under the microscope at X20 magnification, and all cells present in all four corners (highlighted in figure 

2.1) were counted. An average number of cells was calculated by adding up the totals of all four corners. 

This number is then multiplied by 2 to account for the volume of Trypan Blue added.  
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This number is then multiplied by 1x104 to gain cells per ml (cells/ml). The volume of cells to be added 

was calculated by dividing the number of cells needed by the number of cells present. 

 

2.2.5 Freezing cells for liquid Nitrogen storage 

 

Cells that were not required for immediate use were prepared and stored in Liquid Nitrogen. Before cell 

preparation, the biosafety hood was prepared as described in section 2.2.1. Once cells had reached 80-

90% confluency, the cells were trypsinised as described in section 2.4.1 to create a cell suspension. Once 

the cell suspension was formed, this was centrifuged for 5 minutes at 1700rpm. The supernatant was 

discarded , and cell freezing media was then created at a 1:10 ratio (1ml of Dimethyl sulfoxide (DMSO): 

9ml of FBS). The cell pellet was then resuspended in the cell freezing media. Once resuspended, the cells 

in cell freezing media were added equally to cryogenic vials. The cryogenic vials were then placed to a 

container which holds Isopropanol and stored at -80°C overnight. After this, the cryogenic vials could then 

be placed into liquid nitrogen and then used when required. 

 

2.3 Cell Viability 

 

MTS assays were conducted to determine the cellular viability for multimodal imaging agent and 

individual compounds. An MTS assay is a colourimetric assay which measures the quantification of cells 

in proliferation. The assay is based on the reduction of MTS tetrazolium by NADPH dependent 

dehydrogenase enzymes in mitochondria of viable cells. This generates a purple coloured formazan 

product which can be quantified. Cells were trypsinised as described in section 2.4.1 and cells were 

counted as described in 2.4.2 to achieve 20,000 cells per well/105,000 cells/ml. 190µl of cell suspension 

was added alongside 190µl of PBS into three 96 flat well-bottomed plates. The plates were placed in the 

incubator (37 °C and 5% CO2) for 24 hours to allow the cells to adhere. Figure 2.2 below shows how the 

cells were distributed on the 96 well plates.  
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Figure 2.2: A diagram to denote how the cells and PBS were distributed on a 96 well plate. The white 

sections represent wells that contained cells, and the grey sections represent wells that contain PBS. 

 

After incubation of the cells, 90µl of the cells media was removed, and treatments were added to the 

cells. The treatments added are shown in Table 2.1. After the treatments were added, the plates were 

incubated for 24 hours in the incubator (37 °C and 5% CO2). After incubation of the treatments, all 

contents of the wells were removed. 20µl of MTS solution was added alongside 180µl of PBS directly into 

the wells. The plates were incubated for 2 hours. After this, the plates were recorded by a BIO-TEK Synergy 

HT plate reader at 490nm. Data was exported in maximum optical density (MAX OD) form. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



201402438  MSc By Research Thesis 

42 
 

 

Table 2.1: The amounts of stock and media that were added to each well in an MTS assay. 

 

 

 

 

 

 

 

 

Stock A  

100 μl stock A 

100 μl media 

50 μl stock A 

150 μl media 

25 μl stock A 

175 μl media 

10 μl stock A 

190 μl media 

5 μl stock A 

195 μl media 

2 μl stock A 

198 μl media 

100 μl stock A 

100 μl media 

50 μl stock A 

150 μl media 

25 μl stock A 

175 μl media 

10 μl stock A 

190 μl media 

5 μl stock A 

195 μl media 

2 μl stock A 

198 μl media 

100 μl stock A 

100 μl media 

50 μl stock A 

150 μl media 

25 μl stock A 

175 μl media 

10 μl stock A 

190 μl media 

5 μl stock A 

195 μl media 

2 μl stock A 

198 μl media 

100 μl stock A 

100 μl media 

50 μl stock A 

150 μl media 

25 μl stock A 

175 μl media 

10 μl stock A 

190 μl media 

5 μl stock A 

195 μl media 

2 μl stock A 

198 μl media 

Stock B  

100 μl stock B 

100 μl media 

50 μl stock B 

150 μl media 

25 μl stock B 

175 μl media 

10 μl stock B 

190 μl media 

5 μl stock B 

195 μl media 

2 μl stock B 

198 μl media 

100 μl stock B 

100 μl media 

50 μl stock B 

150 μl media 

25 μl stock B 

175 μl media 

10 μl stock B 

190 μl media 

5 μl stock B 

195 μl media 

2 μl stock B 

198 μl media 

100 μl stock B 

100 μl media 

50 μl stock B 

150 μl media 

25 μl stock B 

175 μl media 

10 μl stock B 

190 μl media 

5 μl stock B 

195 μl media 

2 μl stock B 

198 μl media 

100 μl stock B 

100 μl media 

50 μl stock B 

150 μl media 

25 μl stock B 

175 μl media 

10 μl stock B 

190 μl media 

5 μl stock B 

195 μl media 

2 μl stock B 

198 μl media 

Stock C  

100 μl stock C 

100 μl media 

50 μl stock C 

150 μl media 

25 μl stock C 

175 μl media 

Cells 

No Stock 

200 μl media 

Cells 

100 μl stock B 

No Media 

No cells, no 

stock, 200µl 

MTS 

100 μL stock C 

100 μl media 

50 μl stock C 

150 μl media 

25 μl stock C 

175 μL media 

Cells 

No Stock 

200 μl media 

Cells 

100 μl stock B 

No Media 

No cells, no 

stock, 200µl 

MTS 

100 μL stock C 

100 μl media 

50 μl stock C 

150 μl media 

25 μl stock C 

175 μl media 

Cells 

No Stock 

200 μl media 

Cells 

100 μl stock B 

No Media 

No cells, no 

stock, 200µl 

MTS 

100 μL stock C 

100 μl media 

50 μl stock C 

150 μl media 

25μl stock C  

175 μl media 

Cells 

No Stock 

200 μl media 

Cells 

100 μl stock B 

No Media 

No cells, no 

stock, 200µl 

MTS 
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2.4 Cell characterisation 

 

2.4.1 FACS Analysis 

 

A flask of cells at 80% confluency was trypsinised (as described in 2.2.3 and 2.2.4), and then the cell 

suspension was pelleted at 1700rpm for 3 minutes. The pellet was then resuspended in 1ml of PBS. 50 µl 

of cell suspension was placed into two FACS tubes. 5µl of the primary antibody (Human GLP-1R Alexa 

Fluro 488-conjugated antibody, R&D Systems) was added to one tube, and five µl of negative control 

antibody (Mouse IgG2B Alexa Fluro 488-conjugated Isotype Control, R&D Systems) was added to another 

tube and left in a dark room at room temperature for 30 minutes. After this, 1ml of PBS was added to 

each tube and centrifuged at 400 g for 3 minutes. The supernatant was discarded, and the cell pellet was 

resuspended in 300µl of PBS and then ran on the FACS machine.  

 

2.4.2 Confocal Imaging 

 

To study the effects of the imaging agent in the two cell lines used in this project, cells were prepared and 

imaged under confocal microscopy. Confocal dishes from IBIDI (35mm 4 chamber confocal dishes. CAT# 

80416) were used to seed the cells in. Cells were grown to 80% confluency (as described in 2.2.3), and 

when they achieved this confluency, cells were trypsinised and counted (as described in 2.2.4) to produce 

150,000 per chamber. Each chamber of the dish was filled with 400µl of cell suspension and left in the 

incubator overnight (at 37 °C and 5% CO2). After incubation, cells were observed under the microscope to 

observe the amount of cells, if the space of the chamber was not fully covered, cell media was refreshed, 

and the dishes were placed again overnight into the incubator. Once cells had covered the chamber 

surface, they were washed once with X1 PBS. Quantum dot and media was then added at given times 

points. After incubation of quantum dot all contents was removed, and cells were washed with X1 PBS. 

Cells were then fixed with Formalin and excess washed away with X1 PBS. Confocal dishes could then be 

imaged by confocal microscopy with Zeiss software.  
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3.0 Results and Discussion 

The aim of this project is to develop a multimodal imaging probe which uses fluorescent quantum dots 

and the MRI contrast agent, Gd-DOTA-TA, to image the β-cell mass in the pancreas. This probe was 

developed by functionalising the surface of red (607 nm) or yellow (570 nm) fluorescing quantum dots 

with Exendin-4 and Gd-DOTA-TA. As previously described, Exendin-4 is an agonist of the GLP-1R receptor, 

which is expressed on the surface of the β-cells in the pancreas. Exendin-4 is therefore utilised to enable 

specific targeting to the β-cell.  Quantum dots (QD’s) are semi conducting nanoparticles that show size 

dependent optical and electronic properties that can be easily tailored, and because of this, they have 

been used to develop for biomedical imaging purposes (Reiss et al., 2016). However, QD’s are often used 

that contain toxic metals (e.g Cd2+ or Pb2+) which has caused some concern on the toxicity and tissue 

exposure of these specific type of QD’s (Reiss et al., 2016). InP/ZnS QD’s have been shown to be less toxic 

in vivo when histological and haematological examinations have been done in tissues in different species 

(Lin et al., 2014). Because of these findings, InP/ZnS QD’s were used in this project. InP/ZnS QD’s were 

provided (see acknowledgements) in Hexane. Since Hexane is toxic and not miscible with aqueous media, 

phase transfer was conducted (as described in section 2.1.1), and then aqueous QD’s were functionalised 

(as described in 2.1.2). The Schematic below illustrates this. The following QD probes were validated 

physically, within cells, and through cell viability studies. 
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3.1 Probe Synthesis and Characterisation 

 

As previously mentioned, QD’s of between 2.5 nm and 2.75 nm diameter were provided in Hexane and 

phase transfer using thioglycolic acid (TGA) as a water solubilising surface ligand, had to be conducted in 

order for the QD’S to be in water, and therefore they could be used for biological testing (as described in 

section 2.1.1). The concentration of the Hexane used was 5x10-6M and this had to be removed during the 

washing process of phase transfer. QD’s were then functionalised (as described in section 2.1.2) and 

washed in order to concentrate the compounds. Figure 3.1.1 shows the photophysical properties of the 

QDs capped with TGA in water. They are excited at 400 nm and emit at 607 nm, this is a characteristic 

stoke shift for InP/ZnS QDs. The concentration is determined from the first excitonic peak, (UV-vis spectra 

blue line) at 520 nm.  It was found that after phase transfer the concentration of QD was 3.22x10-6 M, this 

is a 64% conversion, this loss of QD is due to the harsh basic conditions of the phase transfer reaction (pH 

11) this can degrade the QD structure. 
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Figure 3.1.1: The absorption (represented by the blue line) and the emission (represented by the black 

lines) of the red fluorescing InP/ZnS quantum dots. The excitation wavelength of the QD’s is 400 nm and 

emission at 607 nm with a concentration of 3.22x10-6 M, (H2O, pH 7.4, 298K). 

 

Once in an aqueous solution, the QDs can be functionalised with either Exendin-4 for targeting, Gd-DOTA-

TA for MRI or both to create a targeted multimodal contrast agent. Functionalisation with Exendin-4 has 

been done using a modified Exendin-4 with an extra cysteine residue at the C terminus. This allows for a 

Thiol unit to bind to the ZnS surface of the QD. The reaction occurs overnight at pH 10 to deprotonate the 

Thiol, with excessive TCEP to reduce any Dithiol bonds formed in solution. Figure 3.1.2 shows the 

photophysical properties QD’s functionalised with Exendin-4 the emission maxima does not shift showing 

functionalisation does not affect fluorescence emission, and the  concentration was shown to be 3.11x10-

7 M which is tenfold lower concentration than the Red QD’s in water, showing that functionalisation with 

Exendin-4 has not been very efficient. This is possibly due to aggregation during the washing process or 

again the high basic condition of the functionalisation process.  
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 Figure 3.1.2: The absorption (represented by the blue line) and the emission (represented by the black 

lines) of the red fluorescing InP/ZnS quantum dots functionalised with Exendin-4. The excitation 

wavelength of the QD’s is 400 nm and emission at 607 nm with a concentration of 3.11x10-7 M. (H2O, pH 

7.4, 298K). 

 

 

To create a dual-modal MRI/optical probe, the QDs were surface functionalised with Gd-DOTA-TA, which 

is a Dithiol appended Gd-DOTA based complex. The Di-thiol unit is used to coordinate to the Zn of the ZnS 

surface on the QD. TCEP is used to reduce the Dithiol bond to allow for an S-Zn bond from the Gd-DOTA-

TA to the Zn of the QD surface. Figure 3.1.3 shows the photophysical properties QD’s functionalised with 

Gd-DOTA-TA the emission maxima does not shift showing functionalisation does not affect fluorescence 

emission and the  concentration was shown to be 3.422x10-6  M which suggests a quantitive conversion 

from the Red QD’s in water, showing that functionalisation with Gd-DOTA-TA has not affected the QD. 

This has created a stable dispersion of QDs in the solution that do not aggregate as readily as the QD-

Exendin-4. 

 

To produce the targeted multimodal contrast agent both Exendin-4 and Gd-DOTA-TA  were functionalised 

in a one-pot reaction to the surface of the QDs. Figure 3.1.4 indicates that the QD’s functionalised with 

Exendin-4 and Gd-DOTA-TA was at a concentration of 8.16x10-7 meaning a large proportion of QD has 

been lost during the washing process. 
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Figure 3.1.3: The absorption (represented by the blue line) and the emission (represented by the black 

lines) of the red fluorescing InP/ZnS quantum dots functionalised with Gd-DOTA-TA. The excitation 

wavelength of the QD’s is 400 nm and emission at 607 nm with a concentration of 3.422x10-6  M. (H2O, 

pH 7.4, 298K). 
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Figure 3.1.4: The absorption (represented by the blue line) and the emission (represented by the black 

lines) of the red fluorescing InP/ZnS quantum dots functionalised with Exendin-4 and Gd-DOTA-TA. The 

excitation wavelength of the QD’s is 400 nm and emission at 607 nm with a concentration of 8.16x10-7 M. 

(H2O, pH 7.4, 298K). 
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After QD’s were functionalised, the absorption and the emission profiles were taken as seen in Figures 

3.1.1-3.1.4 and in addition to that, Dynamic Light Scattering (DLS) and Zeta potential (Zeta) measurements 

were taken. DLS is a technique that determines the size distribution of nanoparticles in solution or the 

hydrodynamic diameter. The larger particles indicate that more components are on the surface of the 

nanoparticle or there are larger aggregates. The Zeta potential determines the charge of the surface of 

the nanoparticle and this charge has effects on how they interact and uptake mechanisms with cells. 

Changes in these will indicate that the surface of the QDs will have been functionalised. The full graphs 

and readings are shown in the Appendix. 

 

Table 3.1.1 shows the DLS and Zeta potential values obtained of the QD’s and the functionalised QD’s in 

addition to the r1 value of QD-Gd-DOTA-TA. InP/ZnS represent the value for the QD in the table shows a 

value of 89.30 nm and -27.6 mV. The Zeta potential shows a negative value due to the capping agent used 

in the phase transfer, Thioglycolic acid (TGA). With this being negatively charged, the TGA ligands bound 

on the surface of the QD’s results in QD’s in water giving a value of -27.6 mV.  

 

When the QD’s are functionalised, the TGA ligands are replaced with different ligands, in this project 

Exendin-4 and Gd-DOTA-TA are used. The table shows the value of the QD functionalised with Exendin-4 

to be 2032 nm and -0.433mV. The increase in hydrodynamic diameter suggests that there is 

functionalisation, but there are large amounts of aggregations. This would be expected in line with the 

low concentrations achieved after functionalisation. Exendin-4 is negatively charged. 

 The TGA on the QD should be replaced with the Exendin-4, so the overall charge increase. This is seen in 

the Zeta value being close to neutral, but as the charge gets close to zero, it allows for large aggregates to 

form (seen in the DLS). 

 

The table describes that the QD’s functionalised with Gd-DOTA-TA have values of 46.62 nm and -9.59 mV. 

The size of the nanoparticle has decreased, and the charge has increased indicating that the 

functionalisation has been successful. The Gd(III) complexes hold a neutral charge, so the increase in 

overall charge is expected. The lower hydrodynamic diameter suggests that there are lower numbers of 

aggregates in the solution.  Using the Evans method to calculate the concentration of Gd(III), it was 

calculated that there were 1462 complexes on the surface of the nanoparticle.  Finally, the table also 

describes the QD’s functionalised with Exendin-4 and Gd-DOTA-TA with values of 533.6 nm and -20.1 mV 

and with the value of the Zeta potentially increasing, this indicates that there has been an accurate 

exchange of ligands and therefore the QD’s have been functionalised well, with both the exendin and the 

Gd-DOTA-TA. The large size in DLS suggests aggregates are being formed. 

The r1 for Gd-DOTA-TA was 4.8 mM-1s-1 at 400 MHz, this is similar to that of Gd-DOTA (4.4 mM-1s-1) (Stasiuk 

2013), when on the QD this lowers to 2.9 mM-1s-1,  which is unexpected as the larger mass should lower 

rotational correlation time and an increase of r1 would be seen (Stasiuk, 2011). This relaxivity is per Gd(III) 

unit when the relaxivity is per object the r1 is significantly increased to 4239 mM-1s-1, this number per 

object is the largest for a QD-Gd conjugate with values of 2500 mM-1s-1 being reported (Stasiuk, 2013). 
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The relativity of the QD-Exendin-Gd-DOTA-TA conjugate could not be determined due to the low 

concentration obtained. 

 

 

 

Table 3.1.1: A table reporting the r1, dynamic light scattering measurements, and Zeta potential of the red 

fluorescing quantum dots, and the red fluorescing quantum dots functionalised with either Exendin-4, 

GD-DOTA-TA, or both.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds r1  / mM-1s-1 Size / nm ZETA / mV 

InP/ZnS - 89.30 -27.6 

QD-Exendin - 2032 -0.433 

QD-Gd-DOTA-TA 2.9 46.62 -9.59 

QD-Exendin-Gd-DOTA-TA - 533.6 -20.1 
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3.2 Cell Characterisation 

3.2.1 FACS Analysis 
 

 

To determine whether the GLP1-R was expressed in the MIN6 cell line, FACS analysis was conducted on 

the MIN6 cells and the HEK-293 cells, which do not express GLP1-R. As described in section 2.4.1, both 

cell lines were run through FACS analysis. Each experiment had a control cell group, with the control 

antibody added. In addition to a control cell group, each experiment had either the HEK293 or MIN6 cells, 

with the GLP1-R antibody added.  Figure 3.2.1 shows two histograms which represent whether or not the 

antibodies used bound specifically to GLP1-R, and therefore this would determine the receptors presence 

in the HEK293, and MIN6 cell line. The figure on the left shows the experiment that was run in HEK-293 

cells. The purple peak represents the control cell population, and the green peak represents the cells that 

had the GLP-1R antibody added to them. The histogram shows a small shift which indicates unspecific 

binding. The figure on the right shows the experiment that was run in MIN6 cells. Again, the purple peak 

represents the control cell population, and the green peak represents the cells that had the GLP-1R 

antibody added to them. The histogram shows a large shift away from the control cell population which 

indicates the antibody is specifically binding to the GLP1-R (R&D Systems, 2019). This experiment showed 

that GLP1-R is being expressed in the MIN6 cell line and therefore, confocal studies with Exendin-4 

conjugates could be conducted, as this protein should specifically bind to the GLP1-R. 

 

 

Figure 3.2: The histograms denoting the expression of GLP1-R in the cell lines HEK-293 (Left) and MIN6 

(Right). FACS analysis was conducted on the two cells lines. In each histogram, the purple peaks represent 

the control cell group and the green peaks represents the cell lines with the GLP1-R antibody added. 

(Antibodies used: Human GLP-1R Alexa Fluro 488-conjugated antibody; Mouse IgG2B Alexa Fluro 488-

conjugated Isotype Control. R&D Systems). 
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3.2.2 Confocal Microscopy 
 

Initial experiments were conducted with red fluorescing quantum dots (Red QD’s). The red QD’s were 

used in a time course study in HEK-293 and MIN6 cells to observe the incubation time required for the 

red QD’s to be endocytosed into the cells.  Following the initial studies, further time course studies using 

yellow fluorescing quantum dots (Yellow QD’s), and Yellow QD’s functionalised with Exendin-4, Gd-DOTA-

TA, and both Exendin-4 and Gd-DOTA-TA were conducted in HEK-293 and MIN6 cells. 

 

Figure 3.2.1 and figure 3.2.2 show the confocal time course studies of HEK293 cells incubated with Red 

QD’s and MIN6 cells incubated with Red QD’s, respectively. The time course study for each cell line 

includes a 8,4,2 and 1 hour time point to give an initial idea of how long the cells required in order to 

uptake the QD’s.  

 

The images from the HEK293 Red QD time course study (figure 3.2.1) show a uptake in QD after 1 hour 

incubation and throughout the time course, Red QD was taken into the cells and appears to have localised 

into particular areas in clusters, perhaps indicating that they are localising into particular cell organelles. 

This finding initially could be a longer time period used in comparison to other QD studies used in HEK293 

cells. In Zhang et al. (2016), CdSe/ZnS QD’s were up-taken in HEK293 cells within 30 minutes, and those 

functionalised with different proteins to investigate binding to the cell membrane, entered within 1 hour. 

Though the QD’s in this study has InP cores, it gives an initial indication that QD’s in HEK293 cells may be 

able to uptake QD’s in a shorter time. The fluorescence intensity of the confocal images at each time point 

was calculated and has been shown in figure 3.2.3. The figure shows that the fluorescence is increasing 

as the time increases in the HEK293 study. As the longer time points show an higher intensity, perhaps 

the QD has had more time to localise and more QD has been able to enter the cell causing an increase in 

fluorescence intensity. This could support the observation that the QD is localising in particular areas, if 

more QD enters and localises over time.  

 

The images from the MIN6 Red QD time course study (figure 3.2.2) also show an uptake in QD after 1 

hour, though in more quantity, compared to the HEK293 images. The Red QD was taken into the cells and 

again appears to have localised into particular areas in clusters. In Yong et al., (2009) the pancreatic cell 

line MiaPaCa was used and cells were incubated with InP/ZnS QD’s for 2 hours and 1 hour and significant 

uptake was seen. Though this Master’s project uses a different cell line, the findings do show similarities 

in the incubation time required for the QD’s to enter the cell. The fluorescence intensity of the confocal 

images at each time point was calculated and has been shown in figure 3.2.3. The figure shows the 

fluorescence increasing over time but the measurements are higher in value compared to the HEK293 

values. As with the HEK293 study, As the longer time points show an higher intensity, perhaps the QD has 

had more time to localise and more QD has been able to enter the cell causing a increase in fluorescence 

intensity.  
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Quantum dots can enter cells non-specifically, or bind specifically to receptors. As Table 3.1.1 shows, the 

QD’s are negatively charged (with a value of -27.6mV) and because of this, the cell membrane’s 

phospholipid bilayer (which is positively charged) is likely interacting with the QD’s and entering the cell 

by endocytosis. 

 

 

 

Figure 3.2.1: Confocal images from a 8 hour time course study of HEK293 cells incubated with Red QD’s 

(concentration of 3.22x10-6 M). Confocal microscopy was used to obtain images from each time point in 

the time course study. 8 hours (1A,1B,1C. 50µm scalebar), 4 hours (2A,2B,2C. 50µm scalebar ), 2 hours 

(3A,3B,3C. 50µm scalebar), 1 hour (4A,4B,4C. 50µm scalebar). 
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Figure 3.2.2: Confocal images from a 8 hour time course study of MIN6 cells incubated with Red QD’s 

(concentration of 3.22x10-6 M). Confocal microscopy was used to obtain images from each time point in 

the time course study. 8 hours (1A,1B,1C. 100µm scalebar), 4 hours (2A,2B,2C. 50µm scalebar ), 2 hours 

(3A,3B,3C. 20µm scalebar), 1 hour (4A,4B,4C. 50µm scalebar). 
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Figure 3.2.3: Fluorescence intensity measurements of each confocal image taken in the time course 

studies of HEK293 and MIN6 cells incubated with Red QD’s (concentration 3.22x10-6 M). Circle points 

represent HEK-293, Square points represent MIN6. The ‘analyse’ function was used in ImageJ to obtain 

an average fluorescence intensity measurement of each image in the time course and were plotted on 

GraphPad.  

 

 

 

Figure 3.2.4 and figure 3.2.5 show the confocal time course studies of HEK293 cells incubated with Yellow 

QD’s and MIN6 cells incubated with Yellow QD’s, respectively. With the previous results from the time 

course studies using Red QD’s, the Yellow QD time course studies were altered to investigate time points 

at 1 hour and less. This was because the previous two studies indicated the cells were up taking QD in as 

little as 1 hour incubation time.  

 

The images from the HEK293 Yellow QD time course study (figure 3.2.4) show a small amount of uptake 

in QD after 1 hour incubation. Before this time point however, a decrease in uptake was observed. This 

could of perhaps been due to the washing and fixing process, so quantum dot was washed away and less 

QD could be uptaken. The images do show clusters of QD, and this occurs due to the charge of the QD 

and the ligands on it’s surface. 

 

The fluorescence intensity of the confocal images at each time point was calculated and has been shown 

in figure 3.2.6. The figure shows that the fluorescence is low at each time point, additionally supporting 

the observation that QD was not up taken as successfully in the HEK293 Yellow QD experiment. 
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The images from the MIN6 Yellow QD time course study (figure 3.2.5) show a large amount of QD uptake 

into the cells, as well as clusters of QD alone within the image. To determine whether QD is localising in 

particular organelles, confocal co-localisation studies should be conducted. As previously mentioned, this 

uptake is likely non-specific due to the charges of the QD and the cells membrane. Additional QD could of 

clustered together in these images due to not being washed away in the washing and fixing process. 
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Figure 3.2.4: Confocal images from a 1 hour time course study of HEK-293 cells incubated with Yellow 

QD’s (concentration of 2.95x10-9 M). Confocal microscopy was used to obtain images from each time point 

in the time course study. 1 hour (1A,1B,1C. 10µm scalebar), 30 minutes (2A,2B,2C. 20µm scalebar ), 20 

minutes (3A,3B,3C. 10µm scalebar), 10 minutes (4A,4B,4C. 10µm scalebar). 
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Figure 3.2.5: Confocal images from a 1 hour time course study of MIN6 cells incubated with Yellow QD’s 

(concentration of 2.95x10-9 M). Confocal microscopy was used to obtain images from each time point in 

the time course study. 1 hour (1A,1B,1C. 10µm scalebar), 30 minutes (2A,2B,2C. 10µm scalebar ), 10 

minutes (3A,3B,3C. 10µm scalebar). 
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Figure 3.2.6: Fluorescence intensity measurements of each confocal image taken in the time course 

studies of HEK293 and MIN6 cells incubated with Yellow QD’s (concentration 2.95x10-9 M). Circle points 

represent HEK-293, Square points represent MIN6. The ‘analyse’ function was used in ImageJ to obtain 

an average fluorescence intensity measurement of each image in the time course and were plotted on 

GraphPad. 

 

 

Figure 3.2.7 and figure 3.2.8 show the confocal time course studies of HEK293 cells incubated with Yellow 

QD’s functionalised with Exendin-4 and MIN6 cells incubated with Yellow QD’s functionalised with 

Exendin-4, respectively.  

 

The images from the HEK293 Yellow QD functionalised with Exendin-4 time course study (figure 3.2.7) 

show a large amount of uptake throughout the cell at the 1 hour time point, with clusters of QD within 

some of the cells. This again could be the QD localising at particular organelles as previously speculated. 

At the 30 minutes time point, and less, there is a significantly less amount of QD uptake. This could of 

perhaps been due to the washing and fixing process, or due to the health of the cells. 

 

The images from the MIN6 Yellow QD functionalised with Exendin-4 time course study (figure 3.2.8) show 

binding to the outside of the cells at the 1 hour time point and the 30 minute time point. β-cell of the 

Islets of Langerhans in the pancreas express the receptor GLP1-R (Wang et al., 2014). As MIN6 is a 

pancreatic β-cell cell line, MIN6 cells should also express this receptor (Rajan et al., 2015). This was shown 

to be occurring in the FACS analysis histograms shown in Figure 3.2. Exendin-4 is an agonist of GLP-1R, 

the Exendin-4 should therefore exhibit specific binding to this receptor (Nakashima et al., 2012). As the 

images show binding to the cell membrane, this could be suggesting the QD functionalised with Exendin-

4 is specifically binding to the GLP1-R and entering the cell this way.  
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A study by Jones et al., (2018) demonstrated by confocal microscopy that cellular dyes modified with 

Exendin-4 localise to the surface of MIN6 cells expressing GLP1R. As previous studies such as this have 

shown Exendin-4 can specifically bind to the GLP1-R. Furthermore, the study by Jones et al., (2018) reports 

that the Exendin-4 is entering the cell because GLP1-R is undergoing agonist-mediated endocytosis. This 

finding could be used to support that the QD functionalised with Exendin-4 in this Master’s project is 

entering specifically through the receptor. In future, more could be done to investigate then 

internalisation process.  

 

The fluorescence intensity of the confocal images at each time point was calculated and has been shown 

in figure 3.2.9. The graph shows that HEK293 increases with intensity over time, as does MIN6. However, 

the 30 minutes and the 60 minute measurements of the MIN6 data points as higher in intensity compared 

to the HEK293, indicating more QD uptake. 
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Figure 3.2.7: Confocal images from a 1 hour time course study of HEK-293 cells incubated with Yellow 

QD’s functionalised with Exendin-4 (concentration of 2.25x10-9 M). Confocal microscopy was used to 

obtain images from each time point in the time course study. 1 hour (1A,1B,1C. 10µm scalebar), 30 

minutes (2A,2B,2C. 10µm scalebar ), 20 minutes (3A,3B,3C. 10µm scalebar), 10 minutes (4A,4B,4C. 10µm 

scalebar). 
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Figure 3.2.8: Confocal images from a 1 hour time course study of MIN6 cells incubated with Yellow QD’s 

functionalised with Exendin-4 (concentration of 2.25x10-9 M). Confocal microscopy was used to obtain 

images from each time point in the time course study. 1 hour (1A,1B,1C. 20µm scalebar), 30 minutes 

(2A,2B,2C. 10µm scalebar ), 20 minutes (3A,3B,3C. 10µm scalebar), 10 minutes (4A,4B,4C. 10µm scalebar). 
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Figure 3.2.9: Fluorescence intensity measurements of each confocal image taken in the time course 

studies of HEK293 and MIN6 cells incubated with Yellow QD’s functionalised with Exendin-4 

(concentration 2.25x10-9 M). Circle points represent HEK-293, Square points represent MIN6. The ‘analyse’ 

function was used in ImageJ to obtain an average fluorescence intensity measurement of each image in 

the time course and were plotted on GraphPad. 

 

 

 

Figure 3.2.10 and figure 3.2.11 show the confocal time course studies of HEK293 cells incubated with 

Yellow QD’s functionalised with Gd-DOTA-TA and MIN6 cells incubated with Yellow QD’s functionalised 

with Gd-DOTA-TA, respectively.  

 

The images from the HEK293 Yellow QD functionalised with Gd-DOTA-TA time course study (figure 3.2.10) 

show clusters of the compound but no significant uptake into the cells. This could of perhaps been due to 

the washing and fixing process, or due to the health of the cells. The images from the MIN6 Yellow QD 

functionalised with Gd-DOTA-TA show more cell uptake at the 1 hour and 30 minute time points. This 

could be because the MIN6 cells are more versatile and will uptake the QD-GD compound. 
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Figure 3.2.10: Confocal images from a 1 hour time course study of HEK-293 cells incubated with Yellow 

QD’s functionalised with Gd-DOTA-TA (concentration of 1.6x10-9 M). Confocal microscopy was used to 

obtain images from each time point in the time course study. 1 hour (1A,1B,1C. 20µm scalebar), 30 

minutes (2A,2B,2C. 20µm scalebar ), 20 minutes (3A,3B,3C. 20µm scalebar), 10 minutes (4A,4B,4C. 10µm 

scalebar). 
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Figure 3.2.11: Confocal images from a 1 hour time course study of MIN6 cells incubated with Yellow QD’s 

functionalised with Gd-DOTA-TA (concentration of 1.6x10-9 M). Confocal microscopy was used to obtain 

images from each time point in the time course study. 1 hour (1A,1B,1C. 10µm scalebar), 30 minutes 

(2A,2B,2C. 10µm scalebar ). 

 

0 2 0 4 0 6 0 8 0

0

2 0 0 0

4 0 0 0

6 0 0 0

8 0 0 0

1 0 0 0 0

T im e  (M in u te s )

In
te

n
s

it
y

 (
a

.u
)

 

Figure 3.2.12: Fluorescence intensity measurements of each confocal image taken in the time course 

studies of HEK293 and MIN6 cells incubated with Yellow QD’s functionalised with Gd-DOTA-TA 

(concentration 1.6x10-9 M). Circle points represent HEK-293, Square points represent MIN6. The ‘analyse’ 

function was used in ImageJ to obtain an average fluorescence intensity measurement of each image in 

the time course and were plotted on GraphPad. 
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Figure 3.2.13 and figure 3.2.14 show the confocal time course studies of HEK293 cells incubated with 

Yellow QD’s functionalised with Exendin-4 and Gd-DOTA-TA and MIN6 cells incubated with Yellow QD’s 

functionalised with Exendin-4 and Gd-DOTA-TA, respectively.  

 

The images from the HEK293 Yellow QD functionalised with Exendin-4 and Gd-DOTA-TA time course study 

(figure 3.2.13) show that the compound was not up taken into the cells. Figure 3.2.13 includes the cell 

control for the HEK293 experiments and shows there is no background fluorescence in the control image, 

so the fluorescence seen in the confocal images is that of the QD and QD functionalised compounds. The 

images from the MIN6 Yellow QD functionalised with Exendin-4 and Gd-DOTA-TA time course study 

(figure 3.2.14) show the QD is localised into areas of the cell at the 1 hour time point and 30 minute time 

point. Exendin-4 on the compound could of contributed to the compound going into the cell similarly to 

the QD’s functionalised with Exendin-4 only (Jones et al., 2018.) 

 

The fluorescence intensity of the confocal images at each time point was calculated and has been shown 

in figure 3.2.15. The graph shows a increase in intensity as time increases, with a large jump in intensity 

between 30 and 60 minutes.  
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Figure 3.2.13: Confocal images from a 1 hour time course study of HEK-293 cells incubated with Yellow 

QD’s functionalised with Exendin-4 and Gd-DOTA-TA (concentration of 1.64x10-9 M). Confocal microscopy 

was used to obtain images from each time point in the time course study. 1 hour (1A,1B,1C. 20µm scale 

bar), 30 minutes (2A,2B,2C. 10µm scale bar), 20 minutes (3A,3B,3C. 10µm scale bar), 10 minutes 

(4A,4B,4C. 10µm scale bar) and the cell control (5A,5B.5C. 10µm scale bar). 
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Figure 3.2.14: Confocal images from a 1 hour time course study of MIN6 cells incubated with Yellow QD’s 

functionalised with Exendin-4 and Gd-DOTA-TA (concentration of 1.64x10-9 M). Confocal microscopy was 

used to obtain images from each time point in the time course study. 1 hour (1A,1B,1C. 10µm scale bar), 

30 minutes (2A,2B,2C. 20µm scale bar), 20 minutes (3A,3B,3C. 10µm scale bar), 10 minutes (4A,4B,4C. 

10µm scale bar) and the cell control (5A,5B.5C. 10µm scale bar). 
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Figure 3.2.15: Fluorescence intensity measurements of each confocal image taken in the time course 

studies of HEK293 and MIN6 cells incubated with Yellow QD’s functionalised with Exendin-4 and Gd-

DOTA-TA (concentration 1.64x10-9 M). Circle points represent HEK-293, Square points represent MIN6. 

The ‘analyse’ function was used in ImageJ to obtain an average fluorescence intensity measurement of 

each image in the time course and were plotted on GraphPad. 
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3.3 Cell Viability 

 

The MTS assay as previously described in section 2.3 is a 3 day assay that is used to assess cell viability 

when cells are incubated with particular compounds. The assays were done by incubating each of the 

compounds in both cell lines (HEK-293 and MIN6).  

 

The results for HEK-293 cells incubated with Yellow QD’s, as seen in figure 3.3.1, show a increase in 

absorbance between 0.000652nM and 0.000362nM, with each data point having a varied amount of 

error, with error bars exceeding 5%. The data points do show increase but not consistently. This likely due 

to the variation in the control values, and experimental values in the HEK293 cells. Cells were likely seeded 

unevenly, or were over confluent. Despite this, the cells are increasing in absorbance suggesting the cells 

are viable at the concentrations used. When MIN6 were incubated with Yellow QD’s, as seen in figure 

3.3.2, there appears to be no clear correlation, with data points staying at between 0.2 and 0.5 absorbance 

at 490nm. The error bars are also larger in each data, point. This again indicates there was the variation 

in the control values, and experimental values in the MIN6 cells. The MTS assays with QD’s don’t show 

any initial toxic effects, which is to be expected. This is because the QD’s used were InP/ZnS QD’s, and 

these are free of any heavy metals. As discussed in Clarke et al., (2019) InP/ZnS QD’s should therefore not 

exhibit toxic effects in a biological application. 
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Figure 3.3.1: MTS assay results of HEK-293 cells incubated with Yellow QD’s (2.935 nM to 0.0000905 nM) 

overnight at 37°C, 5% CO2. After overnight incubation, cells were washed and incubated with MTS solution 

for 1-2 hours. Absorption was recorded by a BIO-TEK Synergy HT plate reader at 490nm and absorption 

data plotted with the control readings, against log concentration on GraphPad (n=2).   
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Figure 3.3.2: MTS assay results of MIN6 cells incubated with Yellow QD’s (2.935 nM to 0.0000905 nM) 

overnight at 37°C, 5% CO2. After overnight incubation, cells were washed and incubated with MTS solution 

for 1-2 hours. Absorption was recorded by a BIO-TEK Synergy HT plate reader at 490nm and absorption 

data plotted with the control readings, against log concentration on GraphPad (n=2). 

 

 

The results for the HEK-293 cells incubated with Yellow QD’s functionalised with Exendin-4, shown in 

figure 3.3.3, show an increase in absorbance between 0.0163nM and 0.0587nM, before dropping in 

absorbance again. This indicates that the cells may be less viable after this point so smaller intervals in 

concentration could be investigated in further studies. The error bars are large and this could have been 

due to the uneven seeding of cells and variation in the control values. This could also be due to the 

aggregation of the compound as indicated by Table 3.1.1. The Zeta potential value of the QD 

functionalised with Exendin-4 is -0.433mV. As previously discussed, the value being close to neutral allows 

for large aggregates to form due to the pH. The MIN6 cells incubated with Yellow QD’s functionalised with 

Exendin-4, as shown in figure 3.3.4, show the absorbance values stay low then there is a increase in 

absorbance after 0.05625nM, which is a higher concentration. We would expect to see a decrease in 

absorbance with higher concentration, due to the aggregation in the compound.  
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Figure 3.3.3: MTS assay results of HEK-293 cells incubated with Yellow QD’s functionalised with Exendin-

4 (2.25 nM to 0.00007 nM) overnight at 37°C, 5% CO2. After overnight incubation, cells were washed and 

incubated with MTS solution for 1-2 hours. Absorption was recorded by a BIO-TEK Synergy HT plate reader 

at 490nm and absorption data plotted with the control readings, against log concentration on GraphPad 

(n=2). 
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Figure 3.3.4: MTS assay results of MIN6 cells incubated with Yellow QD’s functionalised with Exendin-4 

(2.25 nM to 0.00007 nM) overnight at 37°C, 5% CO2. After overnight incubation, cells were washed and 

incubated with MTS solution for 1-2 hours. Absorption was recorded by a BIO-TEK Synergy HT plate reader 

at 490nm and absorption data plotted with the control readings, against log concentration on GraphPad 

(n=2). 
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The results of the HEK293 cells incubated with QD’s functionalised with Gd-DOTA-TA, as shown in figure 

3.3.5, show large inconsistency between points and therefore is it difficult to determine the true effects 

of the compound. The large error bars on each data point could be due to seeding of cells or infection 

within the cells. The results of MIN6 cells being incubated with QD’s functionalised with Gd-DOTA-TA, as 

shown in figure 3.3.6, show absorbance readings between 0.10 and 0.20 at 490nm and points stay within 

this range. This could be an indication that the compound has little effect on this cell type, so should eb 

repeated to determine the effect further. 
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Figure 3.3.5: MTS assay results of HEK-293 cells incubated with Yellow QD’s functionalised Gd-DOTA-TA 

(1.6 nM to 0.0000263 nM) overnight at 37°C, 5% CO2. After overnight incubation, cells were washed and 

incubated with MTS solution for 1-2 hours. Absorption was recorded by a BIO-TEK Synergy HT plate reader 

at 490nm and absorption data plotted with the control readings, against log concentration on GraphPad 

(n=2). 
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Figure 3.3.6: MTS assay results of MIN6 cells incubated with Yellow QD’s functionalised with Gd-DOTA-TA 

(1.6 nM to 0.0000263 nM) overnight at 37°C, 5% CO2. After overnight incubation, cells were washed and 

incubated with MTS solution for 1-2 hours. Absorption was recorded by a BIO-TEK Synergy HT plate reader 

at 490nm and absorption data plotted with the control readings, against log concentration on GraphPad 

(n=2). 

 

 

. 

The results of HEK-293 cells incubated with Yellow QD’s functionalised with Exendin-4 and Gd-DOTA-TA 

are shown in figure 3.3.7. It shows the data points don’t have a clear correlation and the error bars are 

large. The results indicate that the controls were in consistent and cells likely became less viable at 

approximately 0.32nM and the data points after this, which display a higher absorbance was due to 

infection. The bacteria present likely reacted with the MTS solution, producing a colour change that was 

read by the BIO-TEK Synergy HT plate reader. The results of the MIN6 cells that were incubated with 

Yellow QD’s functionalised with Exendin-4 and Gd-DOTA-TA are shown in figure 3.3.8. The graph appears 

to slow a increase in absorbance as the concentration increases. This is unexpected because we expected 

the cells to decrease in absorbance as the concentration increased.  

 

The MTS results are varied and not desirable. This being because the MTS assays with the different 

compounds often showed a large amount of error or inconsistencies, meaning the true effects can not be 

determined. The IC50  could also not be determined for this reason. Some experiments exhibited infection 

so there is need for repetition. To prevent this, smaller cell numbers per well could be implicated to 

prevent over confluency or infection. This is supported by the review paper by Aslantürk (2017) that lists 

MTS assays have limitations in that the readings are sensitive to cell number, cell type, and incubations 

time with the suggestion the minimum time MTS needs to be incubated on cells is 1 hour, but should be 

as long as 3 hours. The review also lists advantages of comparing different assay results over different 

time periods e.g 24 hours, 48 hours, 72 hours which should be investigated in future studies with the 

compounds used in this project.  
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Figure 3.3.7: MTS assay results of HEK-293 cells incubated with Yellow QD’s functionalised with Exendin-

4 and Gd-DOTA-TA (1.64 nM to 0.000055 nM) overnight at 37°C, 5% CO2. After overnight incubation, cells 

were washed and incubated with MTS solution for 1-2 hours. Absorption was recorded by a BIO-TEK 

Synergy HT plate reader at 490nm and absorption data plotted with the control readings, against log 

concentration on GraphPad (n=2). 
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Figure 3.3.8: MTS assay results of MIN6 cells incubated with Yellow QD’s functionalised with Exendin-4 

and Gd-DOTA-TA (1.64nM  to 0.000055 nM) overnight at 37°C, 5% CO2. After overnight incubation, cells 

were washed and incubated with MTS solution for 1-2 hours. Absorption was recorded by a BIO-TEK 

Synergy HT plate reader at 490nm and absorption data plotted with the control readings, against log 

concentration on GraphPad (n=2). 
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4. Conclusion 
 

This Master’s project aimed to develop a multimodal imaging fluorescent/MRI probe to image the β-cell 

mass in the pancreas. This agent was formed by functionalising the surface of fluorescent red and yellow 

emitting quantum dots with Exendin-4  for targeting of the GLP1-R and Gd-DOTA-TA for MRI. The probe 

was developed using QD’s between 2.5nm and 2.75nm, and they were provided in Hexane, undergoing 

phase transfer and then functionalisation. Characterisation of the probe involved collecting emission and 

excitation profiles, in addition to DLS and Zeta potential readings. Though some of the readings suggested 

aggregation, biological studies were conducted in the two cell lines to determine cell viability and 

localisation of the probe in the cell.  

 

FACS analysis confirmed the presence of the GLP1-R in the MIN6 cells, and therefore, confocal studies 

were done to determine whether the Exendin-4 in the multimodal probe was specifically binding to this 

receptor. The confocal studies showed evidence of the probe being internalised into the cell. 

Furthermore, there was evidence that the agent (and QD’S functionalised with Exendin) were specifically 

localising to the cell membrane. Cell viability studies were also conducted, but the results were varied, 

and therefore the true effects of the probe could not be determined. 

 

The literature discussing the use of multimodal imaging agents is evolving. There is a greater focus on the 

use of PET and MRI imaging agents, conjugated with specific proteins (Key & Leary, 2014) to target 

receptors, or biological processes of interest. The literature in regards to quantum dots in biological 

applications is still focused on the heavy metal types (Barroso, 2011) with increasing work in the InP/ZnS 

variety though it is still limited. Despite this, they have been used in biological applications (Chen et al., 

2018). Though currently there is still little work on these type of QD’s with Exendin-4 for Diabetes 

research. Exendin-4 has been used in specific receptor targeting and multimodal imaging in literature 

before (Sood et al., (2019); Ericksson et al., (2014)), with PET, MRI, and fluorescence being used as imaging 

modalities as Exendin-4 has been well established as a GLP1 agonist (Wang et al., 2014). 

 

With this area still being developed, this Master’s project provides preliminary findings on the potential 

of the InP/ZnS QD’s functionalised with Exendin-4 and Gd-DOTA-TA. This probe has a potential for imaging 

the β-cell mass in the pancreas, but in order to progress in the future, the functionalisation of the probe 

needs to be repeated with emphasis on the pH in the phase transfer and functionalisation of the QD’s. If 

this is done, there is potential for the agent to be more concentrated with better TGA to Exendin-4 and 

Gd-DOTA-TA ligand transfer with less aggregation. Cell viability studies need to be repeated in order to 

determine an accurate IC50. Confocal studies have provided a starting point in determining the localisation 

and internalisation of the probe, but future confocal studies can help determine the specific localisation.  
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6. Appendix 
 
Appendix 1: The DLS graph measurements of the Red QD’s  

 

 

Appendix 2: The Zeta potential graph measurements of the Red QD’s 
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Appendix 3: The DLS graph measurements of the Red QD’s functionalised with Exendin-4 

 

 

 

 
Appendix 4: The Zeta potential graph measurements of the Red QD’s functionalised with Exendin-4 
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Appendix 5: The DLS graph measurements of the Red QD’S functionalised with Gd-DOTA-TA 

 

 
 

 
Appendix 6: The Zeta potential graph measurements of the Red QD’s functionalised with Gd-DOTA-TA 
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Appendix 7: The DLS graph measurements of the Red QD’s functionalised with Exendin-4 and Gd-DOTA-

TA 

 
 

 
Appendix 8: The Zeta potential graph measurements of the Red QD’s functionalised with Exendin-4 and 

Gd-DOTA-TA 

 

 



201402438  MSc By Research Thesis 

93 
 

 
 

 

 


