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ABSTRACT 
Self-monitoring of blood glucose plays a crucial role in diabetes care. Current 

methods apply invasive means, which causes pain and discomfort to the people with 

diabetes. Therefore, non-invasive methods are in high demand. Reverse Iontophoresis 

(RI) is a technique for non-invasive transdermal glucose monitoring. Thereby, electric 

current is applied across the skin to extract glucose from the interstitial fluid into a gel-

reservoir, where it is measured with an in situ glucose sensor. One of the key problems 

in RI based wearable sensors, is the glucose build-up in the gel-reservoir, which results 

in poor correlation between the extracted glucose and blood glucose level. Activated 

Carbon (AC) has excellent adsorption capabilities to organic molecules and could 

therefore act as a glucose binding agent in the RI devices leading to more accurate 

glucose readings and ultimately better correlation between the extracted and blood 

glucose levels. 

The overall aim was to study and compare glucose fluxes in in vitro RI 

experiments using the developed AC-integrated electrodes to the standard electrodes 

without AC. The extracted glucose was quantified using glucose assay kits. 

Furthermore, this study involved embedding a biosensor in the electrode system to 

allow direct glucose measurements. 

In vitro RI experiments using the newly developed AC-integrated electrodes 

showed increased glucose fluxes of 61% in the high glucose concentration level in the 

diffusion cell. Besides, the extracted glucose correlated well with increasing glucose 

concentrations in the diffusion cell (R2=0.90). Thus, confirming AC’s suitability as a 

glucose binding agent in the RI environment. 

In vitro RI experiments with an integrated mediated enzymatic glucose sensor in 

the electrode system showed limited success for electrochemical glucose 

quantification of the extracted glucose. However, a thorough electrochemical 

characterisation of the developed glucose sensor using cyclic voltammetry was 

performed, which may provide good basis to make improvements for future glucose 

sensors.  
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1 Introduction 

1.1 Field of research  
In 2019, estimated 463 million people worldwide were suffering from diabetes 

mellitus, commonly referred to as diabetes (International Diabetes Federation, 2019b). 

1 in 11 persons is affected by the disease. It is a chronic and serious disease where the 

blood glucose regulation in the body is impaired. The disease is increasing at an 

unprecedented pace and it is expected to rise to 700 million globally by 2045  

(International Diabetes Federation, 2019b). 

There are mainly two types of diabetes, type 1 diabetes and type 2 diabetes. Type 1 

diabetes, which was previously also referred to as insulin-dependent diabetes, occurs 

because of the destruction of the insulin producing islet cells of Langerhans in the 

pancreas due to an autoimmune disorder. Type 2 diabetes is developed by inadequate 

insulin production; either the body does not produce enough insulin, or the produced 

insulin is impaired and cannot enter the cell, which is also called insulin resistance. 

Untreated diabetes can cause macrovascular and microvascular complications, kidney 

disease, eye disease, amputation, depression, neuropathy, sexual dysfunction and 

dementia (Diabetes UK, 2016).  

It was shown that tight glycaemic control in the body can delay the onset and 

progression of some of such long term complications (The Diabetes Control and 

Complications Trial Research Group, 1993; UK Prospective Diabetes Study (UKPDS) 

Group, 1998). 

Self- monitoring of blood glucose (SMBG) helps to monitor and control blood glucose 

levels and has become an essential part of diabetes management. There are intermittent 

and continuous glucose monitoring systems. For intermittent blood glucose 

measurements, people with diabetes need to prick their fingers several times a day. 

Blood will be collected with the lancing device and lancets and via a capillary action, 

it will be drawn to a test strip. Glucose is measured based on an enzymatic reaction 

and the glucose value will be shown on the blood glucose meter. 

Continuous glucose monitoring systems (CGMS) offer tighter control of glycaemic 

levels as they acquire glucose measurements in a certain interval automatically. Most 
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of the continuous glucose monitoring systems nowadays consist of an implantable 

subcutaneous glucose sensor, which measures the glucose, and a transmitter which 

transfers the measured glucose values to a receiver such as a smartphone to monitor 

the activity. 

 

1.2 Research problem 
Self- monitoring of blood glucose plays a crucial role in diabetes care. There are 

intermittent and continuous glucose monitoring systems. Intermittent systems provide 

discrete glucose measurements where the user decides the timepoints of the test and 

performs the measurement, whereas continuous systems are able to automatically 

provide glucose measurements in a certain time interval without any participation from 

the user. Both systems apply invasive means to measure blood glucose levels. The 

problem is that this method causes pain and discomfort to the patients, which is one of 

the reasons for patients’ non-compliance to treatment plans from the care giver. Non- 

invasive glucose monitoring techniques are an emerging field of study, which can 

overcome this problem and improve the quality of life of people with diabetes. 

Reverse Iontophoresis (RI) has been proposed as means of non-invasive, transdermal 

diagnostics for the monitoring of small circulating molecules and ions in the blood. In 

this technique, electric current is applied across the skin to extract a substance of 

interest. Devices based on RI have the potential to be used for blood glucose level 

monitoring as part of diabetes care. However, RI has not yet gained long term 

acceptance amongst healthcare systems. One reason for this is the poorly controlled 

glucose once it leaves the skin. The Medical Diagnostics and Wearables Group at 

Strathclyde has a patent on methods to control glucose by the use of different binding 

agent such as activated carbon (AC) (Connolly, 2014). 

The aim of this project was to test the concept of glucose adsorption to AC and evaluate 

the suitability of AC for better controlled and improved glucose flux in wearable 

sensors flux within iontophoresis devices due to its ability to bind organic compounds. 

In addition, this study involved integrating an electrochemical glucose sensor in the 

iontophoresis device to allow direct glucose measurement.   
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1.3 Structure of the thesis  
This thesis is structured as following: 

Chapter 2 Literature review: Chapter 2 starts with the anatomy and physiology of 

the pancreas, followed by the types of diabetes mellitus, diagnosis and treatment 

options. The focus lies in self- monitoring of blood glucose as means of diabetes 

management. It begins with the history of glucose monitoring for people with diabetes 

and reviews existing literature about the development of glucose sensors for 

intermittent and continuous glucose monitoring system with currently available 

devices in the market. It then discusses current studies on non- invasive methods for 

glucose monitoring focussing on RI. Biological and operational factors are described, 

which have an impact on RI on human skin for molecular and ionic extraction. In the 

final section of the chapter, fundamentals of adsorptions and parameters, which have 

an influence on the adsorption process are explained. 

Chapter 3 Study design: Chapter 3 elucidates rationale of the study, followed by the 

research objectives and research questions. 

Chapter 4 Theory: Chapter 4 introduces theory on glucose detection and 

quantification methods via standard laboratory techniques using colorimetric assay 

and optical spectrophotometers. In addition, electrochemical glucose detection 

methods are also explained. It covers fundamental electrochemical processes on the 

electrode - electrolyte interface and the operation of an electrochemical glucose sensor. 

Moreover, the principles of cyclic voltammetry, which is an electroanalytical 

technique applied for electrochemical glucose detection, is explained. The final section 

of this chapter describes the principles of RI and the transport mechanisms involved 

during RI.  

Chapter 5 Materials and Methodology Chapter 5 begins with the chemicals and 

materials which were used for this project, followed by the standard procedures for the 

preparation of basic buffers and gel. The experimental procedure to perform in vitro 

RI experiments using a diffusion cell is explained, followed by the glucose 

quantification method of the extracted glucose using assay kits.  Subsequently, the 

experimental procedure to test glucose adsorption to AC and to evaluate the suitability 

of AC to act as a glucose binding agent in the RI environment is depicted. The 

fabrication of the glucose sensor is described, followed by the experiments conducted 
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to electrochemically characterise the sensor and to test its suitability to 

electrochemically quantify the extracted glucose via RI.  

Chapter 6 Results: Chapter 6 starts with the results of experiments conducted to 

optimise the in vitro RI experimental setup and glucose analysis method. Glucose 

fluxes during in vitro RI experiments and the findings of the glucose adsorption to AC 

studies are reported. Glucose fluxes during RI experiments with the newly designed 

AC- integrated electrodes are shown. The electrochemical characteristics of the 

developed mediated enzymatic glucose sensor is presented. Finally, the outcome of 

the electrochemical glucose quantification of the glucose extracted via RI using the 

glucose sensor is shown.   

Chapter 7 Discussion Chapter 7 interprets the outcomes reported in the chapter 6. 

Furthermore, it discusses research limitations and gives recommendation for future 

work.   

Chapter 8 Summary and Conclusion Chapter 8 provides a summary of the findings 

of this study in reference to the raised research questions in chapter 3 and an overall 

conclusion.  
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2 Literature review 

2.1 Anatomy and physiology of the pancreas 
The human pancreas is a slender and oblong organ and can be located transversely 

posterior to the stomach (Figure 2.1) (Betts et al., 2017a). The pancreas has exocrine 

as well as endocrine functions. As an exocrine organ, it has the responsibility to 

produce digestive enzymes and to secret them to the small intestine via the pancreatic 

duct. These digestive enzymes are produced by the acinar cells in the pancreas.  

 
Figure 2.1 Anatomy of the pancreas (adapted from Betts et al., 2017a) 

The endocrine function of the pancreas involves secreting the following hormones: 

insulin, glucagon, somatostatin and polypeptides directly to the blood stream. These 

hormones are produced by pancreatic islets (also called as islet of Langerhans).  

There are four types of cells in the islets: 

• Alpha cells: 20% of each islet consists of alpha cells. They have the 

responsibility to produce glucagon, the hormone which is required to increase 

blood glucose levels.  

• Beta cells: 75% of each islet is comprised of beta cells. This type of the 

pancreatic islets forms the insulin hormone, which has the ability to decrease 

the blood glucose levels. 

• Delta cells: 4% of each islet accounts for delta cells. They secrete the hormone 

somatostatin. This hormone is also produced by the hypothalamus, the stomach 

and the intestines and can inhibit secretion of glucagon and insulin.  
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• Pancreatic polypeptide cells: 1% of each islet includes polypeptide cells. 

They produce the pancreatic polypeptide hormone, which can regulate the 

endocrine and exocrine secretions of the pancreas. (Betts et al., 2017a) 

 

2.2 Blood glucose regulation 
Glucose is the main energy source for all the organs and cells in the body. The prime 

uptake of glucose is by the consumption of carbohydrates from food and drinks. 

Glucose can be derived by breaking down carbohydrates and can be stored by the liver 

and muscles (in the form of glycogen) or by adipose tissue once it is converted to 

triglycerides. The hormones insulin and glucagon play a major role in the glycaemic 

control in the body. The storage and utilisation of glucose are regulated by these 

hormones. The normal range of blood glucose levels in a healthy body is between      

3.9 and 6.1 mmol/L (70 and 110 mg/dl respectively), this state is referred to as 

homeostasis or normoglycaemia. The unit of blood glucose is mmol/L in the United 

Kingdom; however the glucose is measured in mg/dL in the USA and continental 

Europe (Diabetes.co.uk, 2017a).  The conversion factor between the units is 18; hence 

1 mmol/L equals to 18 mg/dL.  

Receptors on the pancreas can detect blood glucose levels and secrete the blood 

glucose regulating hormones (either insulin or glucagon) to maintain homeostasis. The 

production as well as the effects of insulin and glucagon are crucial for the regulation 

of blood glucose concentration. These hormones ensure that the blood glucose level in 

the body is in homeostasis. Hence, if the homeostasis is disturbed, they will act until 

it is restored (Martini et al., 2014a). Figure 2.2 illustrates how the body reacts in case 

of disturbance of the homeostasis.  
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Figure 2.2 Blood glucose regulation when homeostasis is disturbed. The green cycle illustrates how the body 

reacts in case of hyperglycaemia (elevated blood glucose) and the blue cycle is followed in case of 

hypoglycaemia (low blood glucose). (adapted from Betts et al., 2017a) 

2.2.1 Glucagon 
If blood glucose concentrations are below normal levels (below 3.9 mmol/L or             

70 mg/dl), the alpha cells of the pancreatic islets secret glucagon. The secretion of 

glucagon triggers a variety of mechanisms, which in effect lead to an increase of blood 

glucose concentrations. 
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Glucagon initiates following mechanisms: 

• Glucagon stimulates the breakdown of glycogen to glucose in skeletal muscle 

and liver cells. The glucose obtained is directly released to the blood stream.  

• The glucose production in the liver is referred as gluconeogenesis. Thereby, 

the liver cells absorb amino acids and glycerol from the bloodstream and 

convert them into glucose. Glucagon stimulates gluconeogenesis to increase 

blood glucose levels. 

• Cells need glucose for their cellular respiration and therefore take up glucose 

from the blood stream. In case of hypoglycaemia, glucagon inhibits this 

process.  

 

A negative feedback mechanism regulates the release of glucagon: As blood glucose 

levels increase, the less glucagon is secreted and vice a versa.  

 

2.2.2 Insulin 
If blood glucose concentrations exceed normal levels (above 6.1 mmol/L or                 

110 mg/dl), the beta cells of the pancreatic islets secret insulin. When food reaches the 

intestine, the hormone called, glucose-dependent insulinotropic peptide, gets released, 

which is the initial trigger for producing and secreting insulin from the beta cells. More 

insulin is secreted, once nutrients from the food will be absorbed and consequently the 

blood glucose level increases.  

 

Insulin prompts following mechanisms, which in effect result in decrease of blood 

glucose levels.  

• Insulin induces an accelerating glucose uptake from all target cells by 

increasing the number of glucose transport proteins in the plasma membranes 

for insulin dependent cell.  

Some type of cells require insulin to take up glucose from the blood stream. 

These cells are called insulin dependent and have insulin receptors in their 

plasma membranes, for example, skeletal muscle cells and adipose cells. 

Insulin-dependent cells need glucose transporter proteins to move glucose 

from the cell membrane into the cell inner. This movement is triggered by 
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insulin and carried out by a process called facilitated diffusion which is a 

carrier- mediated transport mechanism, that can passively transport glucose 

across the membrane down the concentration gradient without the need of 

adenosine triphosphate (ATP).  

Cells, which lack of insulin receptors, are called insulin independent. These 

cells are able to absorb and utilise glucose without having insulin receptors. 

Red blood cells, cells in brain, kidney, liver and cells in the lining of the 

digestive tract are insulin independent.  

• Insulin stimulates increased glycogen formation. If there is an excess glucose 

entering skeletal muscles and liver cells, an increased conversion of glucose to 

glycogen occurs in the liver.  

• Insulin inhibits gluconeogenesis.  

 

A negative feedback mechanism regulates the release of insulin: As glucose levels 

decrease in blood, the less insulin is secreted and vice a versa. Figure 2.3 shows an 

example of insulin variations due to meal intakes. 

 

 
Figure 2.3 Example of variation of insulin concentrations over 24 hours’ period after a high-starch diet in 

comparison to a high-sucrose diet. It is observable that insulin level increases after a meal intake so that blood 

glucose levels decrease. Furthermore, it can be seen that the higher the sugar content in the meal, the more 

insulin has to be secreted to keep blood glucose levels in normoglycaemia. (adapted from Daly et al. 1998) 
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2.3 Diabetes mellitus 
Diabetes is typically characterised by an impaired blood glucose regulation in the 

body. It is caused by a deficiency of insulin or when produced insulin malfunctions or 

a combination of both (Holt & Kumar, 2010a).  

The first time, diabetes was mentioned in history in 1500 BC by the Egyptians (Clarke 

& Foster, 2012). They had made note of a disease which caused rapid weight loss and 

frequent urination. It was later in 200 CE that the Greek physician Aretaeus named 

this disease as diabetes, which means ‘flowing through’. He identified that people with 

that condition were losing weight, urinated in excess and had a high thirst. It was in 

the early 1800 that glucose was associated with diabetes. George Rees confirmed this 

theory by identifying high glucose content in diabetes patients’ blood sample (Rees, 

1838). 

In 2019, estimated 463 million people, aged between 20 and 79 years, were living with 

diabetes, accounting for 9.3 % of the world population (International Diabetes 

Federation, 2019b). 4.2 million deaths were estimated by IDF in 2019 due to diabetes 

(aged between 20 and 79).  

Figure 2.4 shows the regions with the prevalence of diabetes around the world. IDF 

estimates that 700 million people worldwide will be affected by diabetes by 2045.  

 
Figure 2.4 Estimated people with diabetes in an age group between 20 years and 79 years in 2019 and the 

expected number of people with diabetes by 2045 (adapted from International Diabetes Federation, 2017a)   
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It was reported that approximately 3.4 million people in the United Kingdom suffered 

from diabetes in 2015 which accounted for 5% of the whole population in the UK 

(Holman et al., 2015). 8.5 % of the diabetes patients in the UK suffered from type 1 

diabetes, 90.4% were affected by type 2 diabetes and 1.2% had ‘other’ types of 

diabetes, such as gestational diabetes or monogenic diabetes (Holman et al., 2015). 

 

Elevated glucose levels in blood is the direct result of diabetes. If blood glucose level 

exceeds normal glucose tolerances, it is classified as hyperglycaemia. There are 

different stages of hyperglycaemia: The pre- stages of diabetes are impaired fasting 

glycaemia (IFG) and impaired glucose tolerances (IGT). IGT is related to resistancy 

of insulin by liver and muscles; whereas IFG is more likely caused by deficiencies in 

insulin secretions. Patients diagnosed with these conditions are at high risk to develop 

type 2 diabetes. Estimated 374 million people aged between 20-79 have impaired 

glucose tolerances in 2019 (International Diabetes Federation, 2019b).  

If glucose levels exceed the pre- stages, it is classified as diabetes.  The most 

commonly forms of diabetes are type 1 diabetes and type 2 diabetes, which are 

explained here in further detail: 

 

2.3.1 Type 1 diabetes 
Type 1 diabetes can be caused by a destruction of insulin producing beta cells by an 

autoimmune destruction of the islet cells. Approximately 10 % of diabetes patients, 

have type 1 diabetes (Diabetes UK, 2016). People of all ages can be affected by type 

1 diabetes, but the onset of this disease is commonly in childhood or youth. 1.1 million 

children, aged between 0 and 19 years, worldwide were estimated to suffer from type 

1 diabetes (International Diabetes Federation, 2019b). The rate of how fast the beta 

cells are destroyed varies from person to person. It is said that the process is slower in 

adults and faster in children (Magliano et al., 2015). It is caused by genetic factors as 

well as poorly understood environmental triggers. It is said that family history of the 

patient or autoimmune diseases, such as hypothyroidism, pernicious anaemia, 

Addison’s disease, vitiligo in the patient or any of its family members, increases the 

risk of developing type 1 diabetes enormously. Sudden weight loss, polyuria, 

polydipsia, blurring of vision, very high plasma glucose concentrations, lethargy and 
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ketonuria are some common symptoms for this type of diabetes. The presences of ICA, 

islet antigen 2 (IA2), anti-GAD or insulin autoantibodies are indicators of type 1 

diabetes (Atkinson & Maclaren, 1994). 

There is also idiopathic type 1 diabetes, where the insulin producing cells are also 

destroyed. Idiopathic diabetes is commonly found in people with African or Asian 

origin (Magliano et al., 2015).  

 

2.3.2 Type 2 diabetes 
90% of diabetes patients suffer from type 2 diabetes (Diabetes UK, 2016). It is 

predominantly caused by insulin resistance and due to a relative insulin deficiency 

with beta cell failure.  

Mostly, middle aged to older adults are diagnosed with type 2 diabetes. However, 

nowadays more and more children and adolescents are affected by this disease because 

of the increase of childhood obesity (Health and Social Care Information Centre, 2016; 

Ogden et al., 2015), which is one of the risk factors of type 2 diabetes.  

People, who are often affected by type 2 diabetes, also suffer from obesity, 

dyslipidaemia and hypertension at the same time. The metabolic syndrome is defined 

as the clustering of all latter mentioned conditions (Grundy et al., 2004). Hence, 

patients with hypertension, dyslipidaemia and obesity have a high tendency of having 

undiagnosed diabetes or impaired glucose tolerances. The concept of the metabolic 

syndrome is used by clinicians for diagnosing diabetes. Symptoms for type 2 diabetes 

are lack of energy, slow wound healing, blurred vision, excessive thirst and frequent 

urination (International Diabetes Federation, 2019c). 

There is a genetic susceptibility of having type 2 diabetes (Jafar-Mohammadi & 

McCarthy, 2008). However, the causes for type 2 diabetes are more complex. Age, 

obesity and lack of exercise and poor nutrition could increase the risk of getting 

diabetes. Besides, ethnicity and history of gestational diabetes are also risk factors of 

getting type 2 diabetes. Gestational diabetes is another type of diabetes, which is found 

in pregnant women but usually the condition reverts after giving birth. However, the 

risk of getting diabetes is still there for the mother and the child (Fetita et al., 2006). 

People with type 2 diabetes can be undiagnosed for years as noticeable symptoms only 

show when the disease is progressed enough. And there is the possibility that by the 
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time it is diagnosed, complications might have already emerged. It was shown that 

people with south Asian or African background have two to four times higher tendency 

to develop type 2 diabetes compared to Caucasians (Diabetes UK, 2016). People with 

diabetes are twice more likely to die of a cardiovascular disease.  

 

2.3.3 Diagnosis of Diabetes 
Early diagnosis of diabetes enables early treatment of the disease and less life-

threatening complications. There are four different approaches for diagnosing 

diabetes, either by 1) measuring casual blood glucose levels or 2) measuring blood 

glucose levels in a fasted state or 3) two hours after a high glucose load or 4) measuring 

glycated haemoglobin levels (American Diabetes Association, 2014).  

 

Table 2.1 indicates the cut-off blood glucose values for the diagnosis of diabetes 

mellitus, IGT and IFG given by the WHO (World Health Organization, 2006). The 

standard measurement sample is venous plasma blood. However, due to common 

practice of capillary blood sampling in countries which lack of resources, capillary 

plasma values are also used for diagnosis. The tests do not indicate the type of diabetes. 

To determine the type, other symptoms and background of the patient have to be 

considered. Usually, patients can be easily diagnosed with type 1 diabetes or type 2 

diabetes. However, due to increased childhood obesity nowadays (Health and Social 

Care Information Centre, 2016; Ogden et al., 2015), the differentiation between the 

types of diabetes is more challenging. 
Table 2.1 Criteria for the diagnosis of diabetes mellitus, impaired fasting glucose and impaired glucose 

tolerances in the venous blood plasma (adapted from American Diabetes Association, 2013)  

 Random plasma 
glucose 

Fasting plasma 
glucose 

2h plasma glucose 
after OGTT 

HbA1c 

Diabetes 
mellitus ≥11.1 mmol/L ≥7.0 mmol/L ≥11.1 mmol/L ≥6.5 % 

Impaired 
fasting glucose - 5.6 – 6.mmol/L - - 

Impared 
glucose 

tolerances 
- - 7.8 – 11.0 mmol/L - 
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2.3.3.1 Casual blood glucose measurement 
If venous plasma glucose measurement at any time of the day is above 11.1 mmol/L 

and classic symptoms of diabetes mellitus are shown, the patient is considered as 

diabetic. 

2.3.3.2 Fasting blood glucose measurement  
The fasting blood glucose measurement is mostly performed in the morning after an 

overnight fast of at least eight hours. If the glucose concentration in the fasted state is 

above 7.0 mmol/L in the blood plasma and symptoms of diabetes are seen, the patient 

is seen will be considered as diabetic. If no symptoms are seen, the test needs to be 

repeated to be diagnosed with diabetes.  

2.3.3.3 Oral glucose tolerance test (OGTT) 
The oral glucose tolerance test was declared as means for diagnosing diabetes by the 

WHO in 1980. The glucose concentration of the plasma is measured two hours after 

having a 75 g of a high glucose drink mixed with approximately 300 ml of water. For 

children, the volume of the high glucose is calculated by multiplying their body weight 

with a factor of 1.75. The maximum amount of the glucose load is 75 g. If the glucose 

concentration of the venous plasma 2 hours after the glucose load exceeds                   

11.1 mmol/L in conjunction with symptoms of diabetes, the patient would be classified 

as diabetic. In case of elevated glucose levels without any kind of symptoms, the test 

needs to be repeated to confirm the diagnosis. 

Figure 2.5 depicts the glucose curves after a high glucose drink from a non-diabetic, a 

patient with impaired glucose tolerances and a patient with diabetes.  



 15 

 
Figure 2.5 Examples of glucose profiles after an OGTT in a person with normoglycaemia (bold violet line), a 

person with IGT (green line) and a person with diabetes mellitus (bold green line) (adapted from Paulev & 

Zubieta-Calleja 2004) 

2.3.3.4 HbA1c 
In 2009, it was suggested to use glycated haemoglobin (HbA1c) values for diagnosing 

diabetes. Glycated haemoglobin is formed by the addition of glucose to haemoglobin 

via a non- enzymatic reaction. One of the advantages of using HbA1c, is that the 

patient does not need to be in a fasted state, which is especially beneficial for children. 

Furthermore, HbA1c samples can stay stable for up to a week, whereas glucose 

samples tend to undergo glycolysis. In addition, glucose values can easily be altered 

by changing your lifestyle, whereas HbA1c is less prone to short term changes and 

mirrors glycaemic values over eight to ten weeks. In comparison, the results from 

fasting blood glucose measurements and OGTT show only the real-time glucose 

values.  

The downside of using this method is that there are conditions not related to glycaemia, 

which could result in alteration of the HbA1c value. For example, conditions such as 

kidney failure or pregnancy could lead to changes of HbA1c level. Furthermore, this 

method of diagnosis of diabetes requires the use of a well-equipped laboratory so that 

the results can be analysed using the International Federation of Clinical Chemistry 

(IFCC) developed standardised haemoglobin assay. However, this will be difficult to 

implement in developing countries. (Magliano et al., 2015) 

In 2011, WHO approved glycated haemoglobin testing as an additional tool to 

diagnose diabetes (World Health Organization, 2011). If HbA1 levels exceed 6.5% 

and the patient is showing symptoms of diabetes, then the patients is classified as 
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diabetic (American Diabetes Association, 2014). The test needs to be repeated in case 

of absence of any diabetic symptoms to confirm the diagnosis.  

HbA1c level measurements are not only for diagnosing purposes but it is also 

recommended to test glycated haemoglobin levels every six months from type 2 

diabetes patients as it can indicate the effectiveness of the treatment plan as the HbA1c 

level mirrors the glycaemic levels over months (NHS Cambridgeshire and 

Peterborough Clinical Commissioning Group, 2016). 

 

2.3.4 Treatment options 
The major concern with diabetes is that till date there is no cure. The only treatment, 

which could be seen as a form of a cure would be pancreas transplantation or islet cell 

transplantation (Hönes et al., 2008). However, it is costly, there is deficiency in organs 

and the risks of organs transplants need to be carefully contemplated. Furthermore, the 

side effects from lifelong consumption of immunosuppressant need to be considered 

as well. Moreover, islet cell transplantations only provide temporary cure of the 

disease. Advancements in diabetes treatment forms also involve cell-based treatments. 

One idea is to regenerate respectively replace beta cells with stem cells (Ellis et al., 

2017). Oggu et al. investigated in treatment of diabetes with the help of mesenchymal 

stem cell (MSC) therapy (Oggu et al., 2017). Madec et al. showed that MSC can 

protect beta cells from autoimmune destruction, which could ultimately prevent 

diabetes (Madec et al., 2009). Cell based therapies are an emerging field but it is still 

highly experimental and is not yet considered as a viable therapy form yet (Ellis et al., 

2017; Oggu et al., 2017).  

 

Treatment of type 1 diabetes: 

In case of type 1 diabetes, the insulin producing cells are destroyed due to an 

autoimmune reaction. A big breakthrough with regards to treatment of diabetes 

occurred in 1921 when Frederick G. Banting, Charles Best and J. R. Macleod 

identified insulin as the hormone deficient in diabetes patients (Best & Scott, 1923). 

In 1922, scientists were able to extract and purify insulin from animals (cows and pigs) 

and successfully proved its effectivity by treating a type 1 diabetes patient with insulin 

injections (Quianzon & Cheikh, 2012).  
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Patients with type 1 diabetes are required to start daily insulin treatment promptly. 

There are three types of insulin: 1) animal insulin, which is extracted from animals,   

2) human insulin and 3) analogue insulin (Diabetes.co.uk, 2017b). Human insulin as 

well as analogue insulin are both synthesised in a laboratory setting. Human insulin is 

prepared with the help of Escherichia coli (E. coli) bacteria and insulin proteins. It was 

first used in a clinical environment in 1982 (Quianzon & Cheikh, 2012). Analogue 

insulin undergoes the same preparation process as human insulin with an additional 

step of recombinant DNA. Here, the order of the amino acid chain is altered so that 

the body can take in the insulin quicker or in a more uniform manner. 

Insulin can be also categorised depending on the rates they react in the body, such as 

fast acting insulin, intermediated acting insulin, or long acting insulin etc. Each vary 

in their onset, duration of activity and peak of activity.  

In diabetic patients, insulin needs to be injected subcutaneously into the thighs, 

abdomen or buttocks with the use of insulin pens, syringes or insulin pumps (Holt & 

Kumar, 2010b). Insulin pumps are battery-operated and can deliver insulin as required 

via a cannula (flexible tube) which is inserted subcutaneously. The tube needs to be 

changed every two to three days. 

Insulin is most effective for glycaemic control (Gough & Narendran, 2010). However, 

one limitation is its route of administration; Patients show reluctance to inject insulin. 

Therefore, alternative routes for insulin delivery were investigated such as orally, 

dermally or nasally (Heinemann et al., 2001). The Exubera system was the first inhaler 

which could be used in conjunction with dry-insulin powder and was brought to the 

market by Pfizer in 2006 (Harper et al., 2007). However, due to the lack of market 

acceptance it was withdrawn in 2008. It has to be noted that the use of inhaled insulin 

would not be sufficient to cover the body’s full demand of insulin.  The use the 

subcutaneous injection of long-acting insulin would still be required as part of the 

treatment regimen. Non-invasive routes for insulin administration is an emerging field 

(Heinemann, 2011; Mazzucchelli & Corsi, 2017; Thwala et al., 2017). Though, more 

research and time is required to achieve the required effectiveness and acceptance. The 

Technosphere® Inhaled Insulin is the latest advancement in terms of pulmonary 

insulin delivery systems (Heinemann et al., 2017). Further studies need to be 
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conducted to investigate the adverse effects and pulmonary safety in long-term use of 

these devices (Chan & Cheng-Lai, 2017).  

Patients under insulin treatment are at high risk of hypoglycaemia. Therefore, self-

monitoring of blood glucose (SMBG) is very important. They also have to maintain a 

healthy diet and perform physical activity regularly. This will help them to manage the 

disease and prevent complications.  

 

Treatment of type 2 diabetes: 

People diagnosed with impaired glucose tolerance have a high tendency to develop 

type 2 diabetes. Although, studies have proven that the further development to type 2 

diabetes can be prevented in adults by lifestyle changes (Eriksson et al., 1999; Harland 

et al., 1999; Lindström et al., 2003; Oldroyd et al., 2001, 2006; Pan et al., 1997; Penn 

et al., 2009; Tuomilehto et al., 2001). Losing weight, increasing physical activity and 

change in dietary (less consumption of fat and increased up and increased intake of 

fibres) are some highly recommended aspects of life style changes (Penn et al., 2009).  

Initially as well as throughout the disease, dietary changes and regular exercise are 

required. These forms of treatment should help to control the glycaemic level. An 

additional oral drug therapy should be started to improve glycaemic control if blood 

glucose levels cannot be regulated with the latter form of treatment. Metformin is the 

most commonly used oral medication which has the ability to reduce gluconeogenesis 

in the liver, increase glucose uptake and reduce carbohydrate absorption for the gut 

lumen thus reducing blood glucose levels (Watkins et al., 2003). Gliclazide belongs to 

the group of sulfonylureas and is used to enhance insulin secretion. Metformin as well 

as Gliclazide have both been made accessible and available for type 2 diabetes patients 

all over the world by the WHO (International Diabetes Federation, 2019a). Other 

classes of medication for type 2 diabetes include thiazolidinediones, SGLT2i and 

GLP1-RA (DeFronzo, 2017).  

Insulin therapy might be required in the later stage when the drug therapy and other 

means are insufficient to keep the glucose levels in normal glucose levels.  

Weight loss surgeries are used as part of treating diabetes. Studies haves shown its 

effectivity in obesity- induced type 2 diabetes patients (Buchwald et al., 2009; Schauer 

et al., 2017; Schauer et al., 2017). However, it has to be mentioned that this approach 
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can cause with a variety of adverse effects such as cardiopulmonary complications, 

haemorrhage or thromboembolic disease or even death (Schauer et al., 2017) .  

 

The Diabetes Remission Clinical Trial (DiRECT) demonstrated that an intensive and 

structured weight loss management programme is a viable treatment form to reverse 

type 2 diabetes (Lean et al., 2018). In the trial, patients which were diagnosed with the 

type 2 diabetes (for less than six years) had to undergo a liquid formula diet with a 

dietary intake of 825-853 kcal per day for the first three to five months, followed by 

gradual food reintroduction in the following 2 to 8 weeks. Support and individual 

advice were given throughout the trial to maintain long-term weight loss. Antidiabetic 

and antihypertensive drugs were withdrawn during the study period. A reversal of type 

2 diabetes was successful shown in 46 % of participants (68 participants out of 149) 

after 12 months (Lean et al., 2018). After two years, it was shown that the remission 

of type 2 diabetes could be sustained by 36% of the participants (53 participants out 

of 149)  (Lean et al., 2019). 

 

Poorly controlled  diabetes can cause macrovascular and microvascular complications, 

kidney disease, eye disease, amputation, depression, neuropathy, sexual dysfunction 

and dementia (Diabetes UK, 2016). Diabetes patients need to be empowered to look 

after themselves properly so that long term complications from this disease can be 

delayed or prevented in the best-case scenario. It is important that the treatment plan 

is tailored for each patient individually depending on the type of diabetes, age, gender, 

lifestyle.   

It was shown that tight control of glucose in normoglycaemic levels in the body can 

delay the onset and progression of secondary complications such as neuropathy, 

nephropathy and retinopathy in Type 1 diabetes patients (The Diabetes Control and 

Complications Trial Research Group, 1993) and microvascular complications in type 

2 diabetes patients (UK Prospective Diabetes Study (UKPDS) Group, 1998). The 

evidence that good control improves macrovascular complications remains 

contentious at best.  Tight control can be achieved by self- monitoring of blood glucose 

(SMBG) methods. This thesis focuses on self- monitoring of blood glucose (SMBG), 

which is one of the key routes in managing diabetes.  
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Figure 2.6 shows a summary of existing glucose sensing technologies used for SMBG. 

In principle, there are two main categories, point sample/intermittent glucose 

measurements and continuous glucose monitoring. The most commonly used 

intermittent glucose measurement, the finger-prick glucometer applies invasive means 

for glucose testing. The frequency of intermittent glucose measurements changes 

depending on the type of diabetes, age and severity of disease. For example, in type 1 

diabetes patients who are undergoing insulin treatment, SMBG is an essential part of 

the treatment plan. They are strongly advised to check their glucose levels at least four 

times a day (NHS Cambridgeshire and Peterborough Clinical Commissioning Group, 

2016). On the other hand, not all type 2 diabetes patients are required to perform 

SMBG. Only those under insulin therapy and those taking sulfonylurea or rapid acting 

insulin, are recommended to measure their glucose levels up to four times a day (NHS 

Cambridgeshire and Peterborough Clinical Commissioning Group, 2016).  

Within continuous glucose monitoring, there are three approaches for glucose testing, 

1) invasive 2) minimally invasive and 3) non-invasive. The focus of this thesis lies in 

a non-invasive glucose monitoring technique, called reverse iontophoresis (RI) 

(Section 2.8.2 Glucose monitoring using reverse iontophoresis). 
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2.4 History of glucose monitoring 
Managing diabetes started with glucose testing and monitoring in urine. In 1841, 

Trommer developed a urine test, which made use of the reaction between glucose and 

alkaline cupric sulphate regents. Thereby, glucose was reduced and a coloured cuprous 

oxide was produced. The cuprous oxide was responsible for the colour change of the 

solution from green to yellow (Neisser et al., 2005). The colour change was assessed 

by the human eye.  

In 1850, Jules Maumene devised a test strip for glucose quantification in urine. The 

strip of wool contained stannous chloride and if glucose was present in the urine, it 

would turn black (Neisser et al., 2005). In 1908, Stanley Benedict developed an 

improved method to monitor glucose through urine testing with a copper reagent 

(Benedict, 1909), a method which was used for 50 years (Simoni et al., 2002); 

however, this type of method showed practical difficulties for the use of self-

monitoring as heat is required for the colour change to occur.  

Elliot Joslin suggested that frequent self-monitoring of urinary glucose level, right diet 

and good exercise is crucial for managing diabetes (Joslin, 1918).  

In 1945, Compton and Treneer from Ames introduced the Clinitest® Reagent Tablet, 

an improved copper regent, which solved the heat problem from Benedict’s method. 

The tablet was added to the urine sample in a test tube, which produced heat. Glucose 

was oxidised and the cupric sulphate was reduced which caused a colour change. 

Initially it is blue coloured, changing to green, then to yellow and finally to an orange 

colour. The glucose could be quantified by comparing the colour to the colour chart 

(Figure 2.7), which was a semiquantitative approach (Free & Free, 1984).  
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Figure 2.7 Colour chart to quantify the glucose using Clinitest® Reagent Tablet (adapted from Clarke and 

Foster, 2012) 

In 1957, Clinistix, a test strip for urinary glucose was introduced by Ames. The method 

was improved by using filter paper, which was impregnated with glucose oxidase, 

peroxidase and orthotolidine. Glucose oxidase is an enzyme and was discovered and 

identified in 1928 (Muller, 1928), it catalyses the conversion of glucose to 

gluconolactone (Keilin & Hartree, 1948) whereby hydrogen peroxide (H2O2) is 

produced (Franke & Deffner, 1939; Franke & Lorenz, 1937). Hydrogen peroxide in 

presence with peroxidase caused the oxidation of orthotolidine, which resulted in 

change of its colour to a deep blue chromogen. (Clarke & Foster, 2012). 

Urine testing was the start of glucose monitoring for treating diabetes. However, it had 

its limitations. It had been proven that fluid intake and urine concentrations had an 

impact on the glucose results depending on the sensitivity of the strips (Goldstein et 

al., 2004). Moreover, the tests were only able to detect an excess of glucose in urine. 

Hence, a negative result meant that the patient could have been in state of 

hypoglycaemia, normoglycaemia or slightly enhanced hyperglycaemia (Goldstein et 

al., 2004). Besides, the obtained glucose concentrations were retrospective and it had 

been demonstrated that there was inconsistent correlation between plasma glucose 

concentration and urine glucose concentration (Hayford et al., 1983). Blood glucose 

measuring was introduced because of its easier accessibility and its ability to measure 

real time blood glucose concentrations which are very beneficial for self- monitoring.  
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The first test strip for glucose measurement in blood, called Dextrostix, was developed 

in 1965. These test strips were also based on an enzymatic reaction with glucose 

oxidase. The Dextrostix involved a semipermeable membrane, which would only pass 

through soluble glucose to react with the dry regent. Glucose was determined by 

comparing the obtained colour change with a colour chart (Free & Free, 1984). A 

blood volume of 50-100 µL was required for the Dextrostix test strips and the colour 

changed occurred approximately one minute after. The difficulty to assess the colour 

change due to lighting conditions and subjective perception of the colour change was 

another problem of this method (Harvey et al., 1976). The Dextrostix was mainly used 

for surgeries and hospital wards, clinics, and intensive care units and was unsuitable 

for self-monitoring. To overcome the difficulties and inaccuracies of assessing colour 

change, the first automatic, electronic glucose test strip reader was introduced by 

Clemens Anton in 1970, the Ames Reflectance Meter (ARM) (Figure 2.8). 

 

 
Figure 2.8 First electronic blood glucose reader based on reflectance photometry by Clemens Anton in 1970 

(adapted from Mendosa, 2006) 

It enabled blood glucose measurement with the use of the Dextrostix but in 

combination with reflectance photometry-based ARM, which remedied the issues 
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concerning the assessment of the colour change. The ARM weigh approximately       

1.2 kg because of the case and the rechargeable batteries, which consisted of lead acid, 

and cost around $432 (Clarke & Foster, 2012). For calibration purposes, one reference 

strip was required. Studies have shown good correlation (around r=0.98) between the 

results from the reflectance photometry and the applied laboratory methods in 

comparison (Cheah & Wong, 1974; Jarrett et al., 1970; Mazzaferri et al., 1970). This 

device was mainly used in the hospital wards or in doctor’s offices. Common 

drawbacks of the ARM were its complex sampling and cleaning technique for each 

measurement and its heavy weight, making it not suitable as a portable device for self- 

monitoring purposes. In addition, it showed inaccuracies in detecting high blood 

glucose values above 180 mg per 100 ml (Junker & Ditzel, 1972) and over-diagnosis 

of hypoglycaemia by showing lower glucose levels than actual in newborns (Cavell et 

al., 1973).  

Few of the problems with the ARM were solved with the development of the Eyetone 

blood glucose meter by the company called Kyoto-Daiichi in 1972. Eyetone was also 

based on the use of the Dextrostix test strips and reflectance photometry. However, in 

comparison to ARM, it was lighter, cheaper and more accurate. The measurement 

range of the Eyetone is 10 to 400 mg/ 100 ml. The accuracy was improved by 

calibrating the device at two blood glucose levels (Schersten et al., 1974).  Studies 

showed good correlation between measurements from the Eyetoner and a laboratory 

method with R=0.97 (Schersten et al., 1974) and R=0.99 (Stewart, 1976).  

Studies were conducted with the Ames Eyetone meter for testing its use in monitoring 

glucose at home (Peterson et al., 1978; Sönksen et al., 1978). In Peterson’s study, 10 

diabetes type 1 patients were educated on how to use the meter. The glycated 

haemoglobin levels were recorded at the beginning of the study for each patient. After 

a check-up four to six months later, the mean HbA1c levels were decreased from 

10.3% to 5.4%. Sönksen et al. tested the Ames Eyetoner on 64 patients (Sönksen et 

al., 1978). It was observable that 64% of the subjects were able to control 80% of their 

glucose levels below 10 mmol/l for more than a year. Another study with n=69 showed 

that 50% of the subjects had capillary blood glucose level below 10.0mmol/l. Further 

studies confirmed the use of SMBG to improve glycaemic control (Danowski & 

Sunder, 1978; Ikeda et al., 1978; Skyler et al., 1978; Walford et al., 1978). The 
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combination of patient acceptance to self-monitoring and improvement of glycaemic 

control by SMBG led to expansion and further development of self-monitoring 

techniques. Alternative glucose quantification method apart from reflectance 

photometry was investigated in to offer faster and more accurate glucose 

measurements. The idea of using biosensors based on electrochemical principles for 

self- monitoring of blood glucose started with the development of the a biosensor 

electrode for pO2 measurements by Clarke (Clarke, 1956).  

 

2.5 Glucose biosensors for intermittent glucose 

monitoring 
The first biosensor electrode for blood glucose measurement was proposed by Clarke 

and Lyons in 1962 (Clarke & Lyons, 1962). The enzyme, glucose oxidase (GOD), 

which can be extracted from Aspergillus niger, is ideal to be used in glucose sensors 

because of its specificity to glucose (Wilson & Turner, 1992). Glucose oxidase is a 

catalyst and oxidises glucose to gluconic acid where oxygen gets reduced. Equation 

2.1 explains the reaction with glucose and glucose oxidase:  

In the sensor, the glucose oxidase was entrapped in a thin layer in a dialysis membrane 

over the oxygen electrode. The sensors were based on monitoring the oxygen levels in 

blood. By applying a negative potential onto the working electrode, oxygen was 

reduced, which in turn was proportional to the glucose content.  

Clarke and Lyons sensors were further developed by Updike and Hicks in 1967 

(Updikes & Hicks, 1967). They made use of two oxygen electrodes, one was in 

combination with the glucose oxidase and the second electrode without the enzyme. 

This would aid to eliminate oxygen changes which were not caused by glucose 

oxidase. 

In 1973, Guilbault and Lubrano devised the sensor further by applying an 

amperometric measurement method for glucose detection (Guilbault & Lubrano, 

1973). This amperometric sensor measured the hydrogen peroxide produced when 

oxidising the glucose and reducing the oxygen. The amount quantified of hydrogen 

peroxide is in proportion with the glucose concentration.  

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 +	𝑂" 	→ 	𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐	𝑎𝑐𝑖𝑑 + 𝐻"𝑂"	 Equation 2.1 GOD	
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Electrochemical detection of H2O2 can be explained by the following equation 

(Equation 2.2).  

 𝐻2𝑂2	 → 𝑂2 +	2𝐻+ + 2𝑒− Equation 2.2 

 

This type of glucose sensor offers rapid electrochemical glucose measurements. 

 

 
Figure 2.9 The first glucose analyser Model 23A based on electrochemical glucose detection from YSI (adapted 

from Newman & Turner 2005) 

In 1975, based on the Clarke and Lyons technology, Yellow Spring Instrument (YSI) 

developed the glucose analyser Model 23A YSI analyser (Figure 2.9). It was able to 

measure glucose from a blood sample by detecting hydrogen peroxide 

amperometrically with a sample volume of 25 µL (Wang, 2008). However, this device 

was expensive and was only used in clinical laboratories and was unsuitable to be used 

in self-monitoring. 

 

Based on the method of glucose detection, following generations of glucose sensors 

were developed: 

2.5.1 First generation glucose sensors 
Glucose sensors which, are based on the hydrogen peroxide detection for glucose 

monitoring belong to the first-generation of glucose sensors.  
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The reaction can be summarised with the following equations (Equation 2.3, Equation 

2.4 and Equation 2.2). 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 	𝐺𝑂𝐷(𝐹𝐴𝐷) → 𝐺𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐺𝑂𝐷(𝐹𝐴𝐷𝐻") Equation 2.3 

The flavin adenine dinucleotide (FAD) is the redox centre of the glucose oxidase, 

which gets reduced respectively reoxidised. The reduced form of glucose oxidase 

reacts with hydrogen and oxygen in blood and hydrogen peroxide is produced.  
 𝐺𝑂𝐷(𝐹𝐴𝐷𝐻") +	𝑂" → 𝐻"𝑂"	 + 𝐺𝑂𝐷(𝐹𝐴𝐷) Equation 2.4 

By applying a voltage of approximately +0.6V vs. Ag/AgCl on platinum electrode, the 

electron transfer occurs. A three-electrode system (see section 4.3.3) is used and the 

current between working electrode and counter electrode is measured. This current is 

proportional to the glucose concentration in blood. 

The application of a potential is necessary for the electron transfer of the H2O2 to occur 

so that an amperometric measurement can be performed. One of the problems with 

first generation glucose sensors is that there are also other electroactive species in 

blood such as ascorbic acid or uric acid, which can oxidise at the applied potential. 

The oxidation of the other electroactive compounds causes an increase of current, 

which is not in relation with the glucose concentration; hence the specificity and the 

accuracy of the measured signal towards glucose is compromised. Scientists have 

worked on different methods to minimise interferences due to the other electroactive 

species. One approach is by preventing access of interfering compounds to the sensing 

electrode surface. For example, integrating a cellulose acetate film inbetween the 

electrode and the enzyme layer have been shown to be beneficial due to its size 

exclusion properties. Thereby, it allows the transport of H2O2, which has a molecular 

weight (MW) of 34 Da to the electrode surface but blocks the transport of bigger 

interfering species such as acetaminophen (MW=151 Da), uric acid (MW=168 Da) or 

ascorbic acid (MW=176 Da) (Sternberg et al., 1988). Besides, Moussy et al. have 

shown that the negatively charged Nafion polymer coating helps to prevent 

interferences from negatively charged species such as uric acid and ascorbic acid. 

(Moussy et al., 1994).  

Another limitation of first-generation sensors is the oxygen dependency of glucose 

oxidase of this method. This reaction might be compromised due to changes in oxygen 

tension in the sample (Cass et al., 1984). One way to address this issue is with the 
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application of an oxygen enriched carbon paste onto the sensor electrode (Wang & Lu, 

1998) thus providing another source for oxygen and allowing the oxygen- dependent 

enzymatic reaction with GOD to happen. Another approach is the use of an alternative 

enzyme for example glucose dehydrogenase (GDH). Instead of oxygen, this enzyme 

requires nicotinamide adenine dinucleotide (better known as NAD+ in its oxidised 

form) as a cofactor. It was shown that this enzyme was insensitive to oxygen 

fluctuations, which was one of the issues with using glucose oxidase. The disadvantage 

of this method is that it requires a soluble cofactor (Wilson & Turner, 1992) and NAD+ 

is costly and unstable (Newman & Turner, 2005).  

The reaction can be explained by the following reaction (Equation 2.5): 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 +	𝑁𝐴𝐷' → 𝐺𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒+𝑁𝐴𝐷𝐻 Equation 2.5 

Another enzyme, which can be used instead of GOD is the quinoprotein glucose 

dehydrogenase (GDH). Instead of oxygen or NAD+ as a coenzyme, this quinoprotein 

needs pyrroloquinoline quinone (PPQ) as a co-worker (D’Costa et al., 1986). 

Although, even this enzyme is also expensive (Newman & Turner, 2005) and unstable 

(Wilson & Turner, 1992). The following equation depicts the reaction (Equation 2.6). 
 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 	𝑃𝑄𝑄(𝑜𝑥) → 𝐺𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒+ 𝑃𝑃𝑄(𝑟𝑒𝑑) Equation 2.6 

 

2.5.2 Second generation glucose sensors 
In order to eliminate the oxygen problem, the use of an artificial non-physiological 

mediator was suggested. Mediators have the responsibility to replace oxygen for 

electron transfer between working electrode and enzyme. 

The requirements for the mediator are as follows (Cass et al., 1984): 

• It should be able to react quickly with the enzyme. 

• It should be stable in terms of pH sensitivity, redox state & dioxygen.  

• It should be easily reduced but should also be easily re-oxidised.  

• It should also be biocompatible with glucose oxidase 

A variety of mediators, such as ferrocene, quinones, tetrathialfulvalene (TTF) or 

tetracyanoquinodimethane (TCNQ), were studied to be used in glucose sensors 

(Chaubey & Malhotra, 2002) . 

Ferrocene derivatives and ferrocyanide were suggested as good electron acceptors to 

be used in glucose sensors (Cass et al., 1984; Frew & Hill, 1987). Ferrocene is water 

GDH	
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soluble and is commonly used for glucose sensors. Its rapidity and reversibility in 

redox reactions makes it ideal for glucose sensors. Cass et al. developed an 

amperometric enzyme electrode with ferricinium ion as a mediator. The sensor was 

tested and a linear response between current and glucose concentration was observable 

for a glucose concentration range between 1-30mM (Cass et al., 1984). 

Chemical reaction in a glucose sensor with ferrocene as mediator: 

Glucose oxidase facilitates the oxidation of glucose to gluconolactone (Equation 2.7). 

Glucose oxidase is reduced by accepting two electrons and two protons (Equation 2.7). 

The reduced enzyme is then oxidised by ferrocene, which acts as a mediator (Equation 

2.8). The mediator is responsible for electron transfer between enzyme and working 

electrode. Once ferrocene gets reduced, it can be re-oxidised to ferrocinium ion at the 

electrode surface (Equation 2.9). A certain potential difference is needed for electron 

transfer to occur. The reduction of ferrocene is not a spontaneous reaction. (Cass et al., 

1984). 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 	𝐺𝑂𝐷() → 𝐺𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐺𝑂𝐷𝑅𝐸𝐷 Equation 2.7 

 𝐺𝑂𝐷$%& +	2𝐹𝑒𝐶𝑝2𝑅
+ → 𝐺𝑂𝐷𝑂𝑋 +	2𝐹𝑒𝐶𝑝2𝑅 +	2𝐻

+ Equation 2.8 

 	2𝐹𝑒𝐶𝑝"𝑅 → 2𝐹𝑒𝐶𝑝"𝑅' +	2𝑒, Equation 2.9 

The second-generation glucose sensor was applied in the ExacTech, the first personal 

blood glucose biosensor system for home glucose monitoring by Medisense. It was 

introduced in 1987 and consisted of a pen sized meter and was used in conjunction 

with disposable test strips (Figure 2.10) (Matthews et al., 1987).  

 
Figure 2.10 Pen-sized glucose meter and test strip (adapted from Matthews et al. 1987) 
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Glucose was measured electrochemically in 30 seconds in a blood sample of only 10 

µL using a single-use disposable test strip. The electrodes were screen printed and the 

test strip contained glucose oxidase and ferrocene as a mediator. Disposable screen 

printed electrodes are ideal to be used in glucose monitoring because of their low 

fabrication cost, rapid production and its capability to be mass produced (Hilditch & 

Green, 1991).  

It was tested in a study by 51 diabetic patients (Matthews et al., 1987). Glucose reading 

from the device were compared with glucose readings from the YSI and a correlation 

of 0.985 was seen. Another study evaluated and confirmed the accuracy and 

reproducibility of the meter reading (Ross et al., 1990). 

 

2.5.3 Third generation glucose sensors 
In third generation glucose sensors, use of any form of mediators is avoided. The 

principle behind it is a direct electron transfer between enzyme and electrode 

(Ghindilis et al., 1997). The challenge in this type of sensors is the electron transfer 

between the electrode and the redox centre of the enzyme because of the thick protein 

layer around the FAD centre of the enzyme. The distance between the redox centre 

and the electrode should be as short as possible.  

Problems were seen when using glucose oxidase as an enzyme in combination with 

conventional electrodes. Therefore, other electrode materials were investigated in. One 

attempt was to integrate conducting organic salts, such as tetrathiafulvalene-

tretracyanoquimodimethane (TTF-TCNQ), a charge-transfer complex, into the 

electrodes (Palmisano et al., 2002).  

 

Recent sensors belonging to the fourth-generation work with enzyme free glucose 

sensors. A lot of research and work is still required in this field to standardise it and to 

be used in glucose sensors (Toghill & Compton, 2010). 

 

2.5.4 The Clarke Error Grid 
The Clarke Error Grid introduced in 1987 (Clarke et al., 1987; Cox et al., 1985) is now 

considered as the golden standard to test accuracy of the blood glucose meter reading. 
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Reference glucose concentrations are applied on the x axis and measured glucose 

values are applied on the y axis (Figure 2.11). The error grid comprises of 5 zones 

namely, A, B, C, D and E. Results in zone A and zone B are seen as clinically 

acceptable. Overcorrect results fall in zone C and lead to hyperglycaemia or 

hypoglycaemia. zone D results are considered as failure to detect hyperglycaemia or 

hypoglycaemia and results zone E are erroneous outcomes.  

It was proven as a useful tool to evaluate clinical significance and was used to assess 

many blood glucose meters (Gross et al. 2000; Tierney et al. 2001; Potts et al. 2002; 

Eastman et al. 2002; Clarke 2005; Harman-Boehm et al. 2009; Caduff et al. 2011; 

Keenan et al. 2012; Kovatchev et al. 2015; Fokkert et al. 2017) . 

 
Figure 2.11 Example of Clarke Error grid with Zones A, B, C, D and E indicated (adapted from Oliver et al. 

2009) 

 

2.5.5 Commercially available blood glucose meters for 

intermittent glucose measurements 
Over the past years, a lot of research and efforts have been made to improve user 

friendless, performance and accuracy of blood glucose self-monitoring devices.  

Figure 2.12 shows an example of a glucose meter with a test strip and a lancing device. 

The standard blood glucose meters nowadays are battery operated, easy to use, 

handheld, and contain top microelectronics and software which enable a range of 
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functions such as storing and retrieving your results. They have minimal operating 

steps, give an alarm if the blood sample is poorly filled and provide autocalibration. 

The test strips only require a 0.3-1µL of blood and lancing devices, which are used for 

collecting blood samples and are designed in a way where they are less painful. Abbott, 

Roche diagnostics, Lifescan and Bayer, are the key blood glucose meter developing 

companies. There is a high competition in this market where all companies try to 

succeed by improving their design and performance of the glucose meters.  

 

 
Figure 2.12 Example of a blood glucose meter with a test strip and a lancing device from Accu-Chek® Aviva 

(adapted from Healthcare4All, 2014) 

Most of the glucose meters for intermittent self-testing work in conjunction with 

electrochemical test strips with amperometric glucose measurements.  

 

Table 2.2 shows examples of currently available glucose meters for intermittent 

glucose measurements. Different companies have brought different glucose meters to 

the market with different detection times, blood volumes, concentrations ranges and 

additional features such as ketone measurements. Abbott’s product line for blood 

glucose meters is called FreeStyle, Roche diagnostics’ Accu-Chek, LifeScan’s 

OneTouch and Bayer’s Contour.  
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Table 2.2 Selected currently available glucose meters for intermittent glucose monitoring for self-testing 

Device Company 
Blood volume for 

measurement [µL] 

Detection 

time [s] 

Glucose 

concentration 

range [mmol/L] 

FreeStyle 

Optium Neo 

Abbott 

 
0.6 5 1.1 - 27.8 

OneTouch 

UltraSmart® 
Lifescan 1 5 1.1 - 33.3 

Accu-Chek® 

Mobile 

Roche 

diagnostics 
0.3 5 unknown 

Contour® Next Bayer 0.6 5 1.1- 33.3 

 

Electrochemical test strips for blood glucose meter vary in design, way of use and 

number of electrodes depending on the manufacturer. It has to be noted that they are 

for single use. Figure 2.13 shows a test strip used with the Freestyle Optium Neo blood 

glucose monitoring device from Abbott (Abbott, 2013).  

 
Figure 2.13 Example of a glucose test strip Freestyle (adapted from Abbott 2013) 

The glucose sensor of the Freestyle Optium Neo is based on a mediated enzymatic 

reaction (Abbott, 2013). Glucose dehydrogenase (GDH) is used as the enzyme and 

nicotinamide adenine dinucleotide (NAD) was used as a coenzyme. Phenanthroline 

quinone (PQ) was the mediator for the sensor.  

The enzyme and the mediator are placed on the working electrode of the test strip.  
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Reactions in test strip: 
 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 +	𝑁𝐴𝐷𝐻' → 𝐺𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝑁𝐴𝐷𝐻 Equation 2.10 

 𝑁𝐴𝐷𝐻 +	𝑃𝑄() → 𝑁𝐴𝐷𝐻' + 𝑃𝑄-./ Equation 2.11 

 𝑃𝑄-./ 	→ 𝑃𝑄() + 𝑒, Equation 2.12 

Glucose is oxidised to gluconolactone by reaction with NAD. GDH acts as a catalyst 

in this reaction. The mediator acts with the reduced form of the coenzyme and gets 

reduced itself. The coenzyme oxidises back to NADH+. When a voltage of 200 mV is 

applied between working electrode and reference electrode, PQ gets oxidised and loses 

its electron. The current, which is produced in that process, is proportional to the 

glucose concentration in blood. The glucose meter converts the current reading into a 

meaningful glucose concentration and displays it.  

PQ is used as a mediator because it enables low potential oxidation. There is a risk that 

at higher potentials other substances might oxidise which can lead to measurement 

errors.  

The glucose measurement is taken by a three-electrode system consisting of 1) the 

working electrode, 2) the reference electrode and a so-called 3) fill trigger electrode, 

which is an equivalent to a counter electrode. More details on the application of a 

three-electrode system for glucose quantification is given in the theory chapter (section 

4.3.3) 

The blood sample is applied onto the sample measurement chamber. The measurement 

starts automatically once the sample is in contact with all three electrodes. If there is 

insufficient amount of sample volume, the test will not start. This feature helps users 

to know if enough blood was sample and if not, they can add more blood onto the same 

test strip. In many devices, patients need to use a new test strip if insufficient blood 

volume was applied. Hence, this design of Freestyle electrodes helps to reduce wastage 

of test strips because insufficient blood volume.  

It is crucial that all test strips meet the required standard so that glucose measurements 

are accurate and precise. A surveillance program tested different test strips randomly 

all over the world for a time period of seven years in terms of sensitivity and accuracy 

of the glucose measurements (Setford et al., 2017). Results showed that all test strips 

were in the clinical acceptable region and met the ISO 15197:2015 standards. All 

blood glucose monitoring systems for self-monitoring need to meet the requirements 
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of the EN ISO 15197:2015. ISO 15197:2015 is defined by the International 

Organisation for Standardisation and applies to “In vitro diagnostic test systems – 

Requirements for blood-glucose monitoring systems for self- testing in managing 

diabetes mellitus.” (International Organization for Standardization, 2017) 

 

2.6 Continuous blood glucose monitoring 
In contrast to intermittent glucose measurement systems, continuous glucose 

monitoring systems (CGMSs) are able to automatically provide glucose measurements 

in a certain time interval. CGMS enables monitoring blood glucose level trends and 

patterns and glucose fluctuations due to meals or oral medication or insulin therapy in 

diabetes patients. This information can improve treatment plan, which results in better 

glucose control in type 1 diabetes (Bode & Hirsch, 2000; Kaufman et al., 2001). It 

gives information of the diabetic status of the patients which motivates them for tight 

glycaemic control as well as educates them more about their disease (Boland & 

Tamborlane, 2000).  

Advantages of CGMS: 

• It is a powerful tool to detect unrecognised hypoglycaemia especially during 

sleep or physical activity in type 1 diabetes and type 2 diabetes (Chico, Vidal-

Rios, Subira, & Novials, 2003). 

• Studies reported that continuous glucose monitoring helped to improve 

HbAC1 levels to a greater extent compared to with just intermittent glucose 

measurements (Beck et al., 2017; Blevins et al., 2010; Bode et al., 1999; Deiss 

et al., 2006; Petrovski et al., 2005; Raccah et al., 2009; Rodbard, 2017; Šoupal 

et al., 2016).  

• Allen et al. showed that CGMS enhances physical activity in type 2 diabetes 

patients (Allen et al., 2008). 

• CGMS also helps to reduce the time spent in hypoglycaemia or 

hyperglycaemia due to quicker reaction and therapeutic intervention (Beck et 

al., 2017; Šoupal et al., 2016; Tamborlane et al., 2008).  

• It was shown that 60% of hypoglycaemia were not detected by conventional 

finger pricking method (Pitzer et al., 2001). Figure 2.14 shows examples of 
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intermittent glucose readings over a three days’ period. States of 

hypoglycaemia (circled areas in Figure 2.14b) were missed in the Figure 2.14a 

due to less frequency of testing. This shows the importance of tighter 

glycaemic control and CGMSs can provide several measurements in an hour 

depending on the manufacturer. 

 
Figure 2.14 Example of intermittent glucose readings of a type 1 diabetes patient over three days. In 14a, three to 

four glucose readings were taken per day. In comparison in 14b, four to five readings were taken a day. The two 

circled areas in the bottom pictures indicate states of hypoglycaemia, which were missed in the top scenario due 

to less frequency of glucose measurement. (adapted from Pickup et al. 2005) 

Glucose measurement from the interstitial fluid (ISF) is an alternative for blood 

glucose measurements and is commonly used in continuous glucose monitoring 

devices. ISF is part of the extracellular fluid amongst intravascular fluid (blood 

plasma) and cerebrospinal fluid. The glucose concentration in blood is an indicator of 

the overall glucose level in the body. Glucose molecules in the blood enter the ISF 

before taken up by the cells. The glucose in the ISF is depended on the site, how much 

glucose diffuses from the blood to the ISF and how much of the glucose is eventually 

metabolised by the nearby cells. Therefore, the glucose changes in the ISF are at slower 

rate compared to the glucose in blood. (Siegmund et al., 2017) 

Good correlation between glucose concentration in ISF and capillary blood glucose 

concentration were identified in several studies (Bantle & Thomas 1997; Thennadil et 

al. 2001; Cengiz & Tamborlane 2009).17 patients with type 1 diabetes were subjects 

a) 

b) 
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in a study to test the correlation between dermal ISF and plasma glucose (Bantle & 

Thomas, 1997). Glucose levels were measured in plasma, capillary blood and ISF pre 

and postprandial period. The results from this study showed high correlation with 

R=0.95 and p< 0.0001 between plasma glucose and dermal ISF glucose.  

It has to be noted that there is a physiological time lag of approximately six minutes 

between glucose in blood and in the ISF (Basu et al., 2015; Boyne et al., 2003; Kulcu 

et al., 2003). Therefore, it is crucial that the sensor used for ISF measurements is 

calibrated against a blood glucose values in a regular interval. Otherwise, in case of 

fast-changing glucose in patients, wrong treatment decisions might be made due to 

time-lagged glucose measurements 

There is not only a difference in timing between glucose in ISF and blood but also in 

the magnitude. As mentioned, glucose molecules from the blood enter the ISF before 

taken up by the cells. This suggests that ISF glucose measurements can indicate earlier 

signs of hypoglycaemia than capillary glucose measurements (Thome-Duret et al., 

1996).  

ISF can be found in the subcutaneous tissue. In RI, the glucose from the ISF is 

extracted non- invasively and transdermally by applying a microampere current. Other 

continuous glucose monitoring devices insert a glucose sensor subcutaneously where 

in comes in contact with the glucose in the ISF. This method is considered as 

minimally- invasive as it involves puncturing the skin with a micro needle.    

 

In general, CGMSs are seen as adjunct devices, which means that they are used as a 

supplement to the conventional finger pricking method. The glucose sensors in CGMS 

need to be calibrated against blood glucose values measured by intermittent glucose 

monitoring devices. It is also advised to confirm the reading of CGMS with a finger 

prick test before treating states of hypoglycaemia or hyperglycaemia. However, recent 

advances show the possibility of omission of the fingerstick glucose testing for 

treatment decisions with the use of the Dexcom G6 from Medtronic (see section 

Commercially available continuous glucose monitoring systems) (Castle & Jacobs 

2016; Edelman 2017).  
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The first CGMS was introduced by Minimed Inc. in 1999, which is now part of 

Medtronic since 2001.  

 
Figure 2.15 Continuous glucose monitoring system from Minimed a) with the sensor attached to body and 

glucose meter (adapted from Bode et al. 1999) b) Glucose meter on the com-station for data transfer (adapted 

from Mastrototaro 2000) 

It was able to take glucose measurements from ISF every five minutes for 72 hours 

continuously in a range between 2.2 mmol/L and 22.2 mmol/L (Mastrototaro, 2000). 

After the three days, the data could be downloaded at the physician’s office and 

discussed retrospectively. 

The system consisted of a subcutaneous sensor, a connecting cable to the glucose 

meter (Figure 2.15a) and a com-station, which is a communication device to transfer 

data from the meter to the computer (Figure 2.15b). The disposable single use sensor 

was inserted subcutaneously and had a sensor life of three days. It was advised to 

calibrate the sensor four times a day to ensure sensor performance. Glucose oxidase 

was used an enzyme and glucose was measured by an amperometric measurement of 

the oxidation of H2O2. The amperometric measurement was in the nanoampere range.  

It was evaluated for home use by Gross et al in 2000 (Gross et al., 2000). 135 diabetes 

patients had to wear Minimed for at least three days and also take conventional finger 

prick blood glucose measurements. Both glucose results were compared and it showed 

a good agreement with a correlation of 0.91. It was a major breakthrough at that time. 

Although, measurement error of more than ±20% was reported (Gross et al., 2000). 

a) b) 
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The CGMS nowadays have a reduced measurement error of approximately ±10% 

(Damiano et al. 2014; Pleus et al. 2015; Nakamura & Balo 2015; Bailey et al. 2016). 

 

2.6.1 Commercially available continuous glucose monitoring 

systems 
The main companies focusing on CGMS now are Abbott, Dexcom and Medtronic. 

Most of the continuous glucose monitoring system in current use consists of 

implantable subcutaneous glucose sensor, which measures the glucose and a 

transmitter, which transfers the measured glucose measurements to a receiver. The 

receiver shows the glucose values on the display of the reader. The system can be 

further expanded with an insulin pump, which administers the adequate amount of 

insulin.  

Glucose sensors for CGMS should have stability, high accuracy, rapid response, high 

selectivity to glucose and should be easy to implant and very importantly 

biocompatible. 

 

 
Figure 2.16 Medtronic’s CGMS with a) Guardian 3 glucose sensor and Guardian 3 Link  transmitter (adapted 

from Medtronic, 2019a) b) Minimed 670G pump (adapted from Medtronic, 2019b) 

Medtronic’s most recent continuous glucose monitoring system is the Minimed 670G, 

which is used in conjunction with the Guardian 3 glucose sensor, the Guardian™ 3 Link 

transmitter and the MiniMed® 670G insulin pump. It is suitable for people above          

14 years with type 1 diabetes. The sensor can be easily applied using a one-press serter, 

which is a handheld device that can release the sensor onto the measuring site via a 

a) b) 
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single button press. (Food and Drug Administration, 2018). The sensor  was 

successfully tested in terms of accuracy throughout the sensor shelf life of 7 days 

(Christiansen et al., 2017). 

 

The Dexcom G5 was the first continuous glucose monitoring device developed by 

Dexcom, which was approved for non-adjuvant use by the FDA in 2016 (U.S. Food 

and Drug Administration, 2016). Hence, it does not need a confirmatory fingerpricking 

blood glucose measurement before taking action in case of hypoglycaemia or 

hyperglycaemia. That means that the insulin dosage adjustment is purely based on the 

glucose measurements from the CGMS. 

 
Figure 2.17 Dexcom G6 CGMS with a) the auto-applicator (adapted from Dexcom Inc., 2019) b) the Dexcom G6 

glucose sensors with transmitter (adapted from Dexcom Inc., 2019) and c) the receiver in form of a smart phone 

(adapted from Dexcom Inc., 2019) 

The Dexcom G6 (Figure 2.17) is the latest CGMS developed by Dexcom, which has 

also been approved for non-adjuvant use by the FDA (U.S. Food and Drug 

Administration, 2018). In addition, no fingerstick calibration step is required either. It 

can be used by type 1 and type 2 diabetes patients and by adults as well as paediatrics 

older than two years The Dexcom G6 is used in conjunction with the Dexcom G6 

sensors, which have a sensor life of up to 10 days. It provides glucose measurements 

every five minutes and sends the readings directly to a smart device via the transmitter. 

The transmitter has a shelf life of three months and needs to be replaced after. The 

sensor is inserted into the body with an auto-applicator. The sensor is able to block 

any interferences caused by acetaminophen (Dexcom Inc., 2019). Accurate glucose 

a) 

b) 

c) 
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readings could be provided throughout the given sensor life of 10 days (Shah et al., 

2018).  

 
 
 

 

 

 

Figure 2.18 a) Glucose sensor for the Freestyle Libre (front view) (adapted from Abbott Laboratories Limited 

2017b) b) Glucose sensor for the FreestyleLlibre (side view) (adapted from Abbott Laboratories Limited 2017b) 

c) FreeStyle Libre glucose reader (adapted from Abbott Laboratories Limited 2017a) d) Glucose sensor 

applicator (left) with a new sensor in a package(right) (adapted from Children With Type 1 Diabetes 2016) 

In 2015, Abbott laboratories introduced a flash glucose monitoring device the 

Freestyle Libre. The sensor (Figure 2.18a and Figure 2.18b) has the size of a £2 coin 

and is positioned in the back of the upper arm with the use of a so-called applicator 

(Figure 2.18d left). The sensor is located inside an applicator and by pushing the device 

down onto the skin, the sensor is applied. The sensor can stay up to 14 days in the body 

and measures glucose in ISF. In order to take a measurement, the patient only needs 

to scan the reader over the sensor within a distance between one and four centimetres. 

Abbott has also developed a free app for Android smartphones, the LibreLink, which 

can be used to take glucose measurements. By scanning the app on the glucose sensor, 

glucose readings can be taken instead of with the reader.  

A big advantage of this device is that no calibration is required from the patient side. 

The data can be uploaded onto the FreeStyle Libre software for analysis.  

Bailey et al. tested its usability and performance in 72 diabetes patients and the 

outcome was that the ISF glucose measurement corresponded well with the capillary 

blood glucose measurement in the time frame of 14 days (Bailey et al., 2016). A time 

lag of 4.5±4.8 minutes in average was identified between both measurements. Haak et 

al tested this flash glucose monitor in terms of safety and efficacy to compare it with 

current self-monitoring of blood glucose (Haak et al., 2017). 224 participants took part 

in the study. 149 subjects were using the flash glucose monitor and 75 subjects applied 

SMBG and followed their treatment regime. After six months, HbA1c levels were 

a) b) c) d) 
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measured from both groups and compared to each other. No differences were 

observable, which shows that the flash glucose monitor is as beneficial as conventional 

SMBG; however, without taking blood samples. The flash glucose monitoring device 

is highly favoured by the patients (Chaplin, 2016). On the downside, some users 

developed allergic contact dermatitis due to the isobornyl acrylate in the Freestyle 

Libre (Oppel et al., 2019). 

 

Most recently, Senseonics developed the eversense CGMS (Figure 2.19) and received 

FDA approval to be used as a non-adjuvant device (Senseonics, 2019b). The big 

advantage of this CGM system is that the sensor has a shelf life of 90 days. Accurate 

glucose readings were shown throughout the  given sensor life (Christiansen et al., 

2019). The sensor, which has a size of 3.5 mm x 18.3 mm, needs to be implanted in 

the upper arm by a health care provider. Glucose measurements are taken with the 

implanted sensor, based on advanced fluorescence technology and sent via the 

transmitter, which has a dimension of 37.6 x 48 x 8.8 mm and is placed over the sensor 

on your upper arm to your smartphone.  

 
Figure 2.19 Senseonics’ CGMS with a) the eversense transmitter and b) the implantable glucose sensor (adapted 

from Senseonics, 2019a) 

Table 2.3 Technical details of selected commercially available glucose sensors for continuous glucose monitoring 

Sensor Company 

Sensor 

measurement 

range [mmol/L] 

Sensor lifetime 

Number of 

calibrations 

per day 

Freestyle Libre Abbott 1.1 - 27.8 Up to 14 days None 

Dexcom G6 Dexcom 2.2 – 22.2 Up to 10 days None 

Guardian 3 Medtronic 2.2 – 22.2 
 Up to 7 days 3-4 

Eversense Senseonics 2.2 – 22.2 Up to 90 days 2 

a) 

b) 
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2.7 Problems with self- monitoring of blood glucose  
Even though self-monitoring of glucose levels is very beneficial for glycaemic control, 

adherence to the treatment plan is a major concern. A variety of factors, such as 

demographic factors, physiological factors, social factors, health care provider and 

medical system factors, disease- and treatment-related factors have been listed as 

reasons for non- adherence (Delamater, 2006).  

Vincze et al. conducted a study were they tested 933 diabetes patients and their 

adherence to self-monitoring of glucose (Vincze et al., 2004). It showed that only 52% 

of the patients followed the self-monitoring regime given by the healthcare provider. 

It was also shown that type 1 diabetes patients were more likely to adhere to SMBG.  

It was shown by Brindisi et al. that diabetes patients do not understand the importance 

of self-testing (Brindisi et al., 2007).  

Polonski et al. tried to study factors  for non-adherence by conducting a survey on 886 

type 2 diabetes patients (Polonsky et al., 2014). The outcome of the survey revealed 

that the factors such as avoidance, pointlessness and burden are the main obstacles for 

self-monitoring of blood glucose. It was suggested that education by healthcare 

professional is a crucial factor in adherence.  

A randomised clinical trial in India revealed that patient adherence to medication and 

frequency of blood glucose testing was increased using an m-health platform 

(Kleinman et al., 2017).  

Wagner et al. reported that the invasiveness of self-monitoring of glucose is seen as a 

barrier for adherence (Wagner et al., 2005). It suggested that non-invasive methods 

would enhance the frequency of self-testing as well as improve quality of life.  

 

2.8 Towards non- invasive glucose monitoring  
In contrast to invasive glucose monitoring methods, non- invasive glucose monitoring 

devices do not breach the skin barrier. This emerging development is a big step 

towards pain free glucose monitoring and an immense improvement in quality of life 

in diabetes patients.  
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2.8.1 Currently/ Upcoming commercially available non-invasive 

glucose monitoring systems 

 
Figure 2.20 GlucoWise device from MediWise (adapted from MediWise 2017) 

GlucoWise TM (Figure 2.20) from MediWise is a non-invasive blood glucose 

measuring device under development (MediWise, 2017). It offers real time capillary 

blood glucose monitoring and can send the results directly to the patients’ smartphone 

or tablet via Bluetooth or transferred to their computers via a USB cable. By sending 

a high frequency radio wave in the range of 65 GHz, it measures glucose either on the 

ear lobe or on the skin between the thumb on index finger. Unlimited number of 

measurements can be taken by the device by placing it on the measurement sites. The 

sensor detects the transmitted waves which correlates with the glucose concentration. 

It further uses another method where they integrate a nano-composite film onto the 

sensor so that the skin is made transparent when applying the high frequency wave. 

This enables the use of the device by people with any skin colour or skin type or people 

at any age. Accuracy and sensitivity related data are not published yet. However, for 

the device to come to the market, the accuracy and performance levels of the device 

needs to be met according to the Class IIa medical device regulations. The 

development phase of the device is currently ongoing and after performing clinicals 

trials it will be available for public (META, 2021).  
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Figure 2.21 GlucoTrack device by integrity applications (adapted from Integrity Applications 2017)). It consists 

of a main unit and a Personal Ear Clipper 

The GlucoTrack (Figure 2.21) by the company integrity applications is another non-

invasive blood glucose monitoring device (Integrity Applications, 2017). This device 

measures glucose by independently applying ultrasonic, electromagnetic and thermal 

technologies at the same time and then applying a proprietary algorithm to give an 

average glucose reading from all three measurements techniques (Freger et al., 2005).  

The ultrasonic technique is based on the measurement of the velocity of the ultrasonic 

wave through tissue with the use of a ultrasonic transmitter and the use of an ultrasonic 

receiver at the other side of the tissue. There is a linear relationship between the 

propagation velocity and the glucose concentration. With increasing glucose 

concentration, the velocity of propagation increases as well.  

The electromagnetic technology is based on detecting the changes in the electrical 

impedance of the tissue due to variations in the glucose concentration.  

Glucose alterations has also an impact on the heat transfer characteristics of tissue. 

Therefore, changes in the blood glucose causes variations in the temperature in terms 

of magnitude and rate. With a thermal sensor a certain amount of energy is applied 

onto the tissue. Thereby, higher the temperatures in the tissue can be detected with 

increasing glucose concentration.  

By combining three technologies, the errors from each method separately can be 

diminished, therefore increasing the overall accuracy. The mulitsensors is integrated 

in a personal ear clipper and then clipped onto the ear lobe to take readings. 
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Data is transferred through usb port. Same as with the GlucoWise device, unlimited 

glucose measurements can be taken with the device. Both cut the cost by not needing 

to buy further disposables sensors for measurement.  The device needs to be calibrated 

against basal and postprandial glucose levels using fingerstick blood sample 

measurements.  

This device has received CE mark for type two diabetes patients or prediabetes patients 

over 18 years for home glucose monitoring (Wilmington et al., 2017). 

It was shown that by combining three technologies enhanced accuracy and precision 

in the glucose readings can be achieved (Harman-Boehm et al., 2010). 

Horman et al. evaluated the device in terms of user experience and device performance 

over a six months period (Horman et al., 2016). The outcome of the study showed that 

98% of the measurement results were in clinically acceptable zone A& B of the Clarke 

error grid and the device was highly accepted by diabetes patients.  

 

EyeSense GmbH devised two devices for glucose monitoring, the Eyesense sensor 

which can take intermittent glucose measurements of the tissue fluid under the 

conjunctiva and the FiberSense-system, a device for continuous glucose monitoring in 

ISF. 

Both sensors are based on fiber optic methods in combination with fluorescence 

photometry.  

The chemical sensor is made of a hydrogel matrix which contains particles of dye 

labelled sensor molecule. The particles can measure glucose without changing any 

chemical properties of the glucose itself. It is the sensor particles which are changed 

by the glucose and hence causes a change of the dye, which can be detected by the 

fluorescence photometer. The intensity of the emitted fluorescence is in correlation 

with the glucose concentration.  

By making a one to two-millimetre incision of the conjunctiva by the ophthalmologist, 

the sensor chip is implanted into the eye. The sensor can be kept in the eye for up to a 

year and can be inserted in either of the eye as many times as required. The glucose 

can be measured as many times as wanted by scanning a handheld photometer over 

the chip.  
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The sensor was tested on 28 subjects with diabetes in terms of sensor performance as 

well as safety of the implant in a time frame of 16 weeks (Hasslacher et al., 2012). The 

outcome of the study showed good correlation between sensor glucose measurements 

in ISF with capillary glucose measurements obtained by finger pricking method. Even 

though the sensor was well tolerated by the patients, a mild haemorrhage under the 

conjunctiva was experienced by most patients. 

 

The FiberSense-system can be placed on the arm or on the abdomen and glucose 

measurements are sent continuously and wirelessly to the reader. Initial evaluation of 

the sensor showed good sensor performance for the first 14 days (Müller et al., 2013). 

This sensor has a shelf life of one month.  

 

There are a variety of methods, which can be employed for non-invasive glucose 

monitoring but are still in the development phase or have not yet been used in a glucose 

monitoring device.  

The Medical Diagnostics and Wearables Group at Strathclyde is working on devices 

for transdermal continuous monitoring of glucose using reverse iontophoresis (RI). RI 

is a process which enables transdermal extraction molecules by applying low current 

to the skin (Santi & Guy, 1996a).  

 

2.8.2 Glucose monitoring using reverse iontophoresis 
Iontophoresis is a widely used technique which enhances drug delivery across the skin 

by the application of current (Singh & Maibach, 1994). It is used for therapeutic, 

laboratory and diagnostics purposes. 

 

RI can be used for a variety of applications such as detecting diagnostics markers, 

therapeutic drug monitoring and also glucose monitoring (Guy et al., 2000). RI for 

non-invasive glucose monitoring was first suggested by Rao et al in 1993 (Rao et al., 

1993). To prove this concept, in vitro experiments on hairless mouse skin were 

performed. They successfully managed to extract glucose by the application of a 

current of 0.34 mA/cm2. Rao et al also successfully proved that RI can be applied on 

humans to measure glucose levels (Rao et al., 1995). Tamada et al. tested the 
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relationship between extracted glucose via RI and blood glucose concentrations on 

five diabetic subjects and identified a time lag of 20 minutes and an average correlation 

coefficient of r=0.89 (Tamada et al., 1995). In RI, an iontophoretic current is applied 

across the skin using two electrodes with a conducting gel, which facilitates the 

extraction of charged and neutral molecules and ions from the ISF into the gel 

reservoir. Three transport mechanisms are involved in RI, 1) electromigration,               

2) passive diffusion and 3) electroosmosis which the main transport for glucose. As 

the human skin has net negative charge at physiological levels (Burnette & 

Ongpipattanakul, 1987), a solvent flow is created between the two electrodes (from 

anode to cathode). Glucose, which is an uncharged molecule, is carried along the 

solvent flow to the cathode. RI is explained in further detail in the theory chapter, 

section 4.2. 

The use of RI for transdermal monitoring of molecules was further tested by other 

research groups. Sieg et al. extracted glucose and urea simultaneously (Sieg et al., 

2004b) and Ching and Connolly successfully demonstrated the simultaneous 

extraction of glucose and lactate (Ching & Connolly, 2008c). The extracted analytes 

can be quantified with the help of biosensors (Kurnik et al., 1999). 

 

RI was first successfully employed in the Glucowatch Biographer by Cygnus Inc, a 

wrist watch type of device for the use of continuous, non-invasive glucose monitoring 

(Figure 2.22a), which received FDA approval in 2000 (Sage, 2000).  

The device was able to take transdermal glucose measurements every 20 minutes for 

up to 12 hours. For every 12 hours of measurement a three hours warming up period 

was required followed by a calibration of the devices with a fingerstick blood glucose 

level. The device was a supplement to conventional blood glucose measurements. It 

was able to give alarms in case of hypo- or hyperglycaemia or in case of fast falling 

glycaemic levels.  
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Figure 2.22 a)Glucosewatch in use (adapted from Tierney et al. 2001) b)Autosensor unit (adapted from Tierney 

et al. 1999) 

The AutoSensor (Figure 2.22b) was disposable and needed to be replaced after every 

15 hours of measurement cycle. It consisted of two iontophoresis electrodes, a 

biosensing unit, two hydrogel disks and an adhesive pad to secure the device onto the 

skin. The gel acted on one side as a conducting material and on the other side as a gel 

reservoir. A mask was used to direct diffused glucose to the glucose sensing unit.  

When applying an iontophoretic current across the skin, the current will flow from one 

direction to the other. Therefore, two iontophoresis electrodes were needed to 

complete a circuit. One acted as a cathode (positively charged electrode) and one acted 

an anode (negatively charged electrode). A solvent flow was created from anode to 

cathode by the application of an iontophoretic current, and glucose was extracted to 

the cathode via the electroosmotic flow. Hence, the glucose was extracted into a gel 

reservoir of the cathode, where the biosensing unit is integrated. After the application 

of a constant current of 300 µA the glucose was quantified with an amperometric 

sensor. The sensor was designed by Tierney et al (Tierney et al., 1999). It was based 

on enzymatic reaction with glucose oxidase, which was dissolved in the gel, and the 

amount of hydrogen peroxide produced was measured on a platinum electrode.  

The oxygen dependency was not a concern in this technology because of the low 

glucose concentration levels. Furthermore, the skin itself acted as a filter preventing 

larger molecules pass the skin pores and hence lowered electrode fouling. Moreover, 

b) a) 
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interferences from some electroactive species such as urate or ascorbate were 

eliminated as they were carried to the anode because of their charge. This sensor was 

operated at a voltage of 0.42 V (vs AgAgCl reference electrode) as compared to other 

H2O2 measuring biosensor, which have an operating potential of approximately 0.6 V. 

The applied low potential avoided interferences of the higher voltage electroactive 

species such as tryptophan or tyrosine.  

Around 50 picomol to 500 picomol of glucose was extracted after a 3 minutes’ 

iontophoresis cycle. However, the amount of glucose extracted into the gel reservoir 

is between 2.5 µM to 25 µM, i.e. all the glucose extracted does not reach the sensor 

surface. Furthermore, the device was able to measure the temperature of the skin, 

which is an indicator about the patients’ perspiration state and also skin conductance.  

 

Good correlation between GlucoWatch readings and a reference glucose reading using 

standard fingerstick method were identified in various studies. In a clinical controlled 

setting, following correlation factors were reported: r=0.90 (Garg et al., 1999), r=0.88 

(Tamada et al., 1999), r=0.85 (Tierney et al., 1999) and r=0.90 (Gandrud et al., 2004). 

In comparison, in the home environment lower correlation factors were identified 

r=0.85 (Garg et al., 1999) and r=0.80 (Tierney et al., 1999).  

Nunnold et al. reported that the correlation between GlucoWatch readings and 

reference readings was compromised (r=0.81) if subjects were performing physical 

activity with moderate or heavy sweating (Nunnhold et al., 2004). 

In most of the studies, more than 93% of the measurements results were within the 

Region A and B of the Clarke Error Grid such as 96% (Garg et al., 1999), 96.8% 

(Tamada et al., 1999). and 94% (Tierney et al., 1999), 93% (Tierney et al., 2000) and 

95% (Eastman et al., 2002). 

 

A lag time of 17 to 20 minutes was identified between the glucose readings from the 

GlucoWatch and the corresponding blood glucose reading (Garg et al., 1999; Pitzer et 

al., 2001; Tamada et al., 1999; Tierney et al., 2000). As previously mentioned, there 

is a physiological time lag of approximately six minutes between glucose in blood and 

in the ISF (Basu et al., 2015; Boyne et al., 2003; Kulcu et al., 2003). This indicates a 
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time lag of around 11-14 minutes is due to the instrument for glucose measurement 

itself.  

 

Chase at el proved that the GlucoWatch enhanced glycaemic control (Chase et al., 

2003). HbA1c levels in 40 children were monitored for up to nine months. The 

glycated haemoglobin level decreased in average from 8.9% to 8.4% in the 

GlucoWatch group. In comparison, in the control group the HbA1c level was the same 

after nine months with conventional fingerstick blood glucose monitoring. It was 

shown that the GlucoWatch can detect hypoglycaemia effectively and due to the 

hypoglycaemic related alarms patients can intervene quicker (Pitzer et al., 2001).  

 
Figure 2.23 Example of glucose variation at night time measured with the GlucoWatch; The dashed lines indicate 

the thresholds for hyper- and hypoglycaemia. The arrows show alarms raised by the device because of 

hypoglycaemia.(adapted from Pickup et al. 2005) 

In Garg’s study, patients had to wear two GlucoWatches and glucose measurements 

were taken three times in an hour. When comparing the results of the two biographers 

worn simultaneously by the subjects, a correlation factor of 0.94 was identified. 

Eastman et al successfully tested the effectiveness and safety of GlucoWatch in 66 

children and adolescents (Eastman et al., 2002). Various testing sites including lower 

and upper arm, leg and torso were investigated. The mean absolute relative difference 

(MARD) between GlucoWatch readings and reference readings was the lowest for the 

device on the lower arm with 21%, for upper arm it was 21.3%, for legs 21.8% and for 

torso it was 21.2%. Also, securing the device on upper arm, legs and torso was shown 

to be more difficult and led to skipping glucose reading. Furthermore, it is important 

for the user to see the display of the device for calibration purposes.  
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One limitation of this device is that even though glucose is extracted and quantified 

non-invasively, invasive means is still required for calibration. Scientists are looking 

are ways to omit fingerstick calibration procedure and instead having an internal 

standard such as sodium (Sieg et al., 2004a) or potassium (McCormick et al., 2012). 

However, more research has to be done to achieve clinical acceptance. Furthermore, 

temporary skin irritations such as edema or erythema were reported in many studies 

by the use of the GlucoWatch (Eastman et al., 2002; Gandrud et al., 2004; Garg et al., 

1999; Tamada et al., 1999; Tierney et al., 1999). It took two to seven days for them to 

resolve. Moreover, in Gandrud’s study it was shown that out of 1263 glucose readings 

in total from the GlucoWatch, in 33% of the measurement the reading was skipped 

due to either excessive sweat, or change in temperature and inconsistencies in the 

glucose measurements between the two measurement cycles, which can be caused by 

extreme movement or unwanted force exertion on the device itself. (Gandrud et al., 

2004) 

 

 

 
Figure 2.24 SugarBeat® patch (red box) applied on an arm (adapted from Nemaura 2016) 

Nemaura Medical Inc. has devised a non-invasive continuous glucose monitoring 

system the SugarBeat® (Figure 2.24), which is also based on RI. It can be placed onto 

the arm, leg or abdomen and has a sensor life of 24 hours. It consists of a disposable 

needle-free 1 mm thick patch with a transmitter. Each patch needs a fingerstick 

calibration before use. After the calibration and a 30 minute warm up period, it can 

take glucose readings every five minutes and send the results directly to the 



 54 

smartphone or a reader device via Bluetooth. It can be used by type 1 and type 2 

diabetes patients as an adjunctive help to conventional fingerprick glucose monitoring.  

Glucose molecules are extracted from the ISF by applying a low electric current. And 

the extracted glucose is converted to a glucose concentration. It is expected to be 

brought to the market in 2019 in United Kingdom (SugarBEATTM, 2017). 

 

Bandodkar et al. devised a flexible tattoo based glucose monitoring system based on 

reverse iontophoresis in 2014 (Bandodkar et al., 2014) (Figure 2.25).  

 
Figure 2.25 Tattoo sensor applied on forearm (adapted from Bandodkar et al. 2014) 

They addressed the skin irritations, which were reported by using the Glucowatch with 

lowering the iontophoretic current to 0.2 mA/cm2. The sensor consists of two 

iontophoresis electrodes to complete a circuit. A solvent flow was created from anode 

to cathode by the application of an iontophoretic current, and glucose was extracted at 

the cathode.  

A hydrogel layer was applied between the electrodes and the skin. It was shown that 

the use of the hydrogel layer prevents skin irritations and is efficient for glucose 

extraction.  

Working electrode Iontophoresis electrode 

Reference/ counter 
electrode 

Side A Side B 
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The iontophoresis and reference/counter electrode were printed using Ag/AgCl ink 

and for the working electrode, Prussian Blue conductive carbon ink was used. Prussian 

Blue is a mediator and can be used to detect H2O2.  

Two sensing units were integrated in the sensor, side A and side B: The glucose 

oxidase layer was embedded onto the working electrode of the cathodal side of the 

iontophoresis electrode with the help of a polymer, called chitosan. The cathodal side 

is responsible to detect any glucose related current changes. The anodal side of the 

glucose sensor not coated with any enzyme and it is intended to identify any 

background current or any current caused by any interfering species. This method 

helps to increase the specificity of the sensors towards glucose measurements.  

Glucose in the ISF was quantified using an amperometric measurement at a potential 

of -0.1V vs Ag/AgCl. 

The sensor showed linear response to glucose concentrations for up to 100 µM with a 

lower detection limit of 3 µM in an in vitro environment. 

The preliminary study proved the concept of skin worn tattoo-based biosensor to be 

used for glucose monitoring. However, more research has to be conducted for it to be 

used as part of diabetes management. 

 

Kim et al developed a wearable biosensor which has the ability to simultaneously 

measure glucose from the ISF and sweat extracted via RI (Kim et al., 2018). 

 
Figure 2.26 Panda-shaped screen-printed three electrode system with iontophoresis electrodes (adapted from 

Kim et al., 2018) 

The panda-shaped sensor (Figure 2.26) consists of an anodal and a cathodal side and 

for both sides a three-electrode system with an iontophoresis electrode for the 

application of an iontophoretic current of 300 µA/cm2 can be seen. The anodal side is 

intended for measuring sweat and glucose is measured at the cathodal side.  

The working electrode and the counter electrode consist of a Prussian blue modified 

carbon ink and the reference and iontophoresis electrodes were prepared using 

Ag/AgCl ink. For the biosensing unit of glucose, glucose oxidase was immobilised 

1 Counter electrode 

2 Iontophoresis electrode 

3 Working electrode 

4 Reference electrode 
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onto the working electrode with the help of chitosan. Glucose was measured 

electrochemically at a voltage of -0.2V at the cathodal side using enzymatic glucose 

electrode. A linear current response was observable with increasing the glucose 

concentration from 0 µM to 160 µM. A healthy volunteer study was conducted with 

11 subjects to test the performance of the wearable sensor. Good correlation between 

the sensor results and measurements using a commercially available blood glucose 

meter could be identified.  

 

2.9 Factors, which have an impact on RI of human skin 

for molecular and ionic extraction 
The aim of the project was to improve transdermal extraction and sensing of glucose 

linked to RI. This was done by conducting in vitro RI experiments using a diffusion 

cell with an artificial membrane. The applied experimental setup to perform RI 

experiments is shown in detail in section 5.6. There are a variety of biological and 

operational factors, which have an impact on the extraction of glucose via RI and are 

discussed here: 

2.9.1 Biological factors 
Skin: 

The skin is the largest organ of the human body with an area of 1.5 to 2 m2 and accounts 

of approximately 16% of the body weight. It is a versatile organ and responsible for a 

variety of functions. It protects underlying tissues and organs from any sort of impact, 

chemical attack, abrasion or fluid loss. It regulates and maintains body temperature. It 

is responsible for the removal of salt, water and any organic waste products. It is one 

of the sensory organs and responsible for sensing pressure, pain, touch and temperature 

stimuli and transfer of information to the nervous system.  
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Figure 2.27 a) Structure of skin with the three layers A) epidermis, B) dermis and C) subcutaneous tissue( 

(adapted from Kern et al. 2011) b) Layers of epidermis stratum basale (1), the stratum spinosum (2), the stratum 

granulosum (3), then the stratum lucidum (4) and the stratum corneum (5) (adapted from Betts et al., 2017b) 

The skin has a thickness of 4 mm (Wood & Bladon, 1985) and consists of the following 

three layers: the epidermis (A), the dermis (B) and the subcutaneous tissue (C)  

Figure 2.27). Each layer has its own purpose and characteristics. The cells in the 

epidermis are called keratinocytes and contain the protein keratin. The total thickness 

of the epidermis is 100 µM (Wood & Bladon, 1985) and the epidermis is avascular. It 

is supplied with oxygen and nutrients by diffusion from the capillaries within the 

dermis. The epidermis consists of five layers containing keratinocytes, the stratum 

basale (1), which is the innermost layer, then the stratum spinosum (2), followed by 

the stratum granulosum (3), then the stratum lucidum (4) and the outermost layer is 

the stratum corneum (5) (Betts et al., 2017b; Martini et al., 2014b) . The skin has the 

ability of constant self-renewal. It takes about 15 to 30 days for a cell to move from 

the innermost layer of the epidermis to the outermost layer of the epidermis. The 

stratum corneum has a thickness of roughly 15 to 40 µm (Coston & Li, 2002) and 

provides the primary barrier between the body and the environment. Corneocytes are 

a type of keratinocytes, which you can find in the stratum corneum. These corneocytes 

are enclosed in lipid by layer, which creates a brick and mortar structure (Figure 2.28) 

(Elias, 1983).  

b) a) 
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Figure 2.28 Stratum corneum with corneocytes in a brick and mortar structure.(adapted from Dhote et al. 2012) 

The dermis (B) consists of two layers the papillary layer and the reticular layer. It 

encloses the capillaries and lymphatics as well as the sensory neurons, which is 

responsible for the surface of the skin placed within the dermis. Sweat glands and hair 

follicles are also part of the dermis. The subcutaneous tissue (C) mainly consists of 

adipose tissues and the large blood vessels can be found it in this part. (Martini et al., 

2014b) 

Pathways of ions and molecules across the skin 

 
Figure 2.29 Routes of penetrations across the skin (adapted from Barry 2002) 1) via sweat pores, 2) through the 

skin and 3)via hair follicles 

There are mainly two pathways, 1) the appendageal pathway and 2) the non-

appendageal pathway (Cullander, 1992). In the first pathway, the molecules follow the 

path of hair follicles, sweat glands or secretory glands. In the second, molecules can 

cross the skin either intercellulary or transcellularly (intracellularly) (Figure 2.29). 

Intercelluarly means that the molecules take the route between the corneocytes. In 

contrast, transcellular movement indicates that the molecules cross the corneocytes. It 

was shown that the appendeageal pathway predominates, as molecules prefer the path 

of least resistance (Burnette & Marrero, 1986; Burnette & Ongpipattanakul, 1988; Del 

Terzo et al., 1989).  

The properties of the skin vary from person to person depending on a variety of factors 

such as gender (Giacomoni et al., 2009), ethnicity (Wesley & Maibach, 2003) and age 
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(Sugihara et al., 1991). It was reported that skin thickness varies depending of the site 

of the skin on the human body. For example the skin on the forehead is thicker than of 

the ventral forearm (Diridollou et al., 2000). The skin itself acts as a barrier and limits 

the extraction of all molecules across the skin when applying RI. It is was reported that 

additional permeation enhancers are required to enable the extraction of molecules 

with a higher molecular weight than 500 Da (McCormick et al., 2012) (1 Dalton equals 

to 1 g/mol) when applying an iontophoretic current. Glucose having a molecular 

weight of 180 Da, is able to penetrate the skin without any additional enhancers. The 

pore size of the human skin varies from 10 Å to 25 Å (Ching, 2005) (1 Å equals to 0.1 

nm).  

In this project, a commercially available membrane was used to mimic the stratum 

corneum due to ethical, safety and legal reason. Furthermore, this also helped to avoid 

any sample to sample variation. Eventually for the device to be part of a wearable 

sensor for continuous glucose monitoring the variability in skin and therefore the 

variation in the glucose flux rates depending on patient and anatomical needs to be 

addressed. Skin variability can be considered by for example measuring skin 

impedance as it correlates well with skin permeability (Li et al., 2015). Therefore, 

integrating an electrode system to the device, which allows skin impedance 

measurement and make it part of the calibration process of each individual can help to 

account for skin variability.  

 

2.9.2 Operational factors 

A variety of experimental conditions have an impact on efficiency of the glucose 

extractions from RI systems. Three transport mechanism are involved in RI:                   

1) electromigration, 2) passive diffusion and 3) convection due to electroosmosis, 

which is the main transport mechanism for glucose. Convective flow caused by 

electroosmosis is induced by the application of an electric field across a charged 

membrane. Thereby, a solvent flow is created in the same direction as the flow of 

counterions. As the human skin has net negative charge at physiological levels 

(Burnette & Ongpipattanakul, 1987), a solvent flow is created between the two 
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electrodes (from anode to cathode). Glucose, which is an uncharged molecule, is 

carried along the solvent flow to the cathode. 

The parameters, which have an influence on glucose extraction via RI are discussed 

here:  

2.9.2.1 pH of the buffer solution, which simulates the ISF 
In the in vitro RI experiments, the diffusion cell is filled with a buffer, which simulates 

the ISF. Santi and Guy showed that the pH of the buffer solution in the diffusion cell 

has an impact on RI (Santi & Guy, 1996b). They reported that the cathodal extraction 

was improved by increasing the pH in the buffer solution. This can be explained by 

the isoelectric point of skin, which is approximately at a pH of 4. The isoelectric point 

is the pH where there is electroneutrality. When increasing the pH, the negative charge 

of the skin increases, which in turn leads to improved electroosmotic flow from the 

positive pole to the negative pole. In contrast, lowering the pH of the buffer leads to 

improved anodal extraction. When decreasing the pH, the negative charge from the 

skin declines, which causes less electroosmotic flow from anode to cathode. It was 

shown too high or too low pH levels can cause skin irritations. Under physiological 

condition, the skin has a pH of 7.4, hence the buffer solution for the diffusion cell in 

this project was adjusted to the same pH. 

2.9.2.2 Current intensity 
The application of a low current to the skin, enables the transdermal extraction of 

molecules and ions across the skin. It has to be taken into account that the intensity of 

the applied current is limited as it was reported that applying high current across to 

skin can cause a variety of adverse effects such as tingling, pricking, itching, irritations 

or high pain or discomfort depending on the current density (Ledger, 1992). A 

maximum current density of 0.5 mA/cm2 was identified as tolerable with respect to 

human safety (Banga & Chien, 1988; Burnette & Ongpipattanakul, 1988; Ledger, 

1992). Delgado-Charro and Guy reported that the convective flow from anode to 

cathode did increase with higher current density. They also mentioned that the 

electroosmotic flow from cathode to anode decreased with higher current density 

(Delgado-Charro & Guy, 1994). Santi and Guy performed RI experiments with current 

densities of 0.3 mA/cm2 and 0.5 mA/cm2. They were able to extract more mannitol 
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when applying the higher current, however, there was no significant difference 

between both current densities (Santi & Guy, 1996b). Few studies were reported where 

RI experiments were conducted on humans (Bandodkar et al., 2014; Ching, 2005; 

McCormick et al., 2012; Rao et al., 1995; Sieg et al., 2004a; Tamada et al., 1995). It 

these studies, they applied a current density ranging from 0.1 mA/cm2 to 0.35 mA/cm2. 

To-date, McCormick et al. applied the least amount of current. They only applied a 

current of 0.1 mA/cm2 and were able to extract on average 25.9 ± 5.4 µM of glucose 

across both iontophoresis electrodes from human subjects in the fasted state. The in 

situ glucose sensor used in the Glucowatch was able to quantify glucose concentrations 

down to 5 µM (Tierney et al., 1999, 2001). This shows that it is possible to detect the 

glucose concentrations obtained via RI with 100 µA/cm2 with a similar in situ sensor 

and the potential of the low current to be used for continuous glucose monitoring. 

Lowering the iontophoretic current to 100 µA/cm2 is beneficial as it is associated with 

lower pain, hence it will increase the acceptance level of user (Ledger, 1992). 

Furthermore, the amount extracted by McCormick et al was comparably even higher 

than in Rao et al’s work, even though the latter applied a current of 0.25 mA/cm2. Rao 

et al. were able to extract approximately 5.8 nmol of glucose across the human skin to 

the cathodal chamber when applying RI for one hour (Rao et al., 1995). In contrast, 

McCormick et al. extracted on average 11 nmol of glucose after one hour of RI. The 

average glucose flux was identified as 3.8 nm/cm2h by McCormick et al. This value 

corresponds well with the fluxes of 1-8 nm/cm2h obtained by Tamada et al. (Tamada 

et al., 1995). The aim is to apply a current as low as possible to avoid any discomfort 

or pain to the patients. Due to the successful extraction of glucose in such low current 

density, a current density of 0.1 mA/cm2 was also used for this project.  

2.9.2.3 Current waveform 
The applied current waveform plays a crucial role in RI. The application of a direct 

current (DC) during RI leads to the accumulation of hydroxyl ions and hydrogen ions 

at the anode respectively cathode. Thereby the local pH changes which in return cause 

erythema, stinging and can also lead to electrochemical burns on the skin underneath 

the electrodes (Howard et al., 1995).  
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The application of a pulsed DC was tested and it was shown that it reduces pH 

alterations. Skin polarisation, which is the charge build-up at the skin is prevented as 

during pulsed DC the skin has time to depolarise (Chien et al., 1987, 1990).  

Another possibility is the use of a bipolar current. Thereby, a direct current is applied 

for a specific time and the direction of current flow is switched periodically. Due to 

the change of polarity, skin polarisation is prevented and pH alterations are minimised. 

The theory behind that is the build-up of hydrogen at the initial anode and a hydroxyl-

build up at the initial cathode. When switching polarities, the initial anode becomes 

the cathode and hydroxyl ions start accumulating at the cathode. And when the initial 

cathode becomes the anode, the hydrogen ions start accumulating. Hence, the change 

in direction of current allows the skin to depolarise. Tomohira et al. tested the bipolar 

current profile with and without switching polarities on rats. Thereby iontophoresis 

was applied to deliver insulin and calcitonin across the skin. It was reported that an 

increased output of drugs can be achieved with switching of polarities. (Tomohira et 

al., 1997). Hirvonen et al studied the application of different current waveforms in with 

an in-vitro system for delivering of amino acids via iontophoresis. It was shown that 

bipolar current had improved transport rates more than pulsed current. In addition, the 

transport rate of direct current and bipolar current were comparable (Hirvonen et al., 

1995).  

Ching and Connolly investigated the effect of direct current with switching polarities 

at different time intervals on transdermal glucose extraction in in-vitro RI experiments. 

They tested 1) direct current for 60 minutes, 2) direct current with switching polarities 

every 5 minutes for a total RI duration of 60 minutes, 3) direct current with switching 

polarities every 10 minutes for a total RI duration of 60 minutes and 4) direct current 

with switching polarities every 15 minutes for a total RI duration of 60 minutes. It was 

shown that the last current waveform showed the highest amount of glucose extracted 

(Ching & Connolly, 2008c). Furthermore, it was also shown that switching polarities 

minimises skin irritations in humans (Ching & Connolly, 2008b). Therefore, a bipolar 

current with switching polarities every 15 minutes was used in this project. 

2.9.2.4 Medium for current passage from electrode to skin 
A conducting medium is required for the current to pass from the electrode to the skin. 

Gels or liquids can be used for this purpose. It was shown that gels have more 
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advantages than aqueous solution because 1) they provide good stability, 2) they can 

be used with a variety of electrode designs, 3) they provide improved occlusion,            

4) they can be easily deformed to the skin structure and 5) they provide good 

conductivity for current transfer due to the high-water content in the gel. Several 

studies have used gel as a medium for iontophoresis experiments (Alvarez-Figueroa 

& Blanco-Méndez, 2001; Bandodkar et al., 2014; Banga & Chien, 1993; Phipps et al., 

1989). In this project, the gel was prepared using methylcellulose powder. It is a non-

toxic carbohydrate polymer. It has been used in the food and pharmaceutical industry 

(DOW, 2013). Research groups have used methylcellulose gel in some iontophoresis 

experiments (Calkin et al., 2002; Noon et al., 1998; Schmelz et al., 1997) and also in 

RI experiments (Arias, 2011; Ching & Connolly, 2008c; Mackinnon, 2004; 

McCormick et al., 2012). As RI experiments are pH sensitive, it is important for the 

gel to be able to maintain its pH level. Phosphate buffer was added to the 

methylcelluolose gel for that purpose as it helps to maintain the pH level stable and it 

is also non-toxic to humans.  

2.9.2.5 Electrode material for RI experiments 
The type of electrode used for RI does also have an impact on the process of RI. There 

are polarisable and non-polarisable electrodes. In an ideally polarisable electrode there 

is no current flow between the electrode-electrolyte interface and the electrode. The 

electrodes act as a capacitor and there will be no charge transfer. Platinum electrodes 

belong to this group of electrodes. In contrast, with non-polarisable electrodes, there 

will be free current flow in the electrode-electrolyte interface. An example for non-

polarisable electrode is Silver/Silver chloride (Ag/AgCl). For RI experiments, it is 

recommended to use non-polarisable electrodes (Ching, 2005). Ag/AgCl electrodes, 

which are biocompatible, have the ability to deliver high amounts of current without 

causing any pH changes in the buffer solution in the diffusion cell (Jahn, 1900). This 

can be explained by the redox potential from the Ag/AgCl being lower than water. 

Hence, it is possible to maintain electroneutrality at both sides of the electrodes, the 

anode and cathode. During RI, following reaction at the anode can observed: 

 𝐴𝑔	(𝑠) + 𝐶𝑙'(𝑎𝑞) → 𝐴𝑔𝐶𝑙(𝑠) +	𝑒' Equation 2.13 

At a potential of E0=-0.22V, silver gets oxidised to silver chloride after reacting with 

the chloride in the solution. In contrast, at the cathode, silver chloride gets reduced to 
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silver at a potential of E0=0.22V and thereby the chloride ions are liberated. The 

following equation expresses the reaction at the cathode: 

 𝐴𝑔𝐶𝑙	(𝑠) +	𝑒' 	→ 𝐴𝑔(𝑠) + 𝐶𝑙'(𝑎𝑞) Equation 2.14 

Section 5.5 explains how the electrodes were prepared using the screen-printing 

method. 

 

The advantage of RI compared to other existing methods of commercially available 

devices is that it does not involve the use of any needles nor any implantable sensors. 

In addition, it can provide continuous, real time glucose monitoring with little user 

participation. The GlucoWatch is an example for RI having the potential to be viable 

method for glucose monitoring. However, none of the RI based devices have sustained 

long term acceptance in healthcare due to calibration issues, skin irritation and 

variabilities in measurement results. For RI to become a sustainable method further 

improvement are needed. 

 

The Medical Diagnostics and Wearables Group at Strathclyde has been working on 

ways to address these problems with RI based glucose sensing devices.  

One of the problems is that once glucose enters the sensors, it accumulates in the gel 

reservoir and it does not reach the back of the sensor, where the sensing takes place. 

This causes that all glucose extracted via RI cannot be quantified hence, resulting in 

inadequate quantification of the glucose. Furthermore, it leads to glucose accumulation 

on the sensor surface prevents further extraction of glucose from ISF. The build-up of 

glucose within a wearable transdermal sensor has to be addressed otherwise results 

obtained cannot be time correlated to the patient blood levels. In the GlucoWatch all 

glucose was eventually converted to H2O2 in the gel electrode system but this itself 

can be a source of skin irritation.  
 

2.10 Means to control glucose flux 
The integration of a trapping/binding agent in the sensor can help to control the glucose 

once it is extracted into the gel reservoir of the sensor. One approach is to integrate 

glucose binding proteins such as concanavalin A (Con A) in the glucose sensor. 
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Studies have successfully shown the effectivity, accuracy and reproducibility of 

glucose measurements with the use of con A in the (Cummins et al., 2013; Kuenzi et 

al., 2010; Russell et al., 1999; Srinivasan et al., 1986). Con A belong to the group of 

lectins amongst lens culinaris, pisum sativum and concanavalin gladiata. Lectins are a 

type of proteins which can bind to carbohydrates.  Lens culinaris and pisum sativum 

are known for their fructose specificity (Tateno et al., 2009). One major concern with 

Con A is the toxicity associated with it. Andersson et al. and Gunther et al. showed 

that con A induced mitogenesis in cell culture experiments (Andersson et al., 1972; 

Gunther et al., 1973). Gunther et al and Phillips et al found cytotoxic effects of Con A 

in cell culture experiments (Gunther et al., 1973; Phillips & Lanier, 1986). Hepatotoxic 

effects in mice (Leist & Wendel, 1996) and teratogenic effects in rat embryos (Nishida 

et al., 1997) were also seen with the use of Con A. However, Ballerstadt et al. detailed 

that the route of administering Con A and the dosage of Con A have an impact on the 

toxicological side effect (Ballerstadt et al., 2006). Furthermore, they have identified 

that the usage of Con A less than 10 µg/µl is considered as acceptable amounts in 

implantable glucose sensor and does not pose any health risks.  

Another protein, which has been commonly integrated in glucose sensors is the 

glucose/galactose binding protein (GGBP) from E. coli (Salins et al., 2001; 

Scognamiglio et al., 2007; Tolosa & Rao, 2006). By glucose/galactose binding to the 

GGBP, the conformation of the protein changes. The glucose can be monitored by 

adding a fluorophore to a particular site of the protein, and then by measuring the 

change of emission of the fluorophore upon the binding of the glucose/galactose. 

Salins et al. were able to detect glucose concentrations in yeast fermentation in the 

submicromolar range. It should be noted that GGBP is selective to glucose as well as 

galactose. Tolosa and Rao identified a lower detection limit of 0.3 µM – 0.5 µM using 

their glucose sensor.  

The preparation of glucose specific polymers is another approach to replace the need 

of an enzyme or to enhance glucose detection. Chen et al devised a metal-complexing 

polymer for glucose monitoring in biological samples (Chen et al., 1997). They 

prepared a Triazacyclononane chelate (TANCN) Cu 2+ metal ion complex, which had 

the ability to bind to glucose molecules and in return release protons proportional to 

the glucose concentration. The glucose selective polymer was successfully tested in 
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porcine plasma and a linear relationship between proton release and glucose 

concentration was seen in a concentration range between 0 mM and 25 mM.  

Li et al. studied the interactions between glucose and five glucose specific proteins 

such as 1) human beta-cell glucokinsase, 2) d-xylose isomerase 3) lectins such as 

lathyrus ochrus isolectin 4) Con A and 5) GBP (Li et al., 1998). This helped to identify 

binding sites between protein and glucose molecules. It was shown that the binding 

occurs between the hydroxyl group (OH) of the glucose molecules and the hydrogen 

bondings from the proteins. This revelation was considered when developing 

molecularly imprinted polymers (MIPs) with integration  of glucose specific 

recognition sites in the polymer itself using monomers, that can mimic protein 

interactions (Seong et al., 2002).  

 

The Medical Diagnostics and Wearables Group at Strathcyde has a patent on methods 

to control the glucose concentration once it is extracted across to the skin into the gel 

reservoir by the application of reverse iontophoresis (Connolly, 2014). It discusses the 

use of different binding/trapping agents such as polymers (for example nylon and 

nitrocellulose), proteins (for example Con A and antibodies) or porous charcoal to be 

used in transdermal devices to create a controlled glucose flux. In this project, the use 

of activated carbon (AC) was explored for glucose control. AC has adsorption 

properties to organic compounds due to its high surface area and highly developed 

micropore structure (Aygün et al., 2003;Wang et al., 2010). Therefore, it has the 

potential to be used as a glucose binding agent in a wearable sensor. The integration 

of AC in the outer layer of the sensor ensures the transport of glucose across the gel 

towards the vicinity of the electrode where the glucose detection takes place         

(Figure 2.30). Thereby, a uniform transdermal glucose profile within the sensor is 

allowed.  
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Figure 2.30 Schematic view of wearable sensor with AC in the outer layer. There are three mechanisms 

(migration, diffusion and convection) for molecules and ions to be transported from the bulk solution across the 

membrane. Due the adsorption capabilities of AC to organic compounds, glucose transport is further ensured 

across the gel layer towards the electrode vicinity, where the glucose detection takes place. 

The novelty of this project is that glucose control is attempted using glucose adsorption 

to AC, which is reagentless and does not create any secondary chemicals compared to 

other means of control. Integrating AC in the device will enhance accuracy, hence 

providing RI based devices more reliable glucose results. 

 

The following section discusses fundamentals of adsorption and factors which have an 

impact on the adsorption process. 

 

2.11 Adsorption  
Adsorption is a surface phenomenon, where Substance A (adsorbate) in gaseous or 

liquid form (for example molecules, atoms or ions) adhere to the surface of Substance 

B (adsorbent). In this project, activated carbon (AC), which is also called activated 

charcoal was used as the adsorbent and glucose as the adsorbate.  

 

The adsorption process is a spontaneous reaction at constant pressure and temperature 

provided that there is negative Gibbs free energy (DG<0) (Bolis, 2013; Moreno-

Castilla, 2004; Wang et al., 2019). The change in Gibbs energy can be calculated with 

the Equation 2.15 based on the laws of thermodynamics. 
 ∆𝐺° =	∆𝐻° − 𝑇∆𝑆° Equation 2.15 
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∆𝐺°… Change in Gibbs free energy [J] 

∆𝐻°… Change in enthalpy  

T…Absolute temperature [K] 

∆𝑆°… Change in entropy 

Enthalpy is defined as the heat that is released during the adsorption of one mole of 

adsorbate. 

During the adsorption process, the movement of the molecules becomes limited once 

adhered to the surface and hence the entropy is decreased (∆𝑆°<0). Therefore, the 

enthalpy must be also negative (∆𝐻°<0) for a spontaneous reaction to happen. This in 

turns results to the adsorption to be an exothermic process, and releases heat during 

adsorption. (Bolis, 2013) 

 

Forms of Adsorption 

Depending on the type of adsorbate and adsorbent involved, the adsorbate can adhere 

to the adsorbent via two mechanisms: Either via physical adsorption (physisorption) 

or via chemical adsorption (chemisorption) (Ruthven, 2008). Physisorption involves 

the adherence of the adsorbate to the surface via Van der Waals interactions. It is non-

specific and can occur on monolayers as well as multilayers. This form of adsorption 

occurs at low temperatures and it is a reversible process. It is a pressure and 

temperature dependent reaction and low heat is released (2-25 kJ/mol) during 

physisorption (Ghosh, 2014). In contrast, during chemisorption the adsorbate adheres 

to the surface of the adsorbent via establishing a chemical bonding. It is a highly 

specific process and only occurs on monolayers. It happens on relatively high 

temperatures and it is an irreversible process. Chemisorption releases a high heat of 

adsorption (50-500 kJ/mol) (Ghosh, 2014).   

 

Adsorption isotherms 

An adsorption isotherm helps to understand the adsorption behaviour and gives 

information about the equilibrium relationship between adsorbate and adsorbent. 

When adsorbate and adsorbent are in contact for a sufficient time period, an 

equilibrium is created between the amount of adsorbate remaining in the solution and 

the amount of the adsorbate adsorbed by the weight of the adsorbent. In general, the 
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adsorbate and the adsorbent try to reach the equilibrium stage. Adsorption isotherms 

are expressed in form of a curve (Figure 2.31). On the x-axis the remaining 

concentration in the solution after the adsorption (ce) (which is also called the 

equilibrium concentration) is applied and on the y-axis the amount of adsorbate 

adsorbed per unit weight of the adsorbate (qe) can be seen. There are five commonly 

observed models which are used to identify the adsorption capacity of AC (Moreno-

Castilla, 2004), 1) the linear model 2) the Langmuir model (Langmuir, 1918), 3) the 

Freundlich model (Freundlich, 1906), 4) the high- affinity model and 5) the sigmoidal 

model. A linear relationship can be seen for the Freundlich and Langmuir models only 

for very low concentrations. A non-linear behaviour can be seen with higher 

concentrations. Adsorption isotherms are expressed in form of equations based on the 

curves seen in Figure 2.31. 

 

 
Figure 2.31 Types of adsorption isotherms (a) linear, b) Langmuir, c) Freundlich d) high- affinity and                 

e) sigmoidal (adapted from Moreno-Castilla, 2004) 

Factors affecting the adsorption process: 

The adsorption process in a liquid-phase depends on a variety of factors related to        

1) the adsorbent, 2) the adsorbate and 3) the solution where the adsorption occurs 

(Haghseresht et al., 2002): 

 

2.11.1 Adsorbent 
AC has been used for wide range of applications such as air purification (Wang et al., 

2019), removal of contaminants in drinking water and treating waste water (Herrera-

González et al., 2019; Hsu et al., 2019; Mohan & Singh, 2002; Namasivayam & 

a) b) c) 

d) e) 
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Kavitha, 2002). Furthermore, it is also applied for a variety of medical purposes such 

as lowering cholesterol levels and treating cholestasis in pregnant women (Jacobi The 

Carbon Company, 2015). It is used for blood purification (Howell et al., 2016), wound 

healing (Lin et al., 2012) and as decontaminant agent to remove any toxins or 

chemicals in the body in the gastrointestinal tract (Juurlink, 2016). And more research 

is underway to expand the usability and applications of AC.  

AC is a flexible material and can be modified to enhance adsorbate- specific adsorption 

characteristics. For example, magnetic properties were added to AC to enhance its 

adsorption to metal ions (Adio et al., 2019). In a different study AC was treated with 

sulphur to improve aqueous mercury adsorption to AC (Hsu et al., 2019). There are 

many different forms of AC such as pellets, granules, spherical beads, powder or fibers 

(Axtell et al., 2008). Granular activated carbon (GAC) is made of a base material such 

as coconut shells, charcoal, wood or lignite and activated carbon fibers (ACF) are 

made of cellulose, polyacrylonitrole or phenolic resins (Kasaoka et al., 1987). 

Research is also conducted to explore adsorption characteristics of AC made of low-

cost base materials such as bagasse (agricultural waste) (Mohan & Singh, 2002) or 

coir pith (Namasivayam & Kavitha, 2002) or date stones (Belhamdi et al., 2016) for 

economic reasons. 

AC varies in its chemical and physical characteristics depending on its manufacturing 

process. 

 

2.11.1.1 Pore structure and surface area of AC 
The porous structure in the AC is created by either (1) physical activation via thermal 

oxidation or (2) chemical activation via chemical oxidation (Ahmadpour & Do, 1996). 

In the physical activation process, the base material needs to be carbonised first in an 

inert atmosphere before being oxidised using steam or CO2. In contrast, in the chemical 

activation process, the base material is first impregnated with an oxidising and 

dehydrating chemical before undergoing chemical oxidation using bases, acids (e.g. 

phosphoric acid) or any other chemicals (Li et al., 2002). The chemical activation 

process is more advantageous a) due to better developed pore structure. b) lower 

activation temperatures ranging from 400 to 700 °C compared to physical activation, 

which is in the range of 500 to 900 °C and c) because it is only a one-step process as 
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the carbonisation of the base material and the chemical activation is usually done 

simultaneously (Rodriguez-Reinoso, 1997).  

The pore volume and the surface area depend on the base material and the activation 

process (Çeçen, 2014). AC can have a surface area ranging from approximately         

500 to 1500 m2/g and the apparent density, which includes the pore structure but not 

the interparticle voids of AC can vary from 0.29 to 0.8 )
*+! (Çeçen, 2014). The surface 

site density describes the number of available sites for adsorption. Chen et al. 

calculated a surface site density of 0.18 sites/nm2 for copper adsorption to GAC (Chen 

et al., 2003). The surface area of AC can be determined using established techniques 

such as the nitrogen adsorption at 77K (Sing, 1995) or the iodine number (Mianowski 

et al., 2007). In addition the pore size distribution and the micropore volume can be 

also identified with the nitrogen adsorption at 77K (Haghseresht et al., 2002; Li et al., 

2002). 

It was shown by Kasaoke et al. that GAC have a multidisperse pore structure consisting 

of micropores, mesopores and macropores. According to the IUPAC 

recommendations micropores are defined as having a width diameter of less than           

2 nm, mesopores have a width diameter between 2 – 50 nm and macropores have width 

diameters bigger than 50 nm (Rouquerol et al., 1944; Sing et al., 1985). An example 

of the surface structure of AC with micropores and mesopores can be seen in         

Figure 2.32.  

 
Figure 2.32 Example of surface structure of AC with micropores and mesopores acquired using scanning 

electron microscopy (adapted from Belhamdi et al., 2016) 

In contrast, for ACF a homogenous pore structure consisting of micropores was seen 

by Kasaoke et al and by Moreno-Castilla (Kasaoka et al., 1987; Moreno-Castilla, 
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2004). The homogenous pore structure was confirmed by Daley et al. using a scanning 

tunnelling microscope (Daley et al., 1996).  

The pore size of the adsorbent has the following effects on the adsorption process of 

organic compounds to AC.  

(1) The strength of the adsorption increases with smaller pore size. This is due the 

fact that there are more contact points between adsorbate and adsorbent in case 

of smaller pore sizes (Newcombe et al., 1997). In addition, with the condition 

that the micropore size is less than double of the adsorbate diameter, the 

adsorption strength increases as well due to overlap of opposing pore walls 

(Dubinin, 1960; Sing, 1995).  

(2) Adsorption is limited if the size of the adsorbate is bigger than the pore size of 

the adsorbent. For effective adsorption, it was recommended that the pore 

width of the adsorbent should be 1.3-1.8 times bigger than the width of the 

adsorbate (Li et al., 2002). Nonetheless, it is not only the pore size of the AC, 

which has an impact on the adsorption capacity of AC but it is also the 

accessibility of the compounds to the inside of the adsorbent, which can be 

restricted by size of the adsorbate (Moreno-Castilla, 2004).  

 

2.11.1.2 Surface chemistry of AC: 

 
Figure 2.33 Atomic structure from AC (adapted from Harris, Liu and Suenaga, 2008) 

Figure 2.33 shows an example of the atomic structure of AC consisting of carbon rings. 

At the edges of the AC heterogeneity is identified, which can be caused by 1) due to 

for example different pore size, pore shapes or cracks (geometrical heterogeneity)       

2) by chemical heterogeneity (Da̧browski et al., 2005). Chemical heterogeneity is 

caused by heteroatoms such as oxygen, which can be found in e.g. carboxylic acid, 
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hydroxyl groups, or quinone groups (Figure 2.34) due to the oxidation procedure of 

the carbon.  

 
Figure 2.34 Heteroatoms at the edges of the atomic structure of AC (adapted from Cárdenas-López et al., 2007) 

The heteroatoms constitute to the chemical characteristics of the AC and have an 

impact on the hydrophobicity of AC, the electronic density of the AC’s graphene layer 

and the surface charge of the AC; whereby the surface charge also depends on the pH 

of the solution, in which the adsorption takes place (Biniak et al., 2001). The oxidation 

of AC by certain oxidants (e.g. hydrogen peroxide or nitric acid) or exposing AC to 

oxygen in the temperature range of 200 ºC to 700 ºC creates an acidic nature of the 

AC. It is caused by the formation of acidic oxygen-containing groups such as 

carboxylic acid and phenolic hydroxyl (León & Radovic, 2001). Studies showed that 

increased oxygen and acidic functional groups have a negative impact on the 

adsorption of organic compounds in the liquid phase (Considine et al., 2001; Franz et 

al., 2000; Kaneko et al., 1989; Karanfil & Kilduff, 1999; Pendleton et al., 1997). 

However, in the gaseous phase the adsorption of organic compounds is promoted by 

oxidation of AC (Dimotakis et al., 1995; Mangun et al., 1999). It was shown by 

Kaneko et al that removing the acidic groups from the AC did improve the adsorption 

of relatively polar/relatively nonpolar organic compounds (Kaneko et al., 1989). The 

oxygen-containing acidic groups were removed with heat treatment in a hydrogen 

atmosphere. During the heat treatment, the delocalised π-electrons arise due to the 

removal of oxygen and create the basic nature of the AC. 

 

2.11.1.3 Mineral matter content of AC 
Approximately 20% of the AC consists of mineral matter, which is shown in form of 

ash content (Da̧browski et al., 2005). The mineral matter content in the AC has a 

negative impact on the adsorption process as they obstruct the porosity of the AC 
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(Moreno-Castilla, 2004). In addition, due to the hydrophilic character of mineral 

matters, AC with higher mineral matter content prefer adsorption to water hence, 

limiting the adsorption of the adsorbate.  

 

2.11.2 Adsorbate 
Following characteristics of the adsorbate affect the adsorption process: 1) Molecular 

size: The molecular size of the adsorbate determines the accessibility to the AC pores. 

2) Solubility: It defines the hydrophobic interactions 3) pKa: In case that the adsorptive 

is an electrolyte, the pKa – value determines dissociation of the adsorbate (Moreno-

Castilla, 2004).  

Glucose is a neutral and polar molecule and has a MW of 180 Da. It is a water-soluble 

compound and has a kinetic diameter of 8.6 Å (Lourvanji, 1995; Weng et al., 2015). 

It was reported that glucose acts as weak acid in the solutions with a pKa value of 

12.87 (Britton, 1955; Singh & Mohan, 2004). Organic molecules attach to the surface 

via physisorption via to Van der Vaals interactions (Moreno-Castilla, 2004). The p-

electrons of the aromatic ring of the organic molecule interact with the p-electrons of 

the graphene layer of the AC (Moreno-Castilla, 2004).  

 

2.11.3 Solution chemistry 
The pH of the solution, the concentration of the adsorbate in the solution and the ionic 

strength play a role in the adsorption process. It was observable that increasing the 

ionic strength in the solution improves the adsorption by adsorbents, which are 

negatively charged. However, it decreased adsorption capabilities of positively 

charged adsorbents.  (Summers & Roberts, 1988) 

In addition, also the surface charge of AC in combination with the pH of the solution 

affect the adsorption process. Moreno-Castello stated that if the pH of the solution is 

lower than the pH at which the total surface charge of the AC is zero, then total surface 

charge will be positive. However, if the pH of the solution is higher than the pH at 

which the total surface charge is zero, then the total surface charge of the AC will be 

negatively charged (Moreno-Castilla, 2004).  
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In one study adsorption of the dye Congo red was tested onto AC at different pH levels 

(Namasivayam & Kavitha, 2002). They identified that adsorption decreased when the 

pH was increased from pH of 2 to pH of 4. Adsorption remained the same in the pH 

range between 4 and 10. These mechanisms can be explained due to the fact that at 

acidic pH levels, there was high electrostatic attraction between the surface of the AC, 

which was positively charged and the dye, which was negatively charged. With 

increasing pH, the negatively charged sites on AC increased, which lead to less 

adsorption due electrostatic repulsion between the negatively charged sites and the 

anionic dye. In addition, with increasing pH levels, there were more OH- ions in the 

solution, with which the anionic dye had to compete for the available adsorption sites.  

In this project the pH of the buffer solution was set at 7.4 corresponding to the 

physiological pH in the body is 7.4.  

 

2.11.4 Temperature and pressure 
Adsorption is a temperature- and pressure- dependent process. Based on Equation 

2.15, the adsorption capabilities increases with decreasing temperature (Da̧browski et 

al., 2005). However, the exact impact of temperature and pressure depends on the type 

of adsorbate and the adsorbent involved. In Wang et al.’s study, the adsorption of 

acetaldehyde and acetone (both in gaseous form) on AC was decreased when 

increasing the temperature from 24.85 °C to 64.85 °C (Wang et al., 2019). By 

increasing the temperature the adsorbed compounds have more energy and are able to 

withstand the attractive forces to the surface of AC and go back to the gaseous state 

(Zhou et al., 2012). In a different study mercury adsorption to AC was tested and they 

identified that decreasing temperature and increased adsorbate concentration led to an 

increase of adsorption (Hsu et al., 2019). But Namasivayam and Kavitha stated the 

adsorption of the dye Congo red to AC was slightly increased when increasing the 

temperature (Namasivayam & Kavitha, 2002). This could be due to the way the 

adsorbate adhered to the surface. In chemisorption it is observable that with increasing 

temperature adsorption increases up until a certain point is reached. Namasivayam and 

Kavitha also showed that at a temperature of 60 °C, DG<0 was established, indicating 

that the adsorption process occurred spontaneously. However, DG>0 was identified at 
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lower temperatures (35 °C, 40 °C and 50 °C), which indicates that spontaneous 

reactions are not preferred at lower temperatures.  

All the adsorption experiments in this project were performed at room temperature to 

match the potential use for glucose adsorption to AC in RI experiments.  

 

2.12 Summary 
• This chapter began with anatomical and physiological aspects of the pancreas. 

Furthermore, the blood glucose regulation in a healthy body with the help of 

the hormones, insulin and glucagon was explained. 

• It then discussed the causes, symptoms, complications, diagnosis and treatment 

options of type 1 and type 2 diabetes. 

• The focus of the thesis is in SMBG, which is one of the main means of diabetes 

management.  

• The history of glucose monitoring was elucidated with initially using urine 

samples for glucose testing and later blood samples were used. Glucose was 

initially quantified using devices based on reflectance photometry. 

• This was followed by the development and use of glucose biosensors for 

intermittent glucose measurements based on electrochemical principles. 

• CGMS, which offers tighter glycaemic control in comparison to intermittent 

glucose measurements, was then explained. 

• This chapter provided a comprehensive review of the existing glucose 

monitoring technologies and devices for intermittent and continuous glucose 

monitoring.  

• The need for non-invasive glucose monitoring is considered to be very 

beneficial, as it can increase patients’ compliance to treatment plans.  

• The focus of this thesis is in improving transdermal sensing linked to reverse 

iontophoresis, which has been proposed as means for non-invasive monitoring 

of glucose. The use, the limitations, biological and operational factor having 

an influence on RI for glucose monitoring were discussed. 

• Means for improved and controlled glucose flux in RI devices is a key part of 

the work described in this thesis, in particular the use of activated carbon (AC) 
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as a glucose binding agent which will remove excess glucose from a 

transdermal sensor and permit more uniform transdermal profiles of glucose 

within a wearable sensor. 

• Glucose control is attempted using AC, which has adsorption characteristics to 

organic compounds. Therefore, the fundamentals of adsorption and factors 

which have an impact on the adsorption process were discussed.  
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3 Study design 
This chapter highlights the rationale of the study, the key aim and the objectives of 

this research. In addition, the research questions, which were addressed in the course 

of this project are listed.  

 

3.1 Rationale of the study 
• Self-monitoring of blood glucose plays a crucial role in diabetes care. 

Currently, the most commonly used methods work in an invasive manner for 

blood glucose monitoring, which causes pain and discomfort to the patients.  

• Reverse iontophoresis (RI) has been proposed as means for non-invasive, 

transdermal diagnostics for the monitoring of many small circulating 

molecules and ions (e.g. glucose). In this technique, electric current is applied 

across the skin to extract a substance of interest across the skin via gel 

electrodes. The gel facilitates electrical conductance and also serves as a 

receptacle to collect the extracted molecules and ions. 

• To date, few working examples of diagnostic devices have been produced as 

discussed in Section 2.8.1; but none have sustained long term acceptance in 

healthcare.  

• One of the problems in wearable sensors for glucose monitoring based on RI, 

is the glucose build-up in the gel reservoir of the sensor. This in turn 1) prevents 

further glucose extraction from the interstitial fluid 2) leads to inaccurate 

glucose quantification, as not all the extracted glucose reaches the sensor 

surface where glucose detection takes place and 3) causes time lags in the 

correlation between glucose concentrations in interstitial fluid and blood. 

• The Medical Diagnostics and Wearable Group at Strathclyde has a patent on 

methods to control glucose (once it is in the gel reservoir) by the use of 

different binding/trapping agents such as porous charcoal (Connolly, 2014). 

• Activated carbon (AC) has adsorption characteristics to organic molecules and 

could therefore, act as a glucose binding agent. Thereby, it could remove 

excess glucose from the sensor and hence allow a more uniform transdermal 

glucose profile within a wearable sensor.  
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• The novelty in this project is that the glucose control is attempted using AC, 

which is reagentless and does not create any secondary chemicals compared to 

other means of control such as the deployment of glucose oxidase in the gels 

(see Section 2.8.1 for description of some such systems).  

 

3.2 Aim of the investigation 
The overall aim of this project was to test the concept of glucose adsorption to AC and 

to evaluate the suitability of AC as a glucose binding agent for a better controlled and 

uniform glucose flux in wearable sensors in the RI environment. In addition, this study 

involved embedding a biosensor in the electrode system to allow direct glucose 

measurements, which could also be part of a wearable sensor in the future.  

 

3.3 Research objectives 
• To compare two commercially available glucose enzyme kits in terms of 

sensitivity and limit of detection (GLUC-PAP from Randox Laboratories and 

GAHK20-1KT from Sigma Aldrich) 

• To evaluate the use of the Genova Nano, a micro- volume spectrophotometer 

for glucose quantification in comparison with the standard method using the 

plate reader 

• To study the flux of glucose molecules in RI experiments using an in vitro 

diffusion cell  

• To test and compare two commercially available artificial skin membranes on 

its ability to mimic human skin in RI experiments (Spectrapore membrane from 

Spectrum Laboratories and Vitro-Skin from IMS Inc.) 

• To establish proof of concept of glucose adsorption to AC 

• To design an AC integrated gel electrode system 

• To study glucose flux in in vitro RI experiments using AC integrated electrodes 

and compare it with the results obtained via the standard gel electrodes without 

AC 

• To include a biosensor in the electrode system for direct glucose quantification 

in the gel  
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• To study the biosensor performance in the gel environment using cyclic 

voltammetry 

• To perform in vitro RI experiments using glucose biosensors and compare the 

electrochemical glucose detection method using the biosensor with the 

standard method using laboratory kits 

• To design an AC integrated glucose biosensor  

• To perform in vitro RI experiments using AC integrated glucose biosensors 

and compare the electrochemical glucose detection method using the AC 

inegrated biosensor with the standard method using laboratory kits 

 

3.4 Research questions 
• Which glucose assay kit is more suitable to quantify glucose in the required 

glucose concentration range? 

• Is the level of sensitivity of the Genova Nano, micro- volume 

spectrophotometer sufficient to quantify glucose in samples if only very small 

sample volumes are available? 

• Which of the tested artificial skin membrane mimics the human skin better in 

RI experiments? 

• Proof of concept: Does glucose adsorb to AC?  

• Can AC be used as a glucose binding agent in a wearable sensor in the RI 

environment and allow a more uniform transdermal glucose profile? 

• How does the biosensor operate in the gel environment?  

• Can the embedded glucose biosensor quantify glucose in the required glucose 

concentration range? 

• Is it possible to electrochemically quantify the extracted glucose via RI with 

the glucose sensor? 
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4 Theory 
As discussed, the application of Reverse Iontophoresis (RI) in combination with sensor 

technology can have a great promise for non-invasive glucose monitoring in diabetes 

care. The use of Activated Carbon (AC) as a glucose binding agent could help to 

improve and better control glucose flux in wearable sensors in the RI environment. In 

addition, embedding a glucose sensor in the electrode system would allow direct 

glucose measurements.  

This chapter aims to provide relevant background theory for the development of a 

mediated amperometric glucose sensor with AC as a glucose binding agent to 

overcome the limitations of previous devices based on RI. 

 

This chapter introduces theory on glucose detection and quantification methods via 

colorimetric assays and optical spectrophotometer, a method commonly used in 

laboratory settings. Moreover, glucose detection methods using electrochemical 

means are elucidated, which is the basis of glucose sensors.  Electrochemistry is the 

field of study which relates electron transfer processes to chemical changes. 

Electrochemical fundamental processes occurring at the electrode-solution interface 

are introduced in this chapter. The operation of an electrochemical glucose sensors is 

discussed and the principles of Cyclic Voltammetry (CV), the electroanalytical 

technique applied for glucose detection in this study, is explained. 

In addition, the principles of RI and the transport mechanisms involved during RI are 

described. 

Finally, statistical analysis approaches, which were applied to evaluate the results, are 

provided.  
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4.1 Glucose detection techniques 
Glucose (Figure 4.1) belongs to the group of carbohydrates and is a neutral and polar 

molecule. It has a molecular weight (MW) of 180 Da and its molecular formula is 

C6H12O6. It is a water-soluble compound.  

 
Figure 4.1 Molecular ring structure of glucose 

As discussed in section 2.3.4, self- monitoring of glucose in the body is one of the key 

routes in managing diabetes. The most common method to detect glucose is based on 

enzymatic reactions. An enzyme acts as a catalyst and can accelerate chemical 

reactions, without consuming itself. It reacts with the analyte of interest and causes a 

detectable substance to be formed. The detectable substance can then be quantified 

using for example 1) an optical spectrophotometer or 2) with electroanalytical 

methods. Both methods were used in this study for quantitative analysis of glucose 

and are explained more in-depth in section 4.2 and section 4.3. 

 

4.1.1 Enzyme kinetics 
Equation 4.1 shows the general principle of an enzymatic reaction with a substrate 

(Bisswanger, 2008).  

 𝐸 + 𝑆	 ⇄ 	𝐸𝑆	 ⟶ 𝐸 + 𝑃 Equation 4.1 

E…Enzyme 

S…Substrate 

ES…Enzyme-substrate complex 

P…Product 

k1…Rate constant of the formation of ES complex 

k2…Rate constant for the formation of P 

The product formation occurs in two steps: First the enzyme (E) binds with the 

substrate (S) and creates an intermediate enzyme-substrate complex (ES). In the 

k1 k2 

k-1 
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second reaction, the ES complex dissociates, regenerating free enzymes (E) and a 

forming product (P).  

The changes of the concentrations of the reactants in an enzymatic reaction over time 

can be seen in Figure 4.2. 

 
 

 
Figure 4.2 Changes of the concentration of the enzyme (E), substrate (S), enzyme-substrate (ES) and product (P) 

over time during an enzymatic reaction (adapted from Bisswanger, 2008) 

In Phase 1, an increase of the concentration of the ES complexes is observable due to 

the binding of the free enzymes to the substrate. This in turn leads to the decrease of 

the concentrations of free E and free S. In Phase 2, while the concentration of the ES 

complex remains constant, the concentration of the product is increasing linearly; 

whereas the substrate concentration is further decreasing. A slow increase in the 

enzyme concentration can be seen due to the decomposition of the ES complex and 

the regeneration of the free enzymes and the formation of the product. In Phase 3, the 

depletion phase, the substrate is getting fully exhausted and the ES complexes decay 

over time until they are fully depleted. The duration of each phase changes depending 

on the rate constants of the enzymatic reaction (Bisswanger, 2008). 

 

The Michaelis Menten equation (Bisswanger, 2008) relates the substrate concentration 

with the reaction velocity (V), which is the speed to form the product (P). It is defined 

as change of the product concentration over time and can be expressed with  

 
𝑉 =

𝑉,-.[𝑆]
𝐾, + [𝑆]

 
Equation 4.2 

V…Reaction velocity 

VMAX…Maximum reaction rate 

KM…Michaelis constant 

Phase 1 Phase 2 Phase 3 
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[S]…Initial concentration of the substrate 

Considering a constant enzyme concentration in a reaction, an increasing substrate 

concentration results in the increase of the reaction rate until VMAX is reached. This is 

the point where the enzyme has achieved its maximum reaction rate and gets saturated. 

The Michaelis constant (KM), is the concentration of the substrate, where the reaction 

rate is VMAX/2. When plotting the velocity of the reaction versus the substrate 

concentration, a hyperbolic relationship can be seen Figure 4.3. 

 
Figure 4.3 Function of reaction velocity over substrate concentration (adapted from Berk, 2009) 

A high KM value indicates a low affinity to the substrate, which in turn results in higher 

substrate concentrations to reach VMAX. In contrast, a low KM value implies a high 

affinity to the substrate. Hence, lower concentrations of substrate are needed to reach 

VMAX.  

 

4.2 Colourimetric assay and optical spectrophotometer 
Colourimetric assays are based on the principles that a chromogenic response in 

relation to the analyte concentration is developed after an enzymatic reaction, which  

can be measured using an optical spectrophotometer at a particular wavelength 

(Porstmann & Kiessig, 1992). The spectrophotometer emits light at a specific 

wavelength and the light absorbed by the sample is related to the analyte concentration.  

 

The Beer Lambert law defines that the absorbed light is directly proportional to the 

analyte concentration in low concentrations (Swinehart, 1962) and it is expressed with 

the: 
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 𝐴 = 𝜀 × 𝑙 × 	𝑐 Equation 4.3 

A…Absorbance 

ε… Molar absorption coefficient [ /
+01∗*+

] 

l…Path length [cm] 

c…Analyte concentration [+01
/

] 

 

The molar absorption coefficient gives information about the tendency of a substance 

to absorb light at a given wavelength. It is constant for a given substance in a given 

solute at a specific wavelength. The linearity in Beer Lambert’s law can be impaired 

due to instrumental or chemical factors, or due to high analyte concentration (Vitha, 

2019).  

 

Experimentally, the absorbance can be identified by measuring the transmittance using 

an optical spectrophotometer. Transmittance is defined as the proportion of light which 

can pass through the sample.  

A basic optical spectrophotometer consists of four essential parts, a light source (1), a 

monochromator (2), a sample holder (3) and a detector (4) (Figure 4.4).  

 
Figure 4.4 Schematic design of the spectrophotometer (adapted from Bibby Scientific 2012) 

The light source, for example a Xenon lamp, produces light. The monochromator has 

the responsibility to separate the light into discrete wavelengths. This can be done 

using a grating or a prism. In the device used in this project a grating was used for that 
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purpose. The exit slit only transmits the desired wavelength and it will hit the sample. 

Some light will be absorbed by the sample and some light will be transmitted. The 

transmitted light (T) is detected with the signal detector, which is in this case a 

photomultiplier (Poole & Kalnenieks, 2000) and is expressed with: 

 

 𝑇 =
𝐼3
𝐼4

 Equation 4.4 

 

 

Absorbance has an inverse relationship with transmittance and is described with 

Equation 4.5: 

 
𝐴 =

log 1
𝑇  

Equation 4.5 

• Establishment of a glucose calibration curve using colorimetric assay and an 

optical spectrophotometer 

Glucose calibration curves can be established with the help of colorimetric assays. 

They are required to quantify unknown glucose concentrations from samples by the 

means of comparing them to a set of standards with known concentrations. In this 

project calibration curves were established for glucose assay kits in order to quantify 

unknown concentrations of glucose samples extracted from RI experiments. More 

details of the glucose assay kits, which were used in this project, can be found in 

section 5.3. The enzymes in the glucose assay kit catalyse chemical reactions with the 

glucose in the standard samples. The chromogenic response was then measured by 

taking absorbance reading with the spectrophotometer at a specific wavelength. The 

wavelength of each assay kit is indicated on its product information sheet. Glucose 

concentrations of standards are plotted against absorbance readings from the 

spectrophotometer. A linear response is expected between a limited range of the 

standard glucose concentrations and the respective absorbance reading from the 

spectrophotometer and is expressed with the linear function equation (Equation 4.6). 

 y = bx	 + a Equation 4.6 

y… Instruments’ response (absorbance reading taken by the spectrophotometer),  

x… Standard glucose concentration 

b… Slope of the line or gradient; it indicates the sensitivity of the measurement  
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a… Intercept with the y-axis of the standard calibration curve  

4.2.1 Limit of detection and Limit of Quantification 
The limit of detection (LOD) and limit of quantification (LOQ) are measures to 

identify the lower limit of the linear range of a calibration curve.  

The LOD indicates the lowest value that is significantly higher than the background 

reading and therefore, can be reliably detected by an analytical process (MacDougall 

& Crummett, 1980). The LOD is calculated with Equation 4.7 , whereby 𝜎5, is the 

standard deviation of the blank solution and xb is the mean of the blank solution 

(MacDougall & Crummett, 1980; Shrivastava & Gupta, 2011). The blank solution is 

the sample, which does not have the analyte of interest. Any concentrations below the 

LOD cannot be quantified and are considered as noise. A multiplication factor of            

k = 3 was chosen for analysing purposes in this study as it is recommended as a 

minimum multiplication factor in the guidelines from MacDougall et al. and Eurachem 

2014 (Eurachem, 2014; MacDougall & Crummett, 1980).  

 𝐿𝑂𝐷 = 𝑥5 + 	𝑘 × 𝜎5 Equation 4.7 

The LOQ implies the lowest value, which can be precisely quantified. It is the value 

at which the unknown sample can be quantified with an acceptable level of precision 

and accuracy by the instrument. It can be determined with Equation 4.8 whereby 𝜎5, 

is the standard deviation of the blank solution and xb is the mean of the blank solution 

(MacDougall & Crummett, 1980; Shrivastava & Gupta, 2011). A minimum 

multiplication factor of 10 was suggested (Eurachem, 2014; MacDougall & Crummett, 

1980) and therefore chosen in this study.  

 𝐿𝑂𝑄 = 𝑥5 + 	𝑘 × 𝜎5 Equation 4.8 

Figure 4.5 illustrates an example of a possible calibration curve obtained (left side). 

The absorbance is applied on the y-axis and the standard concentrations on the x-axis. 

The region between LOD and LOQ is referred to as the region of detection. The right 

side of Figure 4.5, shows the limited linear range, which is ultimately used to quantify 

unknown concentrations in the sample. It can be seen how the linear range starts from 

the LOQ to the value, where the calibration curve goes non-linear (Gaines, 2018). 

Non- linear behaviour can be seen as higher analyte concentrations can cause changes 

in the molar absorptivity of the analyte or in the refractive index thus leading to 
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deviations from Beer Lambert’s law (Vitha, 2019). The region above the LOQ is 

indicated as the region of quantification. 

 

 
Figure 4.5 Example of a calibration curve obtained with LOQ, LOD, linear range, sensitivity indicated (left side) 

Linear range of the calibration curve starting from the LOQ (right side). (adapted from Eurachem 2014) 

 

4.3 Electrochemical detection of glucose 
Glucose can also be detected using electrochemical techniques employing enzymes 

and electrodes.  The enzyme catalyses reduction-oxidation (redox) reactions of 

electroactive species. And the current produced via the electron transfer processes 

across the electrode-solution interface is related to the concentration of the analyte of 

interest and can be measured with an electrode system. This method is commonly used 

in glucose biosensors.  

Electrochemical fundamental processes occurring at the electrode-solution interface 

are discussed in this section first before elucidating the operation of an electrochemical 

glucose sensor. 

 

4.3.1 Electrode - electrolyte interface 
Electrodes were used in this study for the application of current to an electrochemical 

cell and for the application of the iontophoretic current to perform RI experiments. An 

electrolyte, which is a conducting medium, can pass the current from the electrode by 

the movement of the charged ions. In this study gel was used as an electrolyte. 
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Once an electrode is immersed into a solution, a potential is developed, which is called 

the half-cell potential, E0. The developed potential can be measured with a voltmeter; 

however, it requires the introduction of a reference electrode (RE) whose potential 

difference to the solution is known. The use of a RE enables the measurement of any 

half-cell potentials with respect to the RE. The standard hydrogen electrode (SHE) is 

seen as the ideal RE as its half-cell potential is considered to be E0 =0 V (Bard & 

Faulkner, 2001b). The disadvantage of SHE reference electrodes is that they are fragile 

and cumbersome to assemble. Alternatively, standard calomel electrode (SCE) or the 

silver/silver chloride electrode (Ag/AgCl) can be used as RE, which are durable and 

less cumbersome to assemble. For this project screen printed pseudo Ag/AgCl 

electrodes were used as RE as discussed in section 2.9.2. 

 

4.3.1.1 Faradaic and non-faradaic processes 
Faradaic and non-faradaic processes can be seen on the electrode-electrolyte interface 

when a reaction takes place on an electrode. 

Faradaic processes involve electron transfer processes across the electrode-electrolyte 

interface and they occur via redox reactions. Oxidation is defined as the loss of an 

electron and reduction is described as the gain of an electron. Energy level differences 

are the driving forces for electron transfers between solution and electrode. When 

applying a potential at the electrode, the energy level of the electrons of the electrode 

changes. For example, with increasing potential at the electrode, the energy level of 

the electrons in the electrode decreases. Hence, if the energy level of the electrons in 

the electrode is lower than the highest occupied molecular orbital (MO) of the 

electroactive species in the solution, then an electron transfer will occur from the 

solution to the electrode, causing the oxidation of the species (Figure 4.6a). Oxidation 

potential is referred to as the potential where the oxidation of the species occurs. And 

the oxidation current is the current due to the electron transfer process from the 

solution to the electrode. The oxidation potential and oxidation current play an 

essential in the detection of glucose (see section 4.3.2).  

In contrast, with decreasing potential at the electrode, the energy level of the electrons 

at the electrode increases. And if the energy level of the electrons at the electrode is 

higher than the lowest vacant MO of the electroactive species in the solution, an 
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electron transfer will occur from the electrode to the solution causing the reduction of 

the species (Figure 4.6b).  

 

 
Figure 4.6 Schematic representation of redox reaction at an electrode-solution interface. a) Oxidation of species 

A in a solution b) Reduction of species A in a solution. The molecular orbits (MO) shown in this figure are the 

lowest vacant molecular orbital and the highest occupied molecular orbital of species A (adapted from Bard & 

Faulkner, 2001b) 

Faradaic processes follow Faraday’s law, which states that the amount of an 

electroactive species produced or consumed in electrochemical reactions in an 

electrochemical cell is proportional to the total amount of charge applied to the cell 

(Bard & Faulkner, 2001b).  

 

The current passing through an interface is equal to the flow of charge per unit time 

and is expressed with the following equation: 

 𝑖 =
𝑑𝑄
𝑑𝑡	 

Equation 4.9 

i…Current [A] 

Q…Charge [coulomb] 

t…Time [s] 

a) 

b) 
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The number of moles of a chemical compound electrolysed (N) in a reaction relates to 

the charge with  

 𝑁 =
𝑄

𝑛 ∗ 𝐹 Equation 4.10 

n…Number of electrons consumed in the reaction at the electrode 

F…Faraday’s constant 95484.56 C/mol; it is defined as the charge of one mole of 

electron. 

 

Based on Equation 4.9 and Equation 4.10, the rate of an electrode reaction (𝑣) is 

given by: 

 𝑣 =
𝑑𝑁
𝑑𝑡 =

𝑖
𝑛 ∗ 𝐹 ∗ 𝐴 Equation 4.11 

A…Electrode area [cm2] 

 

Non-faradaic processes do not involve any charge transfer across the electrode-

electrolyte interface. However, non-faradaic current can flow transiently due to 

changes in the electrode structure (e.g. due to variation in the potential or solution 

composition or due to adsorption of proteins). 

 

4.3.1.2 Electrical double layer  
When you immerse an electrode into an electrolyte, the formation of an electrical 

double layer (EDL) on the electrode-solution interface can be observable. The EDL is 

a charge build-up at the electrode- solution interface and it is considered to behave like 

a capacitor. According to the first EDL model by Helmholtz, it is made up of a layer 

of charge on electrode surface and layer of opposite charge on the solution side; 

whereby the charge on the solution side comprises of a compact layer (consisting of 

the inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP)) and a diffuse 

layer. Figure 4.7 shows the proposed model of an EDL by Helmholtz.  
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Figure 4.7 Electrode double layer according to Helmholtz model. A metal electrode with a negative charge qM  

immersed in a solution with charge qS (adapted from Bard & Faulkner, 2001b)  

qM is defined as is the charge at the metal electrode and qS is defined as the charge in 

the solution at a given potential. Depending on the composition of the solution and the 

applied potential, the charge at the metal electrode is either positive or negative. qM 

resides in thin layer (< 0.1 Å) and is made up of either a deficiency of excess of 

electrons. In contrast, qS represents an excess of either of cations, which are positively 

charged ions or anions, which are negatively charged ions in the vicinity of the 

electrode. Charges are commonly expressed in form of charge densities (σ), which is 

defined as the charge by the electrode area: 

 
𝜎, =

𝑞,	[𝜇𝐶]
𝐴	[𝑐𝑚7]	

Equation 4.12 

The IHP consists of specifically adsorbed ions and molecules with a charge density of 

σI at a distance of x1 from the electrode. Solvated ions can be found in the OHP at a 

distance of x2 from the electrode. They are considered to be non- specifically adsorbed 

as they only interact via long-range electrostatic forces to the metal surface, where the 

chemical properties of ions are not relevant. The diffuse layer is the region between 

OHP and bulk solution and solvated ions can be found throughout this layer. The total 

density of the solvated ions in the diffuse layer is expressed with σD. The thickness of 

the diffuse layer is dependent on the ion concentration in the solution. The total charge 
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density in the solution interface σS is made of the charge of the inner layer σI and the 

diffuse layer σD.  

 𝜎8 = 𝜎9 + 𝜎& = −𝜎, Equation 4.13 

At all times, it is said that the charge density at the solution side of the EDL is opposite 

and equal to the charge density of the electrode side σM.  

 

It is very important to consider the EDL capacitance in electrochemical measurements 

due to the charging current caused by the charging and discharging of the double layer. 

The EDL can influence faradaic processes on the electrode by the adsorption of 

electroactive species onto the electrode. Especially in electrode reactions, which 

involve redox reactions of electroactive species at low concentrations, there is the 

chance that the non-faradaic current caused by the EDL charging is higher than the 

faradaic current (Bard & Faulkner, 2001b). 

 

4.3.1.3 Polarisable and non-polarisable electrodes:  
Polarisation is described as the change of the electrode potential from its equilibrium 

potential due to the passage of a faradaic current.  

Electrodes, which allow free electron transfer processes are called non-polarisable 

electrodes. Non-polarisable electrodes do not change their equilibrium potential upon 

applying a current. In contrast, in ideal polarisable electrodes, already large changes 

the potential are observable upon the application of a small faradic current. They do 

not allow any charge transfer. However, it has to be mentioned that no electrode can 

be completely categorised into polarisable and non-polarisable electrodes. The ability 

of an electrode to polarise depends on a variety of factors with respect to the properties 

of the electrode, such as the electrode potential or electrode material, as well as the 

properties of the electrolytic solution, such as the presence of electroactive species. In 

most electrodes, faradaic and non-faradaic processes are observable (Bard & Faulkner, 

2001b). 
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4.3.2 Operation of a mediated amperometric glucose sensor 
In section 2.5, an overview of different generations of glucose sensors was given. 

Glucose sensors with a mediated electron transfer belong to the second generation of 

glucose sensors.  

The main responsibility of a mediator is to transfer electron(s) between the enzyme 

and the working electrode. In this study glucose oxidase (GOD) was used as the 

enzyme and 1,1 dimethylferrocene (DMFc) was used as a mediator. A mediated 

enzymatic reaction in a glucose sensor with GOD and DMFc can be seen in Figure 

4.8. 

 
Figure 4.8 Redox reaction at electrode surface of a mediated glucose sensor (adapted from Hsueh et al., 2014) 

Glucose gets oxidised to gluconic acid, a reaction catalysed by glucose oxidase. 

Thereby, the glucose oxidase gets reduced itself and reacts with the oxidised form of 

the mediator. In this process the enzyme gets oxidised and gives away the electron to 

the mediator, which in turn gets reduced. By application of a particular potential at the 

electrode, the mediator gets oxidised and gives an electron to the electrode. The current 

produced due to the oxidation reaction of the mediator in the solution (oxidation 

current), is proportional to the glucose concentration. The potential at which the 

oxidation of the mediator occurs is called the oxidation potential.  

Cyclic voltammetry (CV) is an electroanalytical technique, which was used in this 

study to identify the oxidation potential. The equipment and experimental setup 

needed to perform electrochemical glucose detection is explained in following section. 
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4.3.3 Three- electrode system and potentiostat 
To perform electroanalytical measurements such as cyclic voltammetry, an 

electrochemical cell with a three-electrode system is required. A three-electrode 

system consists of a working electrode (WE), a reference electrode (RE) and a counter 

electrode (CE) in an electrolytic solution. Each electrode has a specific function, which 

is controlled by a potentiostat.  

In a three-electrode system, a flow of charge across the electrode- solution is induced 

from CE to WE by creating a potential difference across the CE and WE with respect 

to the RE. The WE provides the surface for the chemical reaction to happen without 

taking part in the reaction with the bulk solution. The RE is a non-polarisable electrode 

and has the responsibility to provide a stable reference voltage against which the 

potential at the WE can be controlled and measured. At no point does the RE draw any 

current. This ensures that all the current in the cell flows through the WE and it can be 

measured with a potentiostat. The CE is required to control and adjust the current flow 

in order to keep the desired potential at the WE relative to the RE.  The CE and WE 

are made of inert electrode so that they serve as good electron conductors and do not 

participate in any chemical reactions with the bulk solution.  

Charge is carried in form of electrons in the electrode and in form of ions in the 

solution. The chemical reactions (eg. oxidation of a species) occurring at the WE can 

cause increases in electron flow leading to an increased flow rate of charge. This in 

turn leads to a higher current, which can be measured by the potentiostat.  

 

Potentiostat 

A potentiostat is a device, which is used to control the three-electrode system. It 

supplies and maintains the desired potential at the WE with respect to the RE and takes 

current measurements caused by chemical reactions. The circuit diagram of a 

potentiostat with a three-electrode system can be seen in Figure 4.9. 
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Figure 4.9 Circuit of an basic potentistat with an electrochemical cell consisting of a three electrode system; 

opamp A works as a voltage follower and opamp B works as a current to voltage converter (adapted from Allen, 

Hill and Sanghera, 2011) 

Operational amplifiers (op-amps) are required to ensure the functionalities of a 

potentiostat to carry out electrochemical measurements.  

 

 

 

 

 
Figure 4.10 Diagram of an opamp 

Op-amps (Figure 4.10) need their own power supply (e.g.± 15V with respect to a 

common ground). They have an inverting input (V-) and a non-inverting input (V+) and 

one output (Vout). VS is the supply voltage and is defined as the potential at V-  relative 

to the potential at V+  

 𝑉8 = 𝑉'−𝑉: Equation 4.14 

The output voltage (Vout) of an opamp is expressed with  

 𝑉0;< = −𝐴 ∗ 𝑉8 Equation 4.15 

A…Open gain loop 

 

In the ideal case op-amps have infinite input impedance, infinite open loop gain and 

zero output impedance and infinite bandwidth. The devices used for electrochemical 

applications are said to perform so well so that the nonidealities are considered to be 

negligible (Bard & Faulkner, 2001a). 
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Opamps can be used in different configurations depending on the intended use. For 

potentiostatic purposes, they were used in the form of a voltage follower (opamp A in 

Figure 4.9) and a current to voltage converter (opamp B in Figure 4.9).   

Voltage followers are also called unity gain amplifier and their circuit design can be 

seen in Figure 4.11. In this configuration, there is no amplification of the input signal 

and V+ equals to Vout.  

 

 
 

 

 
Figure 4.11 Circuit of a voltage follower 

In electrochemical systems it is challenging to maintain the potential at WE at the 

desired value due to the constant changes in resistance and solution current. But it can 

be achieved with the help of a voltage feedback mechanism provided by the RE. The 

RE electrode is connected to the inverting input of the voltage follower. This on one 

side ensures that no respectively negligible amount current will be drawn by the RE 

due to the high input impedance of the opamp. In addition, it allows for the measured 

voltage difference between the WE and RE to be reflected in the output of the opamp 

A, which supplies the WE with the desired potential. The opamp aims to maintain the 

same potential at both of its inputs. Therefore, opamp A compares the measured 

potential to the desired potential and adjusts the output current accordingly so that both 

are the same (Bard & Faulkner, 2001a).. 

 

Current to voltage converter work effectively on the same principles as voltage 

followers. However, they have additionally a feedback resistor, see circuit in Figure 

4.12. 

 

 

 

 

 
Figure 4.12 Circuit of a current to voltage follower 
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As discussed, in an ideal opamp, the voltage at the positive and negative input are 

virtually the same. As the non-inverting input of the op-amp is connected to the 

ground, node S is considered as a virtual ground. Based on Kirchoff’s law, following 

relationship at node S can be determined 

 𝑖=> = −𝑖$? Equation 4.16 

Whereby 𝑖$? =
@"#$
$%

 based on Ohm’s law; 

 𝑖=> = −
𝑉0;<
𝑅?

 Equation 4.17 

 𝑉0;< = −𝑖=> ∗ 𝑅? Equation 4.18 

 

Equation 4.18 indicates that Vout is proportional to the input current iin by a factor 

defined by RF.  

The WE is connected to the inverting output of current to voltage follower. It provides 

the input current iin, which is the current flowing through the cell and can be obtained 

with VOUT based on Equation 4.18. 

 

4.3.4 Cyclic voltammetry  
Cyclic voltammetry (CV) is an electroanalytical technique, which allows the 

monitoring of the current produced via a redox reaction of the mediator on the 

electrode surface as a function of potential. This method was used to identify the 

oxidation potential of the mediator. CV is employed using a three-electrode system 

and a potentiostat, which was explained in Section 4.3.3. 

In CV, the potential applied to the WE relative to the RE is also called potential 

excitation signal. For CV, the excitation signal has a linear triangular shape (Figure 

4.13); Thereby, the excitation signal is swept between two values, which are also 

called the switching potentials. In the forward scan, the potential will be increased 

until the switching potential El is reached and in the reverse scan it will be decreased 

until the second switching potential is reached. One full cycle consists of a forward 

and a reverse scan. The cycle can be repeated multiple times. The scan rate (SR) 

indicates how fast the potential changes with regards to time and its unit is V/s.  



 99 

 
Figure 4.13 Typical excitation signal for cyclic voltammetry 

During the potential scan, the current at the WE is measured. Figure 4.14 shows a 

voltammogram, which is a graph that shows the applied potential at the WE with 

respect to the RE on the x-axes and the resulting current y-axes. 

 

 
Figure 4.14 Example of a cyclic voltammogram of a ferrocene derivative: 0.5 mM ferrocenemonocarboxylic acid 

(Fecp2R). Epa and Epc being the anodic peak potential and cathodic peak potential respectively and Ipa and Ipc 

being the anodic peak current and cathodic peak current respectively; 

The forward scan starts at the excitation potential (-0.1 V) and ends with the switching 

potential (0.5 V). At the beginning, only a non-faradaic capacitive current is 

observable due to the electrode double layer.  

El 

Einit Efinal 

Epa 

Epc 

Ipa 

Ipc 

Capacitive current 



 100 

The electroactive species on the electrode surface are able to undergo electrochemical 

conversions at certain potentials. Once the potential is sufficiently positive to oxidise 

ferrocene (Fecp2R) to ferricinium ion (Fecp2R+), an increase of current is seen, which 

is a faradaic current. The faradaic current continues to increase until ferrocene gets 

fully depleted on the electrode surface causing a current peak (Ipa). The potential, 

where the current reaches its maximum is called anodic peak potential (Epa). 

Subsequently, the current decays as the concentration of the ferrocene diminish from 

the surrounding of the electrode surface and the rate of oxidation occurs faster than the 

mass transport of the analyte from the bulk solution to the electrode surface. At the 

same time an increase of ferricinium concentration at the electrode surface occurs. As 

soon as the switching potential is reached, the reverse scan begins and the potential 

gradually decreases. Once the potential is sufficiently negative to reduce ferricinium 

ions to ferrocene, the cathodic current starts flowing until the concentration of the 

ferricinium ion is depleted in the vicinity of the electrode surface and a cathodic current 

peak (Ipc) is produced. The voltage, where the cathodic current reaches its maximum 

is called the cathodic peak potential. After that the current decays, as there is no more 

ferricinium in the surrounding of the electrode surface. One full cycle has been 

completed, once the potential reaches the excitation voltage (Kissinger & Heineman, 

1983). 

Only the faradaic current is the result of the electron transfer and is proportional to the 

analyte concentration. It has to be taken into account that the capacitive current is 

constantly flowing due to the rearrangements of ions in electrode double layer caused 

by the changes in applied potential in CV. The capacitive current can be determined 

by extrapolating the baseline current (Kissinger & Heineman, 1983) and subsequently 

deducted from total current to identify Ipa. 
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The Nernst equation relates the cell potential to the standard cell potential and the 

concentrations of the oxidised species/reduced species in a system. At a temperature 

of 25 °C and a reversible electron transfer system it is expressed with: 

𝐸 = 	𝐸A −
0.0592
𝑛 ∗ 𝑙𝑜𝑔

[𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑜𝑥𝑖𝑑𝑖𝑠𝑒𝑑	𝑠𝑝𝑒𝑐𝑖𝑒𝑠]
[𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑟𝑒𝑑𝑢𝑐𝑒𝑑	𝑠𝑝𝑒𝑐𝑖𝑒𝑠]  

Equation 4.19 

E… Cell potential [V] 

E0…Standard reduction potential [V] 

n…Number of electrons 

It helps to predict the response of a system caused by concentration changes of the 

oxidises/reduced species or by altering the excitation potential. For example, the 

excitation potential equals to the standard reduction potential, when the ratio of the 

concentration of oxidised species by the concentration of the reduced species equals 

to one. 

 

The peak current changes with respect to the scan rate. With an increased scan rate, 

the diffusion layer decreases, which in turn leads to higher peak currents. Randles-

Sevcik equation (Equation 4.20) relates the peak current with the scan rate in a 

reversible system. 

 
𝐼 = 0.446 ∗ 𝑛 ∗ 𝐹 ∗ 𝐴 ∗ 𝑐 g

𝑛 ∗ 𝐹 ∗ 𝑆𝑅 ∗ 𝐷
𝑅 ∗ 𝑇 h

B/7

 
Equation 4.20 

I…current [A] 

n…Number of electrons transferred 

F…Faraday’s constant [ D
+01

] 

A…Area of electrode [cm2] 

D…Diffusion coefficient of mediator [*+
&

E
] 

c…Concentration of analyte of interest in bulk solution [+01
*+!] 

SR…Scan rate [@
E
] 

R…Gas constant [ F
G∗+01

] 

T…Temperature [K] 

It is known that ferrocene and ferrocene derivatives undergo a reversible one electron 

transfer indicating a good stability of the mediator (Cass et al., 1984). In a reversible 
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system an anodic and a cathodic peak should be observable in the cyclic 

voltammogram. A stable species will stay close to the electrode surface and in the 

reverse scan a current wave of the opposite polarity of the forward scan will be seen. 

An unstable species will show no current wave in the reverse scan.  

Reversible systems can be determined by analysing the voltammogram and the 

following conditions apply (Hill & Sanghera, 1990): 

1) There should be a peak separation of 57 mV between the anodic and cathodic 

peak potential.  

2) The peak current, which was obtained from the potential scan, should be 

proportional to the square root of the scan rate 

 𝑖H = 𝐴 ∗ 𝑣B/7 Equation 4.21 

3) The ratio between the anodic peak current (ipa) and cathodic peak current (ipc) 

should equal to 1 

4) The anodic peak potential is independent of the applied scan rate.  

 

In case of a reversible system, the redox potential can be identified with Equation 4.23, 

whereby Epa is the anodic peak potential and Epc is the cathodic peak potential. 

 𝐸 =
𝐸𝑝𝑎 + 𝐸𝑝𝑐

2  Equation 4.23 

• Establishment of a glucose calibration curve using electrochemical glucose 

detection techniques 

Glucose calibration curves based on electrochemical glucose detection can be 

established with the help of the anodic peak currents. Glucose concentrations of 

standards are plotted against the anodic peak currents obtained via CV using the 

glucose sensors. A linear response is expected between a limited range of the standard 

glucose concentrations and the respective oxidation current and can be expressed with 

the linear function equation (Equation 4.6). 

 

 𝑖HI
𝑖H*

= 1 Equation 4.22 
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4.3.5 Reference electrodes 
As discussed, the potential applied to the WE in an electrochemical system is relative 

to a RE. For this project screen printed pseudo Ag/AgCl electrodes were used as RE. 

For comparison purposes to existing literature, there is the possibility to convert 

potentials which was acquired relative to one type of RE to a potential relative to 

another type of RE (Research Solutions & Resources LLC., 2014). The reference 

potential of the screen-printed pseudo Ag/AgCl electrodes were tested relative to a 

standard Ag/AgCl (3M KCl) references electrode. Therefore, redox potentials of 

ferrocene derivatives found in literature were converted with respect to Ag/AgCl (3M 

KCl) references electrode. 

From literature it is known that Ag/AgCl (3M KCl) vs. NHE has a potential of        

0.210 V and a potential of -0.032V vs. SCE  (Friis et al., 1998).  

 
Table 4.1 shows a list of selected mediators with their redox potentials from the 

literature and the converted potential vs Ag/AgCl (3 M KCl) reference electrode.  
Table 4.1 Mediators with redox potentials from literature 

Electroactive 

species 

Redox potential from 

literature 

Converted redox 

potential vs Ag/AgCl 

Reference 

DMFc 0.100 V vs SCE 0.132 V vs Ag/AgCl  

(3M KCl) 

(Cass et al., 1984) 

Ferrocene 0.165 V vs SCE 0.197 V Ag/AgCl  

(3M KCl) 

(Cass et al., 1984) 

Ferrocene 0.4 V vs SHE 0.190 V vs Ag/AgCl  

(3M KCl) 

(Sharpe & 

Housecroft, 2005) 

Ferrocene 0.2 V vs Ag/AgCl  (Gray, 2008) 

 

From theory it is known that in case of a one-electron reversible system, following 

formula applies for the difference in peak potentials (Kissinger & Heineman, 1983): 

 
∆𝐸 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐	 ≅

0.059
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠	𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 

Equation 4.24 

Based on Equation 4.24, the anodic and cathodic peak potential of dimethyl ferrocene, 

which undergoes a one-electron transfer, should be situated ±0.0295 V (0.059/2) from 

the redox potential of DMFc. Therefore, an anodic peak potential of 0.1615V        
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(0.132 V + 0.0295)  and a cathodic peak potential of 0.1025 V (0.132V- 0.0295V) 

were calculated from the redox potential of DMFc given by Cass et al’s research (Cass 

et al., 1984).  

 

4.4 Reverse iontophoresis 
Reverse iontophoresis (RI) enables non-invasive transdermal extraction of glucose 

molecules across the skin by applying a low level current. The skin structure and 

pathways for molecules to cross the skin barrier were discussed in detail in section 

2.9.1. This section explains the mass transport mechanisms involved in RI. 

 

As discussed, non-polarisable electrodes, such as Ag/AgCl electrodes enable free 

current flow in the electrode-electrolyte interface. Therefore, this type of electrode was 

used to apply the iontophoretic current. When applying the iontophoretic current 

across the skin, the current will flow from one direction to the other. Therefore, two 

iontophoresis electrodes are required to complete a circuit, an anode, which is the 

positively charged electrode and a cathode, which is the negatively charged electrode. 

The applied iontophoretic current is carried by electrons in the metallic part of the 

circuit and in solution the current is carried by the ions (cations or anions). For the 

continuous flow of current in the circuit, the same amount of charge has to leave and 

reach the electrode.   

In addition, a third electrode was used in the RI setup as a control electrode where no 

current was passed through. In the configuration used in this project gel is applied onto 

the electrode for electrical conductance. It is also used as a receptacle for the glucose 

to accumulate. 

 

Three transport mechanisms contribute to the mass transfer during the process of RI 

1) electromigration 2) convection due to electroosmosis and 3) diffusion; whereby 

electromigration and electroosmosis are a direct result of RI and diffusion occurs 

indirectly. Figure 4.15 shows a schematic view of the RI process and the involved 

transport mechanisms at each electrode.   
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Figure 4.15 Schematic view of reverse iontophoresis with the transport mechanisms indicated with the arrows 

(1= electromigration, 2= electro-osmotic flow and 3= passive diffusion) at each electrode.  Three transport 

mechanism are active on the cathodal side of electrodes, two are active on the anodal side and one is active on 

the control electrode. 

Electromigration is the main transport mechanism of charged particles and is induced 

by an electric field. Thereby, charged species migrate towards the electrode with 

opposite polarity. Convective flow caused by electroosmosis is induced by the 

application of an electric field across a charged membrane.  Thereby, a solvent flow is 

created in the same direction as the flow of counterions. Diffusion is the movement of 

particles along a concentration gradient across a membrane. It occurs mainly in the 

electrode-solution interface as the concentration gradient within the bulk solution is 

usually small. Compared to electromigration and electroosmotic flow, passive 

diffusion extracts the least amount of solute. 

The total flux of a charged species i (Ji) during RI is defined as the sum of flux caused 

by diffusion (JD.i), electromigration (JM.i) and convective flow due to electroosmosis 

(JC,i)  and can be characterised with a modified Nernst-Plank expression (Bard & 

Faulkner, 2001c): 

 

 

 𝐽= = −𝐷=
𝑑𝑐=
𝑑𝑥 							+ 					

𝑧=𝐹𝐷=
𝑅𝑇 𝑐= ∗ 𝑋				 + 										𝑣 ∗ 𝑐= Equation 4.25 

 

Ji…Flux of species i [ +01
E∗*+&] 

Di…Diffusion coefficient of species i [*+
&

E
] 

 JD.i JM.i JC,i  
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ci…Ion concentration of species i [+01
*+!] 

x…Distance [cm] 

zi…Charge number of species i 

F…Faraday’s constant [ D
+01

] 

X…Applied electric field 

v…Average electroosmotic solvent flow velocity [*+
E
] 

 

For a charged species, the flux of the species (Ji) equals to the current density with the 

following equation (Bard & Faulkner, 2001c): 

 𝐽= =
𝑖=

𝑧=𝐹𝐴
 Equation 4.26 

ii…Current [A] 

A…Electrode area [cm2] 

 

The flux of a charged species (Ji) during RI can be translated into a current carried by 

an ion (ii) with the help of Equation 4.25 and Equation 4.26: 

 

 

 𝑖= = 𝑧=𝐹𝐴 ∗ 𝐽&,= 		+ 		𝑧=𝐹𝐴 ∗ 𝐽,,=		 + 		𝑧=𝐹𝐴 ∗ 𝐽D,= Equation 4.27 

 

The diffusion coefficient D is expressed with the Einstein-stokes equation (Equation 

4.28) and it relates the diffusion and viscous flow in a system (Bockris & Reddy, 

1998). It is observable how the diffusion coefficient depends on the radius of the ion. 

 𝐷 =
𝑘 ∗ 𝑇

6 ∗ 𝜋 ∗ 𝑟 ∗ 𝜂 Equation 4.28 

k…Boltzmann constant [F
G
] 

T…Temperature 

r…Radius of ion 

𝜂…Viscosity of the solution  

 

           

Diffusion Migration Convection            
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4.4.1 Electromigration 
Electromigration is defined as the movement of charged ions across the skin under the 

influence of an electric field. As discussed, the flow of electrons caused by the 

application of the iontophoretic current is exchanged to a flow of ions in the ionic 

solution. There is a balance between the number of electrons moving in the external 

circuit and the number of ionic charges moving through skin (Sage & Riviere, 1992).  

The flow of charge in the solution is carried out by all the ions present in solution i.e. 

each ion carries a fraction of the total charge. The total current (i) in migration is 

defined as the sum of currents carried by each ion (ii): 

 𝑖 =p𝑖= = 𝐹 ∗ 𝐴 ∗ 𝑋 ∗p𝑧= ∗ 𝜇= ∗ 𝑐=
==

 Equation 4.29 

i…Total current [A] 

ii…current by ion I [A] 

F…Faraday’s constant  

A…Electrode surface [cm2] 

X…Applied electric field 

zi…Charge number of ion i 

µi…Mobility of ion i [*+
&

E∗@
] 

ci…Concentration of ion i [+01
*+!] 

 

The Einstein-Smoluchowski equation relates the mobility of an ion with the diffusion 

coefficient (Bard & Faulkner, 2001c). The transport of charge of an ion increases with 

higher mobility of the ion.   

 𝜇= =
𝑧= ∗ 𝐹 ∗ 𝐷=
𝑅 ∗ 𝑇  Equation 4.30 

R…Gas constant 

T…Temperature 

 

The transport number (ti) indicates the fraction of current carried by an ion relative to 

the total current and is expressed with (Bard & Faulkner, 2001c) 

 𝑡= =
𝑖=
𝑖 =

𝑧=	 ∗ 𝜇= ∗ 𝑐=
∑𝑧K	𝜇K𝑐K

 Equation 4.31 
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The total charge transfer is depended on several factors: The current intensity, the 

duration of RI, the transport number of the ion of interest (Leboulanger et al., 2004).  

Due to safety concerns, the current intensity should not exceed 500 µA/cm2. The 

extraction time should be sufficiently long so that enough amount of the substance of 

interest has been extracted for detection.  

Depending on the charge of the particles in the solution, they will migrate to the 

oppositely charged electrode under the influence of an electric field, i.e.  positively 

charged molecules, such as sodium and potassium flow to the cathode and negatively 

charged ions such as chloride to the anode. 

Na+ and Cl-, being the main extracellular electrolytes in the body (Terry, 1994), are 

the principle carriers of the iontophoretic current due to their small size and their high 

mobility (Merino et al., 1997). Their average ionic mobility was estimated to be  

1.5*10-8 *+
&

@∗E
 in the stratum corneum (Guy et al., 2000). The higher the molecular 

weight of the ion, the more restricted is its mobility, which in turn compromises 

electromigration. It was shown that for cations with increasing ion size such as cation 

peptides (>1000 daltons), the ionic mobility decreases and therefore, the principle 

transport mechanism changes from electromigration to electroosmosis (Guy et al., 

2000). 

 

4.4.2 Convection due to electroosmosis 
In electroosmosis a solvent flow is created due the influence of an electric field on a 

charged membrane. The electroosmotic flow (EOF) plays an essential role in 

separation techniques such as capillary electrophoresis where charged species are 

separated based on their charge and size. It is also one of the transport mechanisms 

involved in RI. 

Figure 4.16 shows a schematic view of the EOF occurring in glass capillary filled with 

an electrolytic solution under the influence of an electric field.  
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Figure 4.16 Schematic view of the electroosmotic flow in a glass capillary (adapted from Bard & Faulkner, 

2001d) 

The wall of the glass capillary has a net negative charge at a pH of 3. When a 

membrane is in contact with a solution, an electrical double layer is observable at the 

membrane-solution interface (similar to one at an electrode-solution interface). As 

discussed, an electrical double layer is a charge build-up and it is made up of a layer 

of charge on membrane surface and layer of opposite charge on the solution side. It 

consists of a compact and a diffuse layer. 

Due to the net negative charge of the membrane, the anions in the solution are repelled 

from the membrane. However, cations from the bulk solution are strongly attracted to 

the negatively charged membrane, creating the compact layer of the double layer. 

Solvated cations are free to move and can be found in the diffuse layer of the double 

layer. Under the influence of an electric field, the movement of the cations in the 

diffuse layer create a solvent flow from the anode (+) to cathode (-) and thereby assists 

the transport of cations and neutral species along the solvent flow. In contrast, anion 

transport is hindered. (Bard & Faulkner, 2001d) 

 

This behaviour can be also seen in RI experiments. As discussed, the isoelectric point 

of the skin is 4. Therefore, at physiological pH, the skin carries a net negative charge 

(Burnette & Ongpipattanakul, 1987). Under the influence of an electric field, a solvent 

flow is created from the anode to the cathode by the movement of the cations in the 
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diffuse layer. The Na+- ions are the main electrolytes responsible for creating the 

solvent flow and enable uncharged molecules to be transported to the cathode via the 

electro- osmotic flow (Pikal, 1990, 1992). The main transport mechanism for glucose 

in RI is the electroosmotic flow. In addition, passive diffusion also contributes to the 

transport of glucose across the skin (Sieg et al., 2004b).  The electroosmotic flow 

supports the transport of cations and neutral compounds to the cathode but hinders 

anion transport to the anode. 

 

The average velocity (𝑣) of the electroosmotic flow is proportional to the applied 

electrical field and can be described with (Bard & Faulkner, 2001d):  

 𝑣 =
−𝜀 ∗ 𝜀A ∗ 𝜉 ∗ 𝐸

𝜂  Equation 4.32 

v…Average electroosmotic flow velocity 

𝜀…Permittivity of the medium 

𝜀A… Permittivity of free space 

𝜉…Zeta potential, which is the potential at the shear plane between the compact and 

diffuse layer of the electrical double layer 

E…Applied electrical field strength 

𝜂…Viscosity 

 

The velocity of a neutral species or an ion (𝑣B) with respect to the membrane is 

expressed as the sum of the velocity of the neutral species or ion relative to the solvent 

flow (𝑣BA)  and the velocity of the solvent flow relative to the membrane (𝑣) (Pikal, 

1992):  

 𝑣B = 𝑣BA + 𝑣 Equation 4.33 

A neutral compound has a 𝑣BA = 0, therefore it would be carried along the solvent flow 

with a velocity of 𝑣. In contrast, charged species have a 𝑣BA ≠ 0, due to their interaction 

with the electric field. Depending on the charge and hence direction of movement, the 

velocity of the solvent flow will either assist or hinder their transport. 
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The total current (i) in electroosmosis could be expressed with 

 𝑖 = 𝐹 ∗ 𝐴 ∗ 𝑣 ∗p𝑧=
=

∗ 𝑐= Equation 4.34 

However, due to the principles of electroneutrality in the bulk of a conducting solution 

(∑𝑧= ∗ 𝑐= = 0), the total convection current density in a system equals to zero 

(indicated with the dashed line in Equation 4.34) (Lefrou et al., 2012). 

Factors, which have an influence on electroosmosis are current density, ionic strength 

and the pH value (Santi & Guy, 1996b).  

The ionic strength gives information on the concentration of ions present in the 

electrolyte. It was shown that with lowering the ionic strength in the electrode chamber 

(which is filled with gel), the electroosmotic flow towards the cathode was enhanced 

(Merino et al., 1999; Santi & Guy, 1996b). This is due to that fact that, with decreasing 

ionic strength in the electrode chamber, the charge carriers in the chambers reduces. 

This forces the ions in the solution (in vivo: the ions in the subdermal region; in vitro: 

the ions in the buffer solution in the diffusion cell) to carry more of the total charge 

and hence electroosmotic flow from the solution to the skin surface or to membrane 

surface respectively is elevated. However, sufficient level of electrolyte must be 

present in the chamber to allow and support the necessary electrochemical reactions 

on the Ag/AgCl electrode (Santi & Guy, 1996b). In contrast, with increasing the ionic 

strength, the electroosmotic flow was decreased. With increased number of ions in the 

system, the fixed charges of the skin are effectively shielded causing a reduction of the 

electric field in the iontophoretic pathways. This in turn impairs the migration of 

counterions and therefore, the electroosmotic flow (Santi & Guy, 1996b). 

It was shown that with decreasing pH in the electrode chamber, the electroosmotic 

flow towards the cathode was impaired. This could be due the neutralisation of the net 

negative charge of the skin with the hydrogen ions. In contrast, an improved 

electroosmotic flow towards the cathode was observable due increased net negative 

charge density at higher pH (Santi & Guy, 1996b). 

Pikal stated that the molecular size of the solute does hardly have an impact on the 

flux of solutes during electroosmosis with the condition that the size of the solute does 

not interfere with the transport pathway (Pikal, 1992).  

i	
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4.4.3 Diffusion 
Diffusion is the movement of particles due to a concentration gradient. Diffusion in a 

steady state system can be characterised with Fick’s first law of diffusion, which is 

expressed in the following equation (Equation 4.35)(Bard & Faulkner, 2001c). 

Diffusion of an analyte (Ji) is proportional to the concentration gradient between two 

points.  

 𝐽= = −𝐷 ∗
𝑑𝑐
𝑑𝑥 Equation 4.35 

 
Diffusion in a non-steady state is governed by Fick’s second law of diffusion. The 

change of concentration of a substance over time and space is expressed with the 

following equation  

 𝜕𝑐
𝜕𝑡 = 𝐷

𝜕7𝑐
𝜕𝑥7 

Equation 4.36 

The total diffusion current can be expressed as the sum of currents carried by each ion 

(ii): 

 𝑖 = 𝐹 ∗ 𝐴 ∗p𝑧=
=

∗ 𝐷= ∗
𝑑𝑐=
𝑑𝑥  Equation 4.37 

The number of molecules transported via passive diffusion increases with the given 

diffusion area. Furthermore, passive diffusion also depends on the size of the molecule 

to diffuse as it was seen in Equation 4.28 that the diffusion coefficient depends on the 

radius of the ion (Kasting et al., 1987). Na+ ions have a diffusion coefficient of  

DNa=1.334*10-5 cm2/s in aqueous solution and Cl- ions DCl =2.032 *10-5 cm2/s (Bockris 

& Reddy, 1998). In comparison, glucose, which is the analyte of interest in this study 

has a diffusion coefficient of D=0.6*10-5  cm2/s in aqueous solution (Stein & Litman, 

2015). 

Glucose is extracted via electroosmosis and diffusion, whereby the contribution of 

passive diffusion is small compared to the electroosmotic flow. Figure 4.17 shows the 

iontophoretic solution flux in comparison to the passive solution flux of glucose across 

a hairless mouse skin using a permeation cell (Pikal & Shah, 1990).  
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Figure 4.17 Contribution of diffusion and electroosmosis to glucose flux across hairless mouse skin over time 

with an iontophoretic current of 0.32 mA/cm2. The glucose concentration in the donor cell was 0.05 M. (adapted 

from Pikal and Shah, 1990) 

The passive diffusion flux of glucose was on average 0.1 L/
M∗*+&, whereas via 

electroosmosis higher glucose flux were observable (up to approximately 4 L/
M∗*+&). In 

addition, it was shown that the application of an iontophoretic current enhances skin 

permeability due to the changes in the skin structure (Pikal, 1992; Srinivasan et al., 

1988; Srinivasan et al., 1989). Pikal and Shah showed that the glucose flux via 

diffusion increased from 0.2 L/
M∗*+& by a factor of 10 after the application of an 

iontophoretic current (Pikal & Shah, 1990). 

4.5 Integrating a glucose binding agent in the sensor in 

the RI environment 

 
Figure 4.18 Transport mechanisms of molecules and ions from the bulk solution across the membrane to the 

mediated glucose sensor with AC as a glucose binding agent in the outer layer of the sensor.  

!
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Figure 4.18 shows a schematic view of a mediated amperometric glucose sensor with 

AC in the outer layer of the sensor and the transport mechanisms involved in RI. The 

mass transport mechanisms via RI across the membrane to the gel reservoir were 

discussed in section 4.4. Once glucose is in the gel reservoir via the application of RI, 

diffusion is the only transport mechanism for the glucose molecules to move across 

the layer gel to the electrode surface where the redox reaction of the mediator takes 

place.  

With the condition that only one reaction occurs at the electrode-solution interface (i.e. 

A + eà A+), the current related to the diffusion flux of the analyte of interest at the 

electrode surface is expressed with  

 𝐽4(0, 𝑡) =
𝑖

𝑛 ∗ 𝐹 ∗ 𝐴 = 	𝐷0 × v
𝑑𝑐(0, 𝑡)
𝑑𝑥 w

NOA
 Equation 4.38 

The integration of a glucose binding agent in the outer layer of the sensor, can facilitate 

to draw the analyte of interest continuously out of the gel layer into the binding agent 

and it will prevent the accumulation of the analyte in the gel reservoir. Hence, it can 

create a uniform diffusion profile of glucose in the gel to the outer layer, governed by 

Fick’s first law of diffusion. By the binding of the glucose to the binding agent in the 

outer layer, a local concentration of zero or near zero can be found. The concentration 

gradient in Fick’s first law of diffusion can then be rewritten to  

 𝑑𝑐
𝑑𝑥 =

𝑐B − 𝑐A
𝑥B − 𝑥A

=
𝐶𝑠𝑘𝑖𝑛 − 0

𝑥  Equation 4.39 

Cskin…glucose concentration at the skin barrier 

x…thickness of the gel layer  

The glucose concentration at the skin barrier will be depended on the glucose 

concentration in the interstitial fluid. Therefore, if the glucose concentration in the 

interstitial fluid changes, the glucose concentration at the skin barrier and the diffusion 

flux of glucose will change accordingly provided a controlled and uniform diffusion 

is present. (Connolly, 2014)  
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4.6 Statistical analysis 
The standard error of mean (SEM) was used to show the sample distribution of the 

datasets and this was calculated with the following equation: 

 
𝑆𝐸𝑀 =

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

Equation 4.40 

Statistical significance: 

To analyse statistical significance of the obtained results, SPSS Statistics from IBM 

was used to perform statistical tests. When comparing two populations with a normal 

distribution, the two-independent sample t-tests were applied. In contrast, in the case 

of non-normal datasets, the Mann Whitney U test was applied to determine the 

statistical significance between two populations. In case of three or more than three 

populations with normal distribution, the one-way ANOVA test was used. A 

significance level of 0.05 was chosen for all statistical tests. P-values less than or equal 

to 0.05 indicate that the difference between both groups is enough to reject the null 

hypothesis. The null hypothesis states that there is no significant difference between 

both populations. In contrast, p-values higher than 0.05 indicate that there is no 

significant difference between the datasets.  
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5 Materials and Methods 
The main aim of this study was to evaluate the suitability of AC to act as a glucose 

binding agent in wearable sensors in the reverse iontophoresis (RI) environment. This 

could help for better controlled and more uniform glucose flux across iontophoresis 

devices. For further improvement of the device, the integration of a biosensor in the 

electrode was investigated to provide direct glucose measurements in the gel electrode 

itself. This chapter reviews the key materials, methods and related experimental details 

that underpin this study.  

 

In the first part of this chapter, all the materials and devices used in this project are 

listed followed by the preparation of basic buffer solutions and hydrogel. Details and 

the protocols of the used glucose assay kits are described here.  

 

The electrodes, which were used to perform RI experiments were manufactured in the 

laboratory using screen-printing methods. In vitro RI experiments were then carried 

out to study the flux of glucose molecules during RI using a diffusion cell. 

 

Preliminary experiments were performed to prove glucose adsorption to AC from 

glucose solution samples as well as glucose gel samples. Once glucose adsorption to 

AC was successfully shown, a prototype of an AC foam integrated electrode was 

developed and tested in the in vitro RI setup. 

 

In the final section of the chapter, the fabrication of the glucose sensors, which were 

used for direct glucose measurements in the RI experiments, is explained. A series of 

experiments were carried out to assess sensor performance and its potential to be used 

in the RI environment. In addition, AC foam was also integrated in the biosensor and 

tested in the in vitro RI setup. 
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5.1.1 Materials 

5.1.2 Chemicals 
Methylcellulose powder (Methocel A4M Premium USP/EP – Lot# UJ24012N02) was 

purchased from Colorcon limited. Sodium phosphate monobasic                                

(S2554 – Lot# 023K0049), Glucose (G8270), potassium chloride (P5405), sodium 

chloride (S7653), HEPES (H3375), 1,1’-dimethylferrocene, (DMFc) (109576),            

1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate 

crystalline (carbodiimide) (C1011), sodium acetate (S2889), potassium phosphate 

(P5379), ethanol (32221), sodium azide (S2002), sodium perchlorate (410241), 

potassium phosphate (P5379), standard Ag/AgCl (3M KCl) reference electrode and 

glycerol (G5516 – Lot# SHBC6976V) were purchased from Sigma Aldrich. 

Glucose Oxidase (GOD) (Aspergillus niger) (G03A) was purchased from Biozyme 

Laboratories and ascetic Acid (27013) was purchased from BDH, UK. 

The silver/silver chloride ink (LOCTITE EDAG 6037 SS E&C – Batch No: 

OW62413025) and the carbon ink (LOCTITE EDAG PF 407A E&C) were both 

purchased from Henkel electronic materials. 

The Elga Purelab system was used to purify water to distilled water. 

 

5.1.3 Other materials 
Glucose assay kit, GLUC-PAP (GL2623) was purchased from Randox Laboratories 

Limited. 

Glucose (HK) Assay Kit (GAHK20-1KT) was purchased from Sigma Aldrich. The 

Spectrapore membrane (131060) was purchased from Spectrum Laboratories Inc. The 

Vitro-Skin® was purchased from IMS Inc.  The Micropore Surgical Tape was 

purchased from Boots and the double-sided tape 1” inch red was purchased from Hair 

Direct. 

The Betta Activated Filter Carbon was purchased from J&K Aquatics Ltd and the 

Compost caddy odour filters was purchased from Garland Products Limited. 

The EuroPunch Pliers (Round 1.25 mm – PLR 133.60) for Sheet Metal was purchased 

from Eurotool punchhole.   

The masks for the screen printing were purchased from MCI Precision Screens Ltd.  
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The acetate sheets were purchased from MA10 Niceday. 

5.1.4 Other devices 
• Multiskan Ascent 96/384 Plate Reader from MTX Lab Systems Inc. 

• Multskan go from Thermo Scientific 

• Genova Nano Spectrophotometer from Jenway 

• Constant current source designed and constructed in the Biomedical 

Engineering Department, University of Strathlclyde 

• Electrochemical interface SI1268 from Schlumberger (University ID: 

INV017206) 

• Diffusion cell from Biomedical Engineering Department, University of 

Strathlclyde 

• Screen exposure unit from Dek (University ID: INV017009) 

• Semiautomatic screen printer Model 247 from Dek  

• Carl Zeiss Axio Imager microscope 

 

5.2 Methods 

5.2.1 Preparation of 0.1 M phosphate buffer solution 
0.1 M phosphate buffer solution was prepared by dissolving 2.9975 g of sodium 

phosphate monobasic in 250 ml distilled water. The pH was then adjusted to 7.4 by 

adding drops of 5 mM sodium hydroxide solution.  

 

5.2.2 Preparation of 5 mM sodium hydroxide solution 
5 mM sodium hydroxide solution was prepared by dissolving of 20 g of sodium 

hydroxide in 100 ml of distilled water. 

 

5.2.3 Preparation of 3% w/v of methylcellulose hydrogel 
The hydrogel was prepared by dissolving 3 g of methylcellulose powder in 80 ml of 

0.1 M phosphate buffer solution, which had a pH of 7.4. 30 ml of the buffer was heated 

up to 80 °C and mixed with the powder with a battery-operated stirrer. Once the 

powder was completely dissolved, the remaining phosphate buffer was added and 
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mixed until an even paste was seen, and the temperature of the gel was brought down 

to room temperature. Finally, 20 ml of ethanol was added to the gel and again mixed 

properly. The hydrogel was then transferred to syringes and the tip was covered with 

para-film to prevent dehydration of the gel. It was stored in the fridge at a temperature 

of 4 °C.  

 

5.2.4 Glucose sample preparation for calibration curve 
Glucose solutions with a range of different concentrations were prepared in order to 

capture the range of the glucose concentrations expected to be observed during in vivo 

glucose extraction studies. Glucose was diluted with a 0.1 M sodium phosphate 

solution (pH 7.4). Existing literature, which involved RI experiments on humans, 

demonstrated that the glucose extraction level for humans is in the µM range 

(McCormick et al. 2012, Tamada et al. 1999). Hence, the following concentrations for 

the calibration curve were produced: 1000 µM, 500 µM, 250 µM, 125 µM, 62.5 µM, 

31.25 µM, 15.625 µM, 7.8125 µM, 3.906 µM and 0 µM. 
Table 5.1 Preparation of the standard glucose solution samples  

Required glucose 
solution 

concentration 
[µM] 

Sample preparation for required glucose solution concentration: 

1000 0.0036 g of glucose powder in 20 mL of phosphate buffered solution 

500 10 mL from 1000 µM glucose solution + 10 mL of phosphate buffered 
solution 

250 10 mL from 500 µM glucose solution + 10 mL of phosphate buffered 
solution 

125 10 mL from 250 µM glucose solution + 10 mL of phosphate buffered 
solution 

62.5 10 mL from 125 µM glucose solution + 10 mL of phosphate buffered 
solution 

31.25 10 mL from 62.5 µM glucose solution + 10 mL of phosphate buffered 
solution 

15.63 10 mL from 31.25 µM glucose solution + 10 mL of phosphate 
buffered solution 

7.81 10 mL from 15.63 µM glucose solution + 10 mL of phosphate 
buffered solution 

3.91 10 mL from 7.81 µM glucose solution + 10 mL of phosphate buffered 
solution 

0 10 mL of phosphate buffered solution 
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5.2.5 Glucose sample preparation in gel format 
As the samples from experiments involving- in vivo glucose extraction via RI were in 

gel format, a glucose concentration range was also prepared in gel format. This was 

achieved by mixing the 3% w/v methylcellulose gel with the previously prepared 

glucose solution samples (Section 5.2.4) in a ratio of 1 to 10. This provided glucose in 

gel concentration range of 900 µM, 450 µM, 225 µM, 125 µM, 112.5 µM, 56.25 µM, 

28.125 µM, 14.063 µM, 7.031 µM, 3.516 µM and 0 µM. The 1 to 10 ratio is in keeping 

with the dilution of the gel retrieved from human samples before assaying.  
Table 5.2 Preparation of standard glucose gel samples 

Required glucose 
gel sample 

concentrations 
[µM] 

Sample preparation for required glucose gel sample 
concentrations: 

900 0.5 mL of gel + 4.5 mL of 1000 µM glucose solution 
450 0.5 mL of gel + 4.5 mL of 500 µM glucose solution 
225 0.5 mL of gel + 4.5 mL of 250 µM glucose solution 

112.5 0.5 mL of gel + 4.5 mL of 125 µM glucose solution 
56.25 0.5 mL of gel + 4.5 mL of 62.5 µM glucose solution 
28.13 0.5 mL of gel + 4.5 mL of 31.25 µM glucose solution 
14.06 0.5 mL of gel + 4.5 mL of 15.63 µM glucose solution 
7.03 0.5 mL of gel + 4.5 mL of 7.81 µM glucose solution 
3.52 0.5 mL of gel + 4.5 mL of 3.91 µM glucose solution 

0 0.5 mL of gel + 4.5 mL of phosphate buffer 
 

5.2.6 Preparation of the buffer solution for the diffusion cell  
A buffer solution with a pH of 7.4 was prepared for use in the diffusion cell to perform 

in vitro RI experiments. The buffer simulated the interstitial fluid in the human body.  

HEPES was used to maintain the physiological pH level of 7.4. In addition, the buffer  

consisted of the solutes (Arias, 2011) given in Table 5.3: 
Table 5.3 Required quantities of solutes for making up 500 mL of the buffer solution 

Solute 
Desired concentration 

[mM] 

Required quantity of solute 

[g] 

Glucose 0/5/10/15/20 0/0.45/0.9/1.35/1.8 

Potassium chloride 

(KCl) 
4 0.298 

Sodium chloride (NaCl) 133 7.77 

HEPES 25 5.96 
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5.3 Glucose quantification method using glucose assay 

kits  
Glucose calibration curves were established with the help of glucose assay kits. They 

were required to determine glucose concentrations from samples with unknown 

concentrations. 

This section describes the principles of glucose detection and the protocols of two 

commercially available glucose assay kits which were used in this project, the GLUC-

PAP GL2623 from Randox Laboratories and the GAHK20-1KT from Sigma Aldrich.  

Both glucose assay kits were tested and compared in terms of sensitivity and limit of 

detection to be able to fully analyse the gels collected after the RI experiments.  

 

5.3.1 Randox Assay Kit  

5.3.1.1 Glucose Reagent Composition of Randox assay kit  

o Phosphate Buffer: 50 mmol/l, pH 7.0  

o MOPS Buffer: 50mmol/l, pH 7.0  

o Phenol: 11 mmol/l  

o 4-aminophenazone: 0.77 mmol/l  

o Glucose oxidase: ≥ 1.5 kU/l  

o Peroxidase: ≥ 1.5 kU/l  

5.3.1.2 Principles of glucose detection 
Glucose gets oxidised in the presence of glucose oxidase (Equation 5.1). This reaction 

releases gluconic acid (which is also called gluconolactone) and hydrogen peroxide. 

 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 +	𝑂" +𝐻"𝑂	 ⟶ 𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐	𝑎𝑐𝑖𝑑 +	𝐻"𝑂" Equation 5.1 

Hydrogen peroxide reacts with 4-aminophenazone and phenol, whereby peroxidase 

acts as a catalyst. This reaction leads to the formation of the reddish quinoneimine dye. 

(Equation 5.2) 

 

Glucose	oxidase	
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 2𝐻"𝑂" + 4	𝑎𝑚𝑖𝑛𝑜𝑝ℎ𝑒𝑛𝑎𝑧𝑜𝑛𝑒	𝑝ℎ𝑒𝑛𝑜𝑙 ⟶ 𝑞𝑢𝑖𝑛𝑜𝑛𝑒𝑖𝑚𝑖𝑛𝑒 +	4	𝐻"𝑂	 Equation 5.2 

The increase of H2O2 is directly proportional to the glucose amount and is ultimately 

identified by measuring the absorbance of the quinoneimine dye. The dye has a reddish 

colour, so the intensity of the dye indicates the glucose concentration in the sample 

(Randox Laboratories Limited, 2008). 

 

5.3.1.3 Sample preparation with Randox assay kit 
1) 80 µL of the glucose sample were dispensed into a 96 well plate and 80 µL of 

the glucose reagent were added to the glucose sample.  

2) The 96 well- plate was put into Multiskan Ascent 96 Plate Reader and 

incubated for 90 minutes at a temperature of 36.9 °C.  

3) The suggested wavelength for absorbance measurement from the Randox 

product information sheet was at 500 nm. Using the Multiskan Ascent 96 Plate 

Reader, the absorbance was measured at a wavelength of 492 nm, which was 

the closest option from the given wavelength range of the device to the 

suggested wavelength.  

4) An example of the well plate layout can be seen in Figure 5.1. From each 

sample five replicates were made and then the average was taken.  

 
Figure 5.1 Example of a well plate layout with glucose samples for establishing a calibration curve after the 

incubation of 90 minutes with the Randox reagent. Standard glucose samples with increasing concentrations 

were dispensed to columns 1 to 9 with five replicas for each concentration (rows A to E) Column 1 is filled with 

the Control 

Peroxidase	

A 

B 

C 

D 

E 

1     2      3      4      5      6     7      8      9 
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5.3.1.4 Establishment of the calibration curve 
In order to establish the calibration curve, the absorbance values obtained via the plate 

reader were plotted against the glucose concentrations from the standard samples. A 

linear response was seen between a limited range of the standard glucose 

concentrations and the respective absorbance reading from the plate reader. Microsoft 

Office Excel 2017 was used to apply a straight-line fit on the dataset and to express 

the linear relationship in the form of the linear function equation by the method of least 

square fitting. 

5.3.1.5 Quantification of unknown glucose concentrations using the 

established calibration curve 
To calculate the unknown glucose concentration, the linear function equation 

(Equation 4.6) was first rearranged to express x (Equation 5.3).  

 𝑥 =
𝑦
𝑘
− 𝑑 Equation 5.3 

x…Unknown glucose concentration 

y…Obtained absorbance value from the plate reader from the sample with the 

unknown glucose concentration 

k…gradient of the linear equation obtained from the established calibration curve 

d… slope of the linear equation obtained from the established calibration curve 

Then, the obtained absorbance value of the unknown glucose concentration was 

inserted into the y-variable of the equation of the established calibration curve. 

 

5.3.2 Sigma Aldrich Assay Kit  

5.3.2.1 Glucose Reagent Composition of Sigma Aldrich Glucose assay kit 

(Sigma Aldrich, 2004) 

o Distilled H2O: 20 ml  

o Nicotinamide adenine dinucleotide (NAD): 1.5 mM  

o Adenosine triphosphate (ATP): 1.0 mM  

o Hexokinase: 1.0 unit/ml  

o Glucose-6-phosphate dehydrogenase (G6PDH): 1.0 unit/ml  
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o Sodium benzoate and potassium sorbate.  

 

5.3.2.2 Principles of glucose detection 
Glucose reacts with ATP in presence of hexokinase and forms glucose-6-phosphate 

(Equation 5.4).  

        𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐴𝑇𝑃 ⟶ 𝐺𝑙𝑢𝑐𝑜𝑠𝑒	6	𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 + 	𝐴𝐷𝑃	 Equation 5.4 

In the second step (Equation 5.5), glucose-6-phosphate is oxidised by G6PDH and 

NAD is reduced to NADH, which is ultimately measured and corresponds to the 

glucose concentration.  

 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒	6	𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 + 	𝑁𝐴𝐷 ⟶ 	6	𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑔𝑙𝑢𝑐𝑜𝑛𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻 Equation 5.5 

Sodium benzoate and potassium sorbate act as preservatives.(Sigma-Aldrich Inc., 

2004) 

 

5.3.2.3 Sample preparation with Sigma Aldrich assay kit 

• To each of the glucose samples, 1 mL of the glucose reagent was added.  

• Furthermore, a sample blank and a reagent blank were prepared.  

• The sample blank consisted of 1 mL of deionised water and 100 µL of the 

glucose gel sample. 

• The reagent blank consisted of 1 mL of the glucose reagent and 100 µL of the 

glucose gel sample.  

• After 15 minutes of incubation, the absorbance was measured at a wavelength 

of 340 nm as given in the product information sheet.  

• Five replicates were made to each sample.  

5.3.2.4 Establishment of the calibration curve 
In order to establish the calibration curve, the same approach as for the Randox assay 

kit was applied. The absorbance values obtained via the plate reader were plotted 

against the glucose concentrations from the standard samples. Microsoft Office Excel 

2017 was used to apply a straight-line fit on the linear range of the standard glucose 

concentrations and the respective absorbance readings from the plate reader and the 

Hexokinase	

G6PDH	
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linear relationship in the form of the linear function equation was expressed by the 

method of least square fitting. 

5.3.2.5 Quantification of unknown glucose concentration using the 

established calibration curve 
To calculate the unknown glucose concentration, first the linear equation was 

rearranged to express x. By inserting the obtained absorbance value of the unknown 

glucose concentration into the equation of the established calibration curve, the 

unknown glucose concentration was calculated. 

 

5.4 Investigation of glucose quantification method using 

the Genova Nano spectrophotometer (GNSPM) 
Genova Nano from Jenway is a micro- volume spectrophotometer and has the ability 

to perform a variety of measurements such as standard spectroscopic measurements 

using only 2 μL of sample volume per reading. In this project Genova Nano was used 

to evaluate the method of analysis for glucose quantification. The advantage of the 

Genova Nano is that it only requires a volume of 2 µL per measurement; whereas most 

of the standard measurement techniques such as plate reader needs at least 80 µL for 

glucose quantification. In case of clinical studies only limited amount of patient 

samples are available. So, more dilutions would be needed to run a colorimetric assay 

which lead to errors and imprecisions in concentration calculations.  

To assess the suitability of the Genova Nano for glucose quantification, a calibration 

curve was established with glucose assay kit from Randox Laboratories to identify the 

lower limit of detection. The Randox assay kit was used as it showed better suitability 

for the required concentration range (see Section 6.1). For comparison purposes 

measurements were also done with a commonly used microplate reader. 

Glucose gel samples were prepared in a 1 to 10 ratio with glucose samples as explained 

in Section 5.2.3 in the following glucose concentrations 900 µM, 450 µM, 225 µM, 

112.5 µM, 56.25 µM, 28.125 µM, 14.063 µM, 7.031 µM, 3.516 µM and 0 µM. 
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Following procedure was followed: 

80 µL of the glucose gel samples were dispensed into the 96 well plates and 80 µL of 

the glucose reagent from Randox were added to the glucose gel sample. After 

incubating that mixture for 90 minutes at a temperature of 36.9 °C, the glucose gel 

samples were ready to undergo the absorbance readings.  

To measure the absorbance using the plate reader, measurements were taken at a 

wavelength of 492 nm. 

With the Genova Nano, it was possible to select any wavelength of choice to perform 

the absorbance readings. Therefore, measurements were performed in the 

Photometrics measurement mode at the wavelength of 500 nm as it was suggested 

from the Randox product information sheet.  

First, 2 µL of the gel sample with 0 µM glucose concentration with the Randox reagent 

was put onto the read head of the Genova Nano and calibration was performed at a 

wavelength of 500 nm. This step is needed for calibration of the device and the 

absorbance of the blank solution will be automatically deducted from the sample 

absorbance. Once the calibration was done, different glucose sample with increasing 

concentrations in presence with the Randox enzyme were measured. After each 

concentration, the read head was cleaned properly with a cloth to prevent any cross-

contamination.  

 

Two calibration curves were established, one from the standard measurements using 

the Multiskan Ascent 96 Plate Reader and one from using the Genova Nano. The 

results of the calibration curve showed that the absorbance values for the chosen 

glucose gel sample range were too low to be detected by the Genova Nano. Low 

absorbance values are caused by low glucose concentrations in the sample itself. 

Therefore, different dilution factors were analysed to see if it improves the results. 

Following gel to glucose solution ratios were tested: 1 to 6, 1 to 5 and 1 to 4. The 

standard glucose concentration range for each ratio can be seen in Table 5.4. 
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Table 5.4 Standard glucose concentration range for different gel to glucose solution ratios 

Standard glucose 

concentrations 

from samples with 

gel to glucose 

solution ratio of 

1 to 10 [µM] 

Standard glucose 

concentrations 

from samples with 

gel to glucose 

solution ratio of 

1 to 6 [µM] 

Standard glucose 

concentrations 

from samples with 

gel to glucose 

solution ratio of 

1 to 5 [µM] 

Standard glucose 

concentrations 

from samples with 

gel to glucose 

solution ratio of 

1 to 4 [µM] 

1800.00 1666.67 1600.00 1500.00 

900.00 833.33 800.00 750.00 

450.00 416.67 400.00 375.00 

225.00 208.33 200.00 187.50 

112.50 104.17 100.00 93.75 

56.25 52.08 50.00 46.88 

28.13 26.04 25.00 23.44 

14.06 13.02 12.50 11.72 

7.03 6.51 6.25 5.86 

3.52 3.26 3.13 2.93 

1.76 1.63 1.56 1.46 

0.00 0.00 0.00 0.00 

 

Absorbance readings were taken with the Genova Nano and the plate reader for all 

three dilution factors. It was shown that the calibration curve obtained with a gel to 

glucose sample ratio of 1 to 4 had the lowest limit of detection. The acquired 

calibration curve was then further evaluated by experimentally identifying the glucose 

concentrations of two samples with known concentrations. Therefore, two glucose gel 

samples with known concentrations (204 µM and 408 µM) were prepared and 

quantified using the calibration curve acquired using the Genova Nano and the plate 

reader. The focus of the experiment was to evaluate the accuracy of the glucose 

quantification method using the GNSPM with using a sample volume of only 2 µL. 

Therefore, two concentrations were selected, which lie well in the linear range of the 

calibration curve.  
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5.5 Fabrication of screen-printed electrodes 
Screen printed electrodes were used to perform RI experiments because of their low 

fabrication cost and fast production of a large number of electrodes. 

Screen printing is a type of printing which is used in diverse applications such as for 

T- shirt and posters but it can be also used for biosensors. Screen-printed biosensors 

have been used in in a variety of fields such as medicine, pharmaceuticals or the 

environment (Cooper & Cass, 2004) . 

 

5.5.1 Electrode design 
Two electrode designs were used in this project.  

1) Potassium electrodes 

The electrode design shown in Figure 5.2 was developed by the Medical Devices 

Group in the Biomedical Engineering Department for a different research project in 

the field of RI. The RI electrode (indicated with the arrow) was used in this project to 

apply the iontophoretic current during RI experiments. As discussed in Section 2.9.2, 

for RI electrode, it is recommended to use non-polarisable electrodes (Ching, 2005). 

Ag/AgCl electrodes, which are biocompatible, have the ability to deliver high amounts 

of current without causing any pH changes in the buffer solution in the diffusion cell 

(Jahn, 1900). Therefore, the RI electrode was made of Ag/AgCl ink and it has a surface 

area of 0.82 cm2. Basic RI experiments were conducted with this type of electrode. 

Glucose quantification from RI samples obtained with this type of electrodes, was 

performed using laboratory assay kits.  

 
Figure 5.2 Potassium electrode design 

2) Three electrode system with iontophoresis electrode 

The electrode design shown Figure 5.3 was developed by Medical Devices group in 

the Biomedical Engineering Department at the University of Strathclyde. A three-
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electrode arrangement was integrated to the iontophoresis electrode to allow direct and 

rapid glucose quantification in the gel electrode instead of using laboratory glucose 

kits. The fabrication of the mediated glucose sensor is described in Section 5.9. 

The principle of a three-electrode system is explained in Section 4.3.3. The working 

and counter electrode are usually made of an inert material, in this project it consists 

of carbon. The reference electrode is made of Ag/AgCl ink.  
 

 
Figure 5.3 Electrode with three electrode arrangement and iontophoresis electrode a) Front view b) Back view  

 
Table 5.5 Electrode area of the final device exposed to the test solution 

Electrode Surface area of electrode [cm2] 

RI electrode 0.82 

Working electrode 0.12 

Reference electrode 0.017 

Counter electrode 0.16 

 

5.5.2 Preparation of well in electrode to contain skin contact gel 
For the gel or test solution to stay on the electrode, an electrode well was required. The 

well was made of 1 mm thick Polytetrafluoroethylene (PTFE) sheets. Double sided 

tape was applied on both sides of the PTFE sheets with the dimension of                           

21 x 0.1 x 29.7 cm. The sheets were then cut to strips with a dimension of                          

21 x 0.1 x 2.5 cm. Using a hand punch press, a 20 mm diameter hole was made on the 

PTFE strip. Sufficient space had to be kept between the holes to ensure adequate 

amount of tape around each well. One side of the double-sided tape permitted the well 

1 RI electrode 

2 Working electrode 

3 Reference electrode  

4 Counter electrode 
4 3 2 1 2 3 4  

Side A

4 3 2 1 2 3 4  

Side ASide B 
Side B 

a) b) 

25 mm 

40 mm 
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to be attached to the electrode and the other side of the double-sided tape enabled the 

adhesion of the electrode onto the artificial membrane for the RI experiments. An 

example of the final device can be seen in Figure 5.4. 

 
Figure 5.4 a) Potassium electrode design with electrode well b) Three-electrode design with iontophoresis 

electrode with well 

5.5.3 Procedure for screen printing electrodes: 
1) First a “Positive” design was produced. The electrode design consisted of           

2 layers, the first layer was printed with Ag/AgCl ink (Figure 5.5a) and the 

second layer with carbon ink (Figure 5.5b). The “Positive” design was 

produced by printing each layer on separate acetate sheets.  

 
   

Figure 5.5 Electrode design for three electrode system with iontophoresis electrode. a) Ag/AgCl ink 

design for the first layer b) Carbon ink design for second layer c) The final electrode design. 

2) The next step was to transfer the electrode design onto the mask, which was 

used to print the electrodes ultimately. The mask, which is also called the 

screen, consists of a mesh with either a plastic or a metallic frame. The mask 

with a metal frame was purchased from MCI and it was already covered with 

a light sensitive emulsion on both sides.  

3) Using a sheet of glass. the positive design was secured onto the mask and left 

in the DEK exposure unit for UV light exposure for 20 minutes. The UV light 

reacted with the emulsion on the mask respectively did not react with the part 

a) b) 

a) b) c) 
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of the mask which was covered with the positive design. Through the reaction 

with the UV light, the emulsion solidified and became water insoluble; 

however, the protected part stayed water soluble. 

4) After the 20 minutes of UV exposure, a hose with high pressure was used to 

wash out the emulsion on the mask which was water soluble which then left us 

with the desired pattern (Figure 5.6). The mask was left to dry overnight. Two 

separate screens were produced, one for the Ag/AgCl layer and one for the 

carbon layer. 

 
Figure 5.6 Screen mask for the a) Ag/AgCl ink printing and b) Carbon ink printing 

5) Once both masks were ready, the electrodes were ready to be printed on the 

substrate. Acetate sheets were chosen as the substrate material.  

6) The recommended curing time for both inks was at 120°C for 15 minutes.  

7) As acetate sheets shrink at high temperatures, all the acetate sheets had to be 

pre- heated at a temperature of 120°C for 15 minutes. The pre-heating 

prevented the shrinking once the electrodes were printed.  

8) With the use of a squeegee, first the Ag/AgCl ink was deposited through the 

holes in the masks onto the substrate. Figure 5.7 shows a schematic side view 

of a screen-printing unit.  

a) b) 
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Figure 5.7 Screen printing unit (adapted from Cooper & Cass 2004) 

9) The sheets were then cured at 120°C for 15 minutes. The curing process was 

required to get rid of the solvents, which were present in the Ag/AgCl ink.  

10) The carbon printing was done once the Ag/AgCl ink was cured. Therefore, the 

carbon mask was used and the carbon design was printed on the previously 

produced Ag/AgCl printed sheets. The carbon layer was carefully aligned with 

the Ag/AgCl layer. It was made sure that the Ag/AgCl tracks were within the 

carbon layer.  

The masks with the electrode design were made by a member of the Medical Devices 

group in the Biomedical Engineering Department at the University of Strathclyde. The 

printing of the electrodes was conducted by the team member and the author of this 

thesis. 

 

5.6 In vitro transdermal extraction via RI  
RI is a process which enables transdermal extraction of molecules by applying low 

current to the skin. With the help of A) a diffusion cell, B) a portable electrochemical 

analyser and C) the electrodes fabricated as explained in Section 5.5, in vitro 

experiments were performed to study the flux of glucose molecules during RI. The 

diffusion cell as well as the portable electrochemical analyser were both designed and 

constructed in the Biomedical Engineering Department at the University of 

Strathclyde.  

A) Diffusion cell 

With the help of Franz cells, in vitro skin permeation assays can be performed. Franz 

cells comprise of two chambers which are separated by a membrane. The product to 



 133 

be tested is placed in the top chamber and the bottom chamber consists of a fluid from 

where samples are taken in a fixed interval and tested if the test product has gone 

through the membrane (Franz, 1975). A modified Franz diffusion cell was built for RI 

experiments. The diffusion cell used in the laboratory was based on the Franz cells 

concept but was a design created at Strathclyde to allow practical connection of side 

by side electrode to form an iontophoresis model skin system (Connolly et al., 2002). 

This model system allows the characteristics of electrodes and sensors to be studied 

and optimised prior to human volunteer experiments. The diffusion cell (Figure 5.8) 

consisted of a chamber, two silicone gaskets and a top frame. The chamber and the top 

frame were made of Polymethylmethacrylate (PMMA). The artificial membrane, 

which mimicked the stratum corneum, was placed between the two gaskets. This 

whole cell was held together by the two aluminium side clamps, which was tightened 

by four stainless steel screws on each clamps. The buffer in the chamber, which 

simulated the interstitial fluid in the human body, was filled through the holes on both 

sides of the chamber using a syringe. The holes were capped with PTFE screw caps 

once the chamber was fully filled.  
 

 

Figure 5.8 Filled diffusion cell with electrodes attached 

 

B) Electrochemical analyser 

The portable electrochemical analyser, developed and programmed in “C” at 

Strathclyde (Ching et al., 2004), was used as a constant current source to perform 
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iontophoresis experiments (Figure 5.9a). It can provide an iontophoretic current up to 

600 µM in various signal waveforms. Furthermore, it has the ability to perform 

electroanalytic techniques such as amperometric and potentiometric measurements 

and it can also take cyclic voltammetry measurements in the voltage range from               

-1000 mV to 1000 mV and scan rate range from 1 mV/s to 100 mV/s. The desired 

tasks for the analyser were written in the “program sequence file” and saved on an 

external sd-card, which was then inserted into the device. A sample programme is 

given in Appendix A. The device was connected to the electrodes with a 12 pin ribbon 

cable, which had an Insulation- Displacement Contact (IDC) ribbon cable connector 

on one side and a 12 pin Flexible Flat Cable (FFC) connector on the other end (Figure 

5.9b). The FFC connector was connected to the electrode and the IDC ribbon cable 

connector was connected to the portable electrochemical analyser. The pin 

configuration of the male IDC ribbon cable connector of the portable electrochemical 

analyser can be seen in Table 5.6. When connecting the electrode to the cable, it had 

to be made sure that the electrode is connected to the correct pin.  

 
 

 

 

 

 

 

 

 

 
Figure 5.9 a) Portable electrochemical analyser and b) Cable which was used to connect the portable 

electrochemical analyser with electrodes (adapted from (Marco Specialities, 2017) 

  

a) b) 

IDC ribbon cable 

connector 

FFC connector 
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Table 5.6 Pin configuration of the male IDC ribbon cable connector of the portable electrochemical analyser  

Pin 

Side A of the 

electrode with the 

three-electrode 

arrangement 

Pin  Pin 

Side B of the 

electrode with the 

three-electrode 

arrangement 

2 Working electrode 7 
Iontophoresis 

electrode 
8 Working electrode 

4 Reference electrode   10 Reference electrode 

6 Counter electrode   12 Counter electrode 

 
Procedure to perform in vitro RI experiments using the diffusion cell: 

1. The artificial membrane, which mimicked the human skin was prepared 

according to its protocol (see Section 5.7) and placed in-between the two 

gaskets of the diffusion cell. 

2. The diffusion cell was then filled with HEPES buffer, which simulates the 

interstitial fluid, using a syringe (Figure 5.10a). Once the chamber was fully 

filled, the holes were capped with PTFE screw caps (Figure 5.10b).  

 

 
 

 

 

 

Figure 5.10 a) Diffusion cell with syringe to fill the buffer solution b) diffusion cell with closed holes using PTFE 

caps 

3. In the next step, the electrodes were prepared to be placed onto the diffusion 

cell. As discussed in Section 4.4, three electrodes were used for each RI 

experiment (two iontophoresis electrodes and one control electrode). Two 

iontophoresis electrodes (E1 and E2) were required to apply the iontophoretic 

current across the skin and to complete a circuit. The control electrode was 

needed to measure passive diffusion.  

a) b) 
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a. First, the electrodes were connected via the cable shown in Figure 5.9b 

to the portable electrochemical device. Pin 7 was wired to the 

iontophoresis electrode; when connecting the cable to the electrode, the 

connection was ensured using a multimeter before starting the 

experiment. 

b. 300 µL of gel was applied onto each of the electrodes for electrical 

conductance using a gel pipette. 

c. First the control electrode was mounted onto the artificial skin, then the 

E2 electrode and finally the E1 electrode (Figure 5.11).  

4. The applied iontophoretic current of 100 µA/cm2 was regulated and applied by 

the portable electrochemical analyser onto the iontophoresis electrodes. A 

current flow is created between the iontophoresis electrodes by the application 

of current.  

5. The positive molecules, such as sodium and potassium, moved to the cathode 

and the negatively charged molecules, such as chloride, to the anode. This 

method also produces a solvent flow in the negatively charged pores of the 

membrane (similar to human skin). The approximate solvent flow rate has been 

estimated as 8.5 ± 3.2 µL/h (Sieg et al., 2004b). Glucose and other uncharged 

particles were carried along according to the solvent flow to the gel chamber. 
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Figure 5.11 Experimental setup to perform in vitro transdermal extraction via RI using a diffusion cell and the 

portable electrochemical analyser 

6. After the measurement cycle, the applied gel was collected from the gel 

chambers into an Eppendorf tube and weighted out using a scale. The sample 

was then diluted one in ten with 0.1 M phosphate buffered solution (pH 7.4) 

and was ready for analysis. The amount of glucose was quantified with a 

colorimetric assay using the Randox assay kit as it was shown that it more 

suitable for the required glucose concentration range (see Section 6.1.). 

7. The extracted glucose concentration from the application of RI was calculated 

using the equation of the standard calibration curve. The calculated glucose 

concentration was then multiplied by the factor of 10 as the sample was first 

diluted by that factor.  

 

Following in vitro RI experiments were conducted to study the glucose flux across an 

artificial membrane: 

1) Variation of the glucose concentration in the buffer solution:  

RI experiments were performed with the standard artificial membrane, the Spectrapore 

membrane and the potassium electrodes. Glucose flux was studied with two glucose 
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concentration (5 mM and 20 mM) in the buffer solution and with the application of RI 

for 60 minutes with switching polarities every 15 minutes. A glucose concentration of 

5 mM was chosen as it mimics concentrations obtained from the healthy individuals 

in the fasted state (Arias, 2011). In addition, the glucose flux of a 20 mM glucose 

buffer solution was tested as it mimics the concentration obtained after a high-glucose 

drink from healthy individuals. Table 5.7 shows an overview of the testing conditions 

used in this experiment.  
Table 5.7 Overview of testing conditions of 1) Variation of the glucose concentration in the buffer solution  

Glucose concentration in 

buffer solution 
Duration of RI Type of membrane used 

5 mM 
60 minutes with switching 

polarities every 15 minutes 
Spectrapore membrane 

20 mM 
60 minutes with switching 

polarities every 15 minutes 
Spectrapore membrane 

 

2) Changing the duration of RI 

RI experiments were also carried out with varying the duration of RI and with keeping 

the glucose concentration in the diffusion cell constant at 5 mM. The Spectrapore 

membrane and the potassium electrodes were used in this experiment. As discussed in 

Section 2.9.2, when applying RI for 60 minutes with switching polarities, acceptable 

levels of glucose can be extracted. For research and comparison purposes, RI was also 

applied for 15 minutes with direct current and 30 minutes with direct current. Table 

5.8 shows an overview of the testing conditions used in this experiment. 
Table 5.8 Overview of testing conditions of 2) Changing the duration of RI 

Glucose concentration in 

buffer solution 
Duration of RI Type of membrane used 

5 mM 15 minutes of direct current Spectrapore membrane 

5 mM 30 minutes of direct current Spectrapore membrane 

5 mM 
60 minutes with switching 

polarities every 15 minutes 
Spectrapore membrane 
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5.7 Comparison of two artificial membranes in terms of 

glucose flux 
The flux of glucose molecules within iontophoresis devices across two artificial 

membranes with respect to time, selected to mimic human skin in the RI model system, 

was studied and compared in order to improve the current in vitro RI measurement 

setup. Following two commercially available membranes were investigated in: The 

standard artificial membrane, Spectrapore membrane from Spectrum Laboratories 

with the Vitro-Skin from IMS Inc. 

 

Spectrapore membrane:  

The Spectrapore membrane from Spectrum Laboratories Inc. is a cellulose ester 

membrane and has a molecular weight cut-off of 100-500 Da. It is mainly used in 

dialysis tubings. It is hydrophilic and has a symmetric porosity. Symmetric porous 

membranes have a highly voided structure and are rigid. The highly voided structure 

further has randomly interconnected and distributed pores (Abdullah et al., 2018). 

Preparation of Spectrapore membrane: 

The Spectrapore membrane had to be preserved in a 0.05 % sodium azide solution at 

4 °C. Therefore, 0.150 g of sodium azide was dissolved in 300 ml of distilled water.  

Before use in RI experiments, the dialysis membrane was cut out into the right size for 

the diffusion cell and placed in a beaker of dH2O for 15 minutes to get rid of any 

sodium azide residues. After the 15 minutes both sides were thoroughly rinsed in 

running dH2O before using it for the diffusion cell.  

 

Vitro-Skin®:  

The Vitro-Skin® from IMS Inc. is a synthetic membrane; and it contains optimized 

protein and lipid components (Carnali et al., 2012). It has been used in a wide range 

of in vitro experiments, leading from measuring the SPF and UVA protection factors 

to evaluating the performances of adhesive bandages. It mimics the surface properties 

of the human skin effectively with regards to the topography, pH, critical surface 

tension and ionic strength.  
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Preparation of Vitro-Skin: 

Prior to use, the Vitro-Skin had to be hydrated using a hydration chamber. The solution 

for the hydration chamber was made up by 298 g of dH2O and 52 g of glycerin. The 

15% glycerin/ 85% water mix provided an ideal humid environment for the Vitro Skin. 

An airtight container with racks inside was used as a hydration chamber. The solution 

was poured at the bottom of the chamber.  The Vitro skin was cut out to the appropriate 

size for the diffusion cell before carefully placing them onto the racks in the hydration 

chamber. The Vitro skin had to be kept in the hydration chamber for at least 16 but up 

to 24 hours at the maximum. After the hydration process, the Vitro skin had to be 

carefully removed from the rack without getting in contact with the solution itself. 

Afterwards they were ready to be used for the iontophoresis experiments.   

 

RI experiments were performed with each of the membrane as explained in section 

5.6. The potassium electrodes were used for this experiment and HEPES buffer with a 

glucose concentration of 20 mM was prepared. A 60-minute measurement cycle was 

carried out with switching polarities every 15 minutes. The extracted glucose was then 

diluted and quantified using the Randox assay kit. Results from the Spectropore 

membrane were then compared with the results from the Vitro-Skin.  Table 5.9 shows 

an overview of the testing conditions used in this experiment. 
Table 5.9 Overview of testing conditions of 5.7 Comparison of two artificial membranes in terms of glucose flux 

Glucose concentration in 

buffer solution 
Duration of RI Type of membrane used 

20 mM 
60 minutes with switching 

polarities every 15 minutes 
Spectrapore membrane 

20 mM 
60 minutes with switching 

polarities every 15 minutes 
Vitro-Skin 

 

5.8 Activated carbon experiments 
Activated carbon (AC) has the ability to adsorb organic compounds (Marsh & 

Rodriguez-Reinoso, 2006). In this study the use of AC to control flux of glucose in 

wearable devices was to be explored in accordance with the IP owned by Strathclyde 

for such a device (Connolly, 2014). The ways of controlling glucose in previous RI 
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devices were explained in Section 2.8.2. The new method to be studied here is 

reagentless and does not generate secondary chemicals. The theory of diffusion and 

glucose flux was explored in Section 4.4.3.  

To explore the AC adsorption concept, preliminary experiments were performed to 

test glucose adsorption onto AC pellets. AC pellets were used due to its fast 

availability. Later on, glucose adsorption was tested using AC foam and in a sensor 

format. 

Types of AC used: 

Two forms of AC were used in this study, AC pellets and AC foam (Figure 5.12). Both 

types of AC, which were used in this project, are publicly available for every-day use 

purposes. The AC pellets, which were used in this project, are intended for the removal 

of any contaminants in aquariums. And the AC foam is intended for odour removal in 

compost caddies. Therefore, more detailed information such as the exact composition, 

any coatings, the base material of the AC, the surface charge, the polarity of the 

adsorbent, the pore size, the surface area or he pore structure was not given by the 

manufacturer.  

The AC pellets had the same diameter of 0.2 cm but different lengths ranging from  

0.3 cm to 0.7 cm. The AC foam came in form of sheets with a dimension of                    

8.9 x 0.1 x 8.9 cm. In order to suit the planned adsorption experiments, the AC foam 

was cut out using a paper hole punch providing us with disc- shaped AC foams with a 

diameter of 0.6 cm and a thickness of 0.1 cm (Figure 5.12c). 

       
Figure 5.12 a) AC pellets b) Sheets of AC foam c) Disc-shaped AC foams 

 

5.8.1 Preparation of AC for glucose adsorption experiments 
AC needed to be washed with distilled water prior to use. It was observable that loose, 

blackened residues in powder form were coming off from AC pellets as well as the 

a) b) c) 
6 mm 7 mm 18 mm 
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AC foam. Therefore, the washing ensured no impurities in the test solutions due to the 

AC itself.  

The AC was placed in a beaker filled with distilled water and placed on a magnetic 

stirrer for 4 hours with exchanging water for three times (Sun, 2013). The pellets of 

AC were dried overnight at room temperature on a blue roll paper towel in a clean 

container before they were used for the experiment. The same procedure was followed 

for the disc-shaped AC foam. 

 

5.8.2 Preliminary glucose adsorption experiments to AC Pellets 
In order to test glucose adsorption onto AC pellets, the experimental procedure shown 

in Figure 5.13 was followed:  
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Figure 5.13 Experimental setup for preliminary glucose adsorption experiments to AC pellets 

AC AC AC 

Add 
glucose 
reagent 

1) 2) 

4) 3a) 

3) 

3b) 3c) 

5) 6) 

Test sample 
with known 
glucose 
concentration 
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1. Ninety-six well plates were used to test glucose adsorption to AC. 

2. As each pellet was different in form, each one was weighed out to get an 

understanding of how much AC one was dealing with.  

3. In the next step, an example of the well plate arrangement can be seen.  

3a. First, one piece of an AC pellet was placed in the wells of Columns 2 and 

5 of the ninety-six well plate (black rectangular shaped objects). 100 μL of a 

500 μM glucose solution was added to the wells with AC pellets (Columns 2 

and 5). 

3b. Next, 100 μL of a standard test solution with known glucose concentrations 

(S500 – a 500 µM glucose solution) were added to the wells without AC pellets 

(Columns 1 and 4).  

3c. After an incubation time of one hour, the remaining solution in the wells 

(which were incubated with AC pellets) was removed from the initial well and 

dispensed into the adjacent well (Columns 3 and 6). The incubation time of 

one hour was selected from existing literature (Sun, 2013). The sample volume 

had decreased to approximately 75 μL. The volume left was estimated using 

gradual pipetting. First the pipette was set to a volume well below the expected 

volume. The volume was then gradually increased until all the liquid was 

drawn up.   

4. The glucose in the test samples was quantified using a colorimetric assay with 

a glucose enzyme assay kit (GLUC-PAP, Randox). Therefore, the glucose 

reagent was added in a 1 to 1 ratio to the sample volume of the test solutions.  

5. Then, the 96- well plate was put into Multiskan Ascent 96 Plate reader and 

after 90 minutes of incubation time at a temperature of 36.9 °C the absorbance 

was measured at a wavelength of 492 nm. The remaining glucose was 

quantified by inserting the obtained absorbance value of the unknown glucose 

concentration into the equation of the established calibration curve.  

6. The weight of the AC pellet was also measured after the incubation with the 

test solution. 

  

The results from the preliminary AC experiments showed that glucose adsorption had 

taken place (see Section 6.4.1). But the pellets, which were used in the experiments, 
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were manufactured for removal of contaminants in aquariums and they lacked in 

uniformity. Hence, the quality of the pellet was not suitable for actual research 

purpose, Therefore, AC foam was suggested as an alternative to be used for this 

research purpose. 

 

5.8.3 Glucose adsorption experiments to AC foam 
Ninety-six well plates were also used to test glucose adsorption with AC foam. The 

size of the cut-out disc-shaped AC foam was ideal to be used with the well plate. The 

cut-out AC foam were washed as explained in Section 5.8.1 and then used for glucose 

adsorption testing.  

The same procedure as explained in 5.8.2 was applied for AC foam. But instead of one 

piece of AC pellet, one disc-shaped AC foam was placed in the well. One disc-shaped 

AC foam is referred to as one unit of AC foam.  

 

More experiments were conducted using AC foam to better understand the glucose 

adsorption behaviour to AC: 

A) Testing glucose adsorption from glucose solution samples to one unit of 

AC foam 

In order to test glucose adsorption from glucose solution sample to one unit of AC 

foam, each foam was weight out and placed into a well before dispensing the glucose 

solution into the well. Following initial glucose concentrations were tested with AC 

foam: 1000 µM, 500 µM, 250 µM, 125 µM, 62.5 µM, 31.25 µM, 15.625 µM,       

7.8125 µM, 3.906 µM and 0 µM. After an incubation time of one hour with the AC 

foam, the remaining glucose was quantified by adding the glucose reagent in a ratio of 

1 to 1 to the sample volume and running a colorimetric assay using the GLUC-PAP 

from Randox.  

 

B) Testing glucose adsorption from glucose solution samples to two units of 

AC foam 

Glucose adsorption from glucose solution samples to two units of AC foam was 

performed by first putting one piece of AC foam at the bottom of each well, then 

adding the solution, and then placing another piece of AC foam on the top of the 
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solution. Following initial glucose concentrations were tested with AC foam:           

1000 µM, 500 µM, 250 µM, 125 µM, 62.5 µM, 31.25 µM, 15.625 µM, 7.8125 µM, 

3.906 µM and 0 µM. The total incubation time was chosen as one hour. After an 

incubation time of 30 minutes, the top AC foam was pushed down, so that the top side 

of the AC foam also got in contact with the glucose solution.  

 

C) Testing glucose adsorption from glucose gel samples to one unit of AC 

foam  

As the samples from experiments involving- in vivo glucose extraction via RI were in 

gel format, glucose adsorption to AC foam was also tested from gel samples. 

Therefore, the same procedure as for the glucose adsorption experiments with the 

glucose solutions was performed but with standard glucose gel samples prepared as 

explained in Section 5.2.5 . Following initial glucose concentrations were tested with 

AC foam: 900 µM, 450 µM, 225 µM, 125 µM, 112.5 µM, 56.25 µM, 28.125 µM, 

14.063 µM, 7.031 µM, 3.516 µM and 0 µM. After an incubation time of one hour with 

the AC foam, the remaining glucose was quantified by adding the glucose reagent in 

a ratio of 1 to 1 to the sample volume and running a colorimetric assay using the 

GLUC-PAP from Randox.  

 

D) Diffusion rate of glucose in solution and gel into AC foam 

In order to explore and compare the glucose diffusion time profile in solution and in 

the gel environment into the AC foam, experiments were carried out using a well plate. 

The 1000 µM glucose solution sample and the 900 µM glucose gel sample were chosen 

to study the adsorption profile over time. Therefore, the test sample was incubated 

with AC foam and measurements were taken every 10 minutes up to 80 minutes of 

incubation time.  
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Figure 5.14 Well- plate arrangement to measure the glucose diffusion time profile 

Following procedure was followed to study the glucose adsorption profile of the     

1000 µM glucose solution sample: 

1. Columns 1, 3, 5, and 7 were filled with one unit of AC foam.  

2. 100 µL of a 1000 µM glucose concentration solution was added to the wells 

which were filled with AC foam. The numbers in the wells in Columns 1, 2, 3, 

4, 5, 6, 7 and 8 indicate the incubation time in minutes.  

3. After the incubation time, the solutions were removed into the adjacent well 

(Columns 2, 4, 6 and 8). For example, well 1A and 2A have the number “10” 

written on them. This means that the solution in 1A was incubated with AC 

foam for 10 minutes before removing the solution to 2A.  

4. It was observable that the longer the incubation time, the less sample volume 

was left to dispense into the adjacent well. The volume left was estimated using 

gradual pipetting. First the pipette was set to a volume well below the expected 

volume. The volume was then gradually increased until all the liquid was 

drawn up. The decrease of sample volume had to be considered when adding 

the enzyme from the glucose assay kit as 1 to 1 ratio from enzyme to sample 

volume was needed.  

5. The wells in Column 12 were filled with a standard solution as a control. “SB” 

indicates the blank solution and “S1000” indicates the 1000 µM glucose 

solution. The standard solutions provided a reference to calculate how much 

glucose were adsorbed.  
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6. The same procedure was applied to study the adsorption profile of the 900 µM 

glucose gel sample.  

 

The glucose diffusion time profile experiment was conducted for glucose solutions as 

well as glucose gel samples. The results can be compared and a diffusion rate for 

glucose can be estimated in solution and in gel (see section 6.4.4)  

 

5.8.4 Developing and testing AC foam integrated electrodes 
As glucose adsorption to AC was successfully shown, the next step was to integrate 

AC foam in the electrodes which were used for the in vitro RI experiments.  

The idea was to place AC behind the electrode so that once glucose is extracted across 

the skin into the gel reservoir, it will be further drawn across the device to the glucose 

binding agent. This would prevent glucose build-up in the gel and help to control the 

diffusion of glucose through the gel layer.  

 

Preparation of the AC- integrated electrode: 

The hand punch press, which was used to cut the wells out for the electrodes, was also 

used to cut the sheets of AC foam. This provides disc-shaped AC foams with a 

diameter of 2 cm and a thickness of 0.1 cm. No tolerances with regards to the 

dimensions of the foams were given by the manufacturer as the AC foam purchased 

was intended for odour removal from compost caddies. The AC foam was secured at 

the back of the electrode design by placing another PTFE well on the back of the 

electrode. Both sides of the newly attached PTFE well were covered with double sided 

tape. On the one side it aided to adhere to the back of the electrode and on the other 

side it was needed to secure the AC foam, which was placed in the well, with an acetate 

sheet (Figure 5.15 a). 16 holes with a diameter of 0.1 cm were drilled trough the 

electrode in order to ensure AC adsorption Figure 5.15 b. This means that at least   

0.127 cm2 of the AC foam (without considering the porous structure of the AC foam) 

was exposed to the gel. For this experiment potassium electrodes were used.  
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Figure 5.15 Potassium electrodes with the drilled 16 holes a) 3D view of electrode b) Front view of electrode 

Once the electrodes were ready, they were tested in the in vitro RI environment using 

the diffusion cell. The procedure explained in Section 5.6 was followed using the 

newly designed AC- integrated electrodes. The chamber was filled with a 20 mM 

glucose solution and after the 60 minutes of RI cycle, the gel was carefully removed 

and diluted with phosphate buffer in a ratio of 1 to 10. With the help of the calibration 

curve the extracted glucose was quantified. These results were then compared with the 

experiments using the electrodes for RI without the AC present.  

 

5.9 Preparation of glucose sensor 
Standard laboratory techniques using laboratory kits (explained in section 5.3) were 

applied in the previous experiments to quantify glucose. The next aim was to integrate 

a glucose sensor for rapid and in situ glucose measurements so it can be potentially 

part of a wearable sensor in the RI environment.  

Screen-printed electrodes in a three electrode (CE, WE, REF) arrangement with an 

iontophoresis electrode were fabricated as described in Section 5.5 and used for 

electrochemical glucose quantification.  

Glucose was quantified using mediated enzymatic electrodes. The enzyme electrode 

was prepared by coating three different layers to the working electrode. The detailed 

glucose sensor fabrication can be seen below in Section 5.9.3. Glucose oxidase was 

used as the enzyme and 1,1 dimethylferrocene (DMFc) was used as a mediator for the 

glucose sensors. 

The main responsibility of the mediator is to transfer electron(s) between the enzyme 

and the working electrode. The current produced due to the reduction – oxidation 

a) b) 
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(redox) reaction of the mediator, is proportional to the analyte concentration. Cyclic 

voltammetry (CV) is an electroanalytical technique where the current produced via the 

redox reaction of a compound on an electrode surface can be monitored as a function 

of potential. The means of CV was used to analyse and evaluate the performance of 

the biosensor. Theory of cyclic voltammetry was described in 4.3.4. 

 

5.9.1 Preliminary CV experiments 
Preliminary experiments were conducted to understand the fundamentals of CV, 

which helped to comprehend the results of the glucose sensor eventually. In particular 

the electrochemical characteristics of a mediator and also the interaction between 

mediator and enzyme was investigated in free solution.  

The preliminary experiments were conducted with a different ferrocene derivative, the 

ferrocenemonocylic acid (FMCA) as a mediator as it was already available for use in 

the laboratory. CV was applied to study the electrochemical behaviour of the FMCA.  

 

• Experiment to study the electrochemical behaviour of a mediator 

The experiments with the FMCA were conducted in free solution. A 0.5 mM FMCA 

solution was prepared by dissolving 0.0058 g of FMCA in approximately 300 µL of 

ethanol and then making it up to a 50 mL solution by adding PBS. In addition,         

0.612 g of sodium perchlorate was added to the solution as a supporting electrolyte.  
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Figure 5.16 Experimental setup for performing cyclic voltammetry experiments. a) Final electrode setup with a 

three-electrode system with a solution filled connected to the ribbon cable b) The other end of the ribbon cable 

connected to an alligator cable via wires c) the applied 3-terminal cell setup was used for the experiments and d) 

full experimental setup 

Once the solution was ready, the following experimental procedure was applied to 

perform CV:  

1. First the electrode with the three-electrode system and an electrode well was 

connected to the FFC connector of the ribbon cable (Figure 5.16a). The other 

end of the ribbon cable was connected to the electrochemical interface SI1268 

from Solatron using a BNC to alligator cable; whereby the alligator end of the 

cable was connected to the IDC ribbon cable connector via wires                

(Figure 5.16b).  

2. The three- terminal cell configuration, which was applied to perform CV using 

the electrochemical interface is shown in Figure 5.16c.  

3. To perform the experiment at static condition, the electrode was secured to the 

bench top using adhesive tape.  

4. 600 µL of the FMCA solution was applied to the well. Scans were taken at 

three different rates 10 mV/s, 50 mV/s and 100 mV/s and in the voltage range 

between 0.1 V and 0.5 V.  

a) b) 

c) d) 
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5. To identify the current increase solely caused by the redox reaction of the 

mediator, it is important to identify the capacitive current. which is caused by 

the double layer charging of the electrode. As explained in section 4.3.4, the 

capacitive current was identified using Kissinger’s method (Kissinger & 

Heineman, 1983). Therefore, first the baseline current was extrapolated. 

Subsequently, the extrapolated line was described by a linear function equation 

(Equation 5.3) by the method of least square fitting using Microsoft Office 

Excel 2017.  
 𝑦 = 𝑘𝑥 + 𝑑 Equation 5.6 

x…Anodic peak potential [V] 

y…Current [A] 

k…Gradient of the linear equation obtained from the extrapolated baseline 

current 

d…slope of the linear equation obtained the extrapolated baseline current 

To calculate the capacitive current, the anodic peak potential was inserted into 

the linear function equation. Ultimately, the capacitive current was deducted 

from the total peak current found at the anodic peak potential to identify the 

current solely caused by the redox reaction of the mediator. 

 

• Experiment to study the interaction between mediator and enzyme 

A second experiment was conducted to observe the electrochemical interaction 

between mediator and enzyme. Therefore, the experiment conducted by Allen et al. 

(2011) was followed. First, a 0.5 mM FMCA solution with a glucose concentration of 

50 mM was prepared. Therefore, 0.0058 g of FMCA was dissolved in approximately 

300 µL of ethanol and then made up to a 50 mL solution by adding PBS. 0.45 g of 

glucose was added to the FMCA solution to obtain a glucose concentration of 50 mM. 

The same experimental setup as shown in Figure 5.16 was applied. 580 µL of the 

solution with FMCA and glucose was added to the well and a scan was taken at a scan 

rate of 1 mV/s. Then the same solution was spiked with 20 µL of a 10.9 µM GOD 

solution and another scan with a scan rate of 1 mV/s was taken. For analysis of the 

voltammogram, the capacitive current was identified and then deducted from the peak 

current. 
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5.9.2 Testing the potential of the screen-printed reference 

electrodes 
It was important to determine the potential of the screen-printed reference electrodes 

and to evaluate its performance in the liquid and in the gel environment. Therefore, it 

was tested with respect to a standard glass Ag/AgCl (3M KCl) reference electrode in 

phosphate buffer and in methylcellulose hydrogel. The screen printed RE was 

connected to the WE output of the potentiostat and the standard reference electrode 

was connected to the RE output. Both electrodes were immersed in the same beaker 

filled with phosphate buffer and gel respectively. The open cell potential, which is 

defined as the potential at the WE relative to the RE when no potential or current is 

applied to the electrochemical cell, was then measured with the potentiostat. 

 

5.9.3 Glucose sensor fabrication 
The Medical Devices group in the Biomedical Engineering Department at the 

University of Strathclyde developed a glucose sensor, which was similar to the 

methods described by Allen et al. (Hill & Sanghera, 2011). Further improvements and 

adaptations were done on the glucose sensors. Before preparing the glucose sensors, 

the electrodes were conditioned first.  

 

Conditioning of the electrodes: 

Conditioning of the working electrode had shown to improve the binding 

between the carbodiimide solution and the electrode surface. The conditioning 

was adapted from the methods used by Allen et al. (2011). In this project, for 

the conditioning process, a 0.1 M potassium chloride solution was made by 

dissolving 0.373 g of potassium chloride in 50 mL of dH2O. For the 

conditioning of the electrodes, a silicone well was prepared using the hand 

press punch and placed on the electrode to fill the electrode with the solution. 

800 µL of the potassium chloride solution was dispensed onto the electrode 

and a direct voltage of -2.5 V was applied on Side A and Side B of the electrode 

for 1 minute each using the electrochemical interface. The electrode was then 

rinsed with dH2O and dried overnight.  
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The glucose sensors were prepared by coating the working electrode of the sensor with 

the following solutions similarly to methods described by Allen et al. (Hill & 

Sanghera, 2011) 

a) 0.15 mM Carbodiimide solution (CDI): This solution was prepared by 

dissolving 0.0635 g of carbodiimide in 1 ml of a 1 M acetate buffer, which had 

a pH of 4.5. The acetate buffer was made up by dissolving 0.135g of acetate 

buffer. 

b) 0.25 mM 1,1’-Dimethylferrocene solution: This solution was prepared by 

dissolving 0.2141 g of DMFc in 4 ml of ethanol.  

c) Glucose oxidase: Glucose oxidase was prepared by dissolving 0.340 g of 

potassium phosphate in approximately 40 ml of dH2O and then adjusted to a 

pH of 4.5. The buffer was added to make up a solution of 50 ml. Then 0.08 g 

of GOD was dissolved in 4 mL of the potassium phosphate buffer. 55 µL of 

the solution was dispensed into each of the 1 mL eppendorfer tube and 

defrosted when required.  

The first coating on the working electrode consisted of 5 µL of CDI on Side A and 

Side B of the electrode. After a drying period of 3 hours at room temperature, the 

electrodes were washed by placing the electrodes in a distilled water bath on a lab 

shaker. The container with the water bath was put on the shaker for 5 minutes at the 

lowest speed setting. The distilled water was changed and the washing procedure was 

repeated another two times. The electrodes were dried before applying the next 

coating. Two coatings of 0.4 µL DMFc were applied onto Side A and Side B of the 

working electrode. Subsequently, 5 µL of glucose oxidase was applied only on Side A 

of the working electrode and dried for 90 minutes at room temperature. Side A of the 

sensor is responsible to detect any glucose related current changes. Side B of the 

glucose sensor is intended to identify any background current or any current caused 

by any interfering species.   

After the 90 minutes, the glucose sensors were stored in the fridge with a pack of silicia 

gel sachets desiccant pouches to absorb any moisture. The prepared glucose sensors 

were used within three days after preparation. 
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5.10 Experiments with the glucose sensor  
To test the sensor performance and to evaluate its suitability to be used for direct 

glucose measurements in the RI environment, a series of experiments were carried out 

using gel samples as the samples from experiments involving- in vivo glucose 

extraction via RI were in gel format. 

CV was applied to understand the electrochemical behaviour of the glucose sensors. It 

was employed using the electrochemical interface SI1268 from Solatron with the three 

terminal cell configuration as shown in Figure 5.16c. The pins from the glucose sensor 

were carefully connected to the working, reference and counter electrode connections 

from the electrochemical interface. 

 

5.10.1 Scan rate (SR) 
As discussed in the section 4.3.4, the peak current in a voltammogram changes with 

respect to the applied scan rate: With increasing scan rate, the diffusion layer 

decreases, which in turn leads to higher peak currents (Compton et al., 2012a). 

Experiments were carried out to investigate in the relationship between different scan 

rates and current output for the developed glucose sensor. Once the experimental setup 

as explained in Section 5.9.1 was prepared, 300 µL of gel with a specific glucose 

concentration was dispensed onto the glucose sensor. After a wetting time of                  

10 minutes, CV was performed on Side A and Side B of the electrode at a scan rate of 

10 mV/s. The voltage range was chosen between -0.2 V and 0.4 V. The same procedure 

was repeated on the same electrode at a scan rate of 20 mV/s, 30 mV/s, 40 mV/s,         

50 mV/s, 60 mV/s, 70 mV/s, 80 mV/s, 90 mV/s and 100 mV/s. 

 

5.10.2 Standard calibration curve for glucose sensors 
It is important to know the lower limit of detection of the glucose sensor in order to 

determine if the sensors are sufficiently sensitive to quantify glucose extracted via RI 

experiments. Therefore, experiments were conducted to establish a calibration curve 

using the glucose biosensors. Standard glucose gel samples in the following 

concentrations were prepared as explained in Section 5.2.5: 500 µM, 250 µM,            

125 µM, 62.5 µM, 31.25 µM, 15.625 µM and 0 µM. Once the experimental setup as 
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explained in Section 5.9.1 was prepared, 300 µl of gel was dispensed onto the glucose 

sensor. And after a settling time 10 minutes, CV was performed on Side A and Side B 

of the electrode at a scan rate of 60 mV/s and the voltage range between -0.2 V and 

0.4 V with 5 measurement cycles. After use, electrode was discarded and a new 

electrode was used for the next glucose concentration. The same procedure was 

repeated for all the glucose concentrations. Experiments were repeated 3 times for each 

concentration.  

 

Analysis of the voltammograms: 

In the experiments carried out Section 5.10.1 and Section 5.10.2, gel samples were 

tested, which already had glucose in it. When analysing the obtained voltammograms, 

a particular peak and shape for side A and for side B of the sensor was observable (see 

Figure 5.17). For Side A an anodic peak potential at approximately 0.14 V was seen 

and for Side B a peak was observable at a voltage of 0.1249 V. If the results did not 

match the empirically determined shape and peak, the result was not included in the 

analysis.  

 
 Figure 5.17 Example voltammogram of the standard calibration curve experiments from a standard gel sample 

with a glucose concentration of 62 µM. The graph in the black colour shows the result of the Side A of the 

electrode and the red coloured graph is the result of Side B of the electrode. 

Anodic peak potential at 0.1400 V measured by Side 

A of the glucose sensor, which has the enzyme on it 

Anodic peak potential at 0.1249V measured by Side 

B of the glucose sensor with no enzyme applied 
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Once the obtained voltammogram corresponded the expected shape and peak, it was 

important to identify the peak current solely caused by the redox reaction. Kissinger’s 

method was applied to identify the capacitive current, which was explained in section 

4.3.4 (Kissinger & Heineman, 1983). The baseline current in the potential region from 

-0.1 V to +0.1 V was extrapolated and the capacitive current was then deducted from 

the peak current. 

Establishment of the calibration curve: 

For the establishment of the calibration curve using the glucose sensor the ratio of the 

current reading of side A to the current reading at side B of the sensor at a voltage of 

0.14 V. Side A of the sensor was coated with the DMFc and the carbodiimide solution 

and with glucose oxidase and is responsible to detect any glucose related current 

changes. Side B of the glucose sensor is only coated with DMFc and the carbodiimide 

and without glucose oxidase. It is intended to identify any background current or any 

current caused by any interfering species.  

Taking the ratio will help to identify the current changes only caused by the glucose 

and eliminate any background current or current caused by any interfering species. 

Hence, specificity of the glucose sensor can be validated.   

A linear response was seen between a limited range of the standard glucose 

concentrations and the respective current ratios. Microsoft Office Excel 2017 was used 

to apply a straight-line fit on the dataset and to express the linear relationship in the 

form of the linear function equation by the method of least square fitting. 

 

5.10.3 RI experiments using glucose sensors with AC and 

glucose sensors without AC 
In the next step, the glucose biosensors were tested along with the in vitro RI diffusion 

cell. Figure 5.18 shows the measurement setup used to perform in vitro RI experiments 

along with two types of glucose sensors (one with AC foam and one without AC).  
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Figure 5.18 Measurement setup for RI experiments using glucose sensors with and without AC foam. EI 1 is 

connected to the computer and was used to perform CV to ensure sensor performance. EA 1 was responsible to 

apply the iontophoretic current between E1 and E2 electrodes and also to take “Pre RI” and “After RI” cyclic 

voltammograms of the E1 electrode. EA 2 was responsible to take ”Pre-RI” and “After-RI” cyclic 

voltammograms of the E2 and C electrodes. 

The procedure as explained in Section 5.6 was followed to perform the RI experiments 

with the diffusion cell: 

1. The Spectrapore membrane was prepared as described in Section 5.7.  

2. The buffer for the chamber was prepared with five different glucose 

concentrations: 0 mM, 5 mM, 10 mM, 15 mM and 20 mM. Once the diffusion 

cell was filled, it was rinsed in dH2O to ensure that there was no buffer on the 

top of the diffusion cell. Then the top of the diffusion cell was covered in dH2O 

(to avoid dehydration of the membrane) until the glucose sensors were 

prepared and ready to be applied onto the diffusion cell.  

3. Two sets of electrodes were prepared for the experiments: 

• Glucose sensors without AC: The electrodes for the RI experiments 

without AC were prepared by only placing the PTFE wells onto the 

fabricated glucose sensors.  

• AC- integrated glucose sensors: A similar design to previously 

designed electrode using the potassium electrodes was chosen. 

Therefore, 11 holes with a diameter of 0.125 cm were made with the 

Europlier (Figure 5.19) onto the glucose sensors. This means that at 

least 0.135 cm2 of the AC foam was exposed to the gel (without 
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considering the porous structure of the AC foam). PTFE wells were 

applied on both sides of the electrode, the front well serves as a gel 

reservoir and the AC foam was placed at the back of the sensor and 

secured with an acetate sheet.  

 
Figure 5.19 Electrode with well attached and holes drilled 

  

   

Figure 5.20 Photographed AC  integrated glucose sensor preparation for RI  experiment: a) Electrode with 11 

holes punched; b) Electrode with well attached (front); c) Electrode with well attached (back); d) Electrode with 

AC foam attached (front); e) Electrode with AC foam attached and secured with an acetate sheet (back) 

4. 300 µL of gel was applied into the electrode well and set for 5 minutes.  
5. Before putting sensors on diffusion cell, CV was performed on both sides of 

each sensor using the using the electrochemical interface SI1268 to ensure 

sensor performance. An empirically observed particular peak and shape for 

each side had to be confirmed before putting sensor on the diffusion cell 

(Figure 5.21). At a scan rate of 60 mV/s, CV was performed with a potential 

range between -0.2 V to 0.4 V versus the reference electrode. 

 

a) b) c) d) e) 
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Figure 5.21 Pre-testing of sensors before using them for the RI experiment. The graph in the black colour shows 

the result of the Side A of the electrode and the red coloured graph is the result of Side B of the electrode.  

6. If the peak and the shape did not match with the expected result, the sensor was 

discarded.  

7. Once three electrodes were selected, first the control was placed onto the 

diffusion cell, then the E2 electrode and finally the E1 electrode. When placing 

the electrode, it was made sure that there was no bubble formed between the 

gel and membrane and that the double-sided tape was sticking properly on the 

membrane to avoid any gel leakage.  

8. The cables were then connected to the portable electrochemical analyser and 

after a settling time of 5 minutes, CV was performed on each electrode on each 

side. Then iontophoresis was applied for 60 minutes between E1 and E2 with 

switching polarities every 15 minutes using the portable electrochemical 

analyser. After the iontophoresis cycle, CV was again performed on each 

electrode and both sides. It was important that CV was applied at the same time 

for the E1 and the E2 electrode for analysis purposes. Therefore, two portable 

electrochemical analysers were used. The EA1 took CV from the E1 electrode 

and was also responsible to perform RI. In contrast, the EA2 took CV 
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measurements from the E2 electrode (simultaneously to the E1 electrode) and 

then it took CV measurements from the control electrode. 

9. For each measurement cycle 18 voltammograms were acquired (6 

voltammograms for each electrode): 

.) DC pre: Before placing the sensor onto the diffusion cell, CV was applied to 

confirm the empirically observed particular peak and shape (Figure 5.21) to 

ensure sensor performance (A - pre DC and B - pre DC). 

.) Pre RI: Once three sensors were selected, a voltammogram was taken as soon 

as the sensors were applied onto the diffusion cell (A - pre RI and B – pre RI). 

.) After RI: After the 60 minutes of RI, another voltammogram was recorded 

(A - after RI and B – after RI). 

The voltammogram of interest to investigate in electrochemical glucose 

detection was the CV taken after the 60 minutes of RI, hence the “After RI” 

voltammograms.  

Based on the results obtained in the establishment of a calibration curve using 

the glucose sensor, an oxidation peak at the voltage of 0.14 V was expected. 

However, the voltammograms taken after the application of RI had a different 

shape compared to the CV obtained for the establishment of the calibration 

curve. And no oxidation peak could be identified at a voltage of 0.14 V. 

Instead, two peaks were identified on the voltammogram for side A of the 

electrode after the application of RI for 60 minutes. One peak at a voltage of 

0.082 V and the second peak at a higher potential of approximately 0.306 V. 

And for side B of the sensor, two peaks were also on the voltammogram after 

the application of RI for 60 minutes at a similar oxidation potentials as side A. 

One peak at a voltage of approximately 0.092 V and the second peak at a 

potential of approximately 0.292 V. There is the possibility that there was a 

shift in the glucose peak. Therefore, it was decided to investigate in the 

relationship between the peak currents obtained at 0.082 V and 0.306 V 

respectively for a possible relationship with the extracted glucose. For the 

identification of the capacitive current from the after RI voltammograms, 

Kissinger’s method was applied by extrapolating the baseline current in the 

potential region from -0.1V to 0.024 V and 0.199 V to 0.233 V respectively 
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(Kissinger & Heineman, 1983). The capactive current was then deducted from 

the peak current. The ratio of current at side A to current at side B at the 

oxidation potential at 0.082 V and 0.306 V respectively was evaluated to 

identify a relationship with the extracted glucose.  

10. For comparison purposes to the electrochemical glucose detection method, the 

extracted glucose via RI with and without the AC- integrated glucose sensors 

was quantified using standard laboratory techniques. Therefore, after each 

measurement cycle, the gel was scraped off and diluted with a phosphate buffer 

solution. Glucose was then quantified using the Randox glucose assay kit. 

 

RI experiments for each glucose concentration (0 mM, 5 mM, 10 mM, 15 mM and 20 

mM) in the buffer were repeated three times with AC- integrated glucose sensors and 

three times without AC- integrated glucose sensors. 
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6 Results 
This result chapter can be divided into the following sections: 

• Section 6.1 shows the results of the comparison of two commercially available 

glucose assay kits (the Randox laboratories assay kit and the Sigma Aldrich 

assay kit).  

• The Randox assay kit, which showed better suitability for the required 

concentration range, was used to evaluate the use of the Genova Nano 

spectrophotometer for glucose quantification (Section 6.2).  

• Basic reverse iontophoresis (RI) experiments were performed to see the impact 

of changing the glucose concentrations in the buffer solution in the diffusion 

cell on the amount of glucose extracted (Section 6.3.1) from the in vitro cell. 

In addition, experiments were also conducted to see the relation between 

glucose extraction and the duration of RI (Section 6.3.2). The glucose flux 

through the two artificial membranes (the Spectrapore membrane and the 

Vitro-Skin®) were compared and can be seen in Section 6.3.3.  

• Section 6.4 provides proof of concept of glucose adsorption to activated carbon 

(AC). It details the outcomes of the preliminary glucose adsorption 

experiments on AC pellets (Section 6.4.1) and AC foams (Section 6.4.2) from 

glucose solutions. Section 6.4.3 illustrates the outcomes of the glucose 

adsorption to AC foam with glucose gel samples and Section 6.4.4 shows the 

results of the experiments of glucose adsorption to AC foam over time.  The 

effect of glucose adsorption to the sample volume over time is shown in 

Section 6.4.5. Subsequently, an initial design of an AC foam integrated glucose 

sensor was made and tested in the in vitro RI setup (Section 6.4.6). The 

extracted glucose was then quantified using a colorimetric assay.  

• In section 6.5 the results of the preliminary cyclic voltammetry experiments 

are demonstrated, which were carried out to understand the fundamentals of 

CV, the electrochemical characteristics of the mediator and also the interaction 

between mediator and enzyme in the liquid environment. 

• Section 6.6 shows the results of the cyclic voltammetry experiments with the 

fabricated dimethylferrocene-mediated enzymatic glucose sensor for 
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electrochemical glucose detection. It includes the electrochemical 

characterisation of the glucose sensor in the gel environment and the 

establishment of a calibration curve for glucose gel samples at different 

concentrations using the glucose sensor. The established calibration curve 

should ultimately help to quantify unknown glucose concentrations from 

samples extracted via RI. 

• The final section (section 6.7) details the results of the electrochemical glucose 

detection method of the glucose extracted via in vitro RI experiments using the 

glucose sensors with AC foam and glucose sensors without AC foam. In 

addition, for comparison purposes to the electrochemical glucose detection 

method, glucose was also quantified using standard laboratory techniques 

using colorimetric assays and an optical spectrophotometer. 
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6.1 Comparison of two commercially available glucose 

assay kits 
This section shows the results of the comparison of two commercially available 

glucose assay kits in terms of glucose sensitivity, linear range, limit of detection (LOD) 

and limit of quantification (LOQ). The tested glucose assay kits were a glucose assay 

kit from Randox Laboratories and a glucose assay kit from Sigma Aldrich. In this 

project, the main interest was in the identification of the linearity in the lower 

concentration range of the assay kits because the expected glucose concentrations 

extracted via RI is in the micro molar range (down to 20 µM). The calibration curves 

established were eventually used to quantify glucose concentrations from unknown 

samples extracted via RI experiments. Therefore, the glucose assay kit used had to be 

suitable to quantify glucose in such low glucose concentrations. Calibration curves 

were established using both glucose assay kits in combination with glucose gel 

samples with increasing concentrations. The standard glucose gel samples were 

prepared as explained in section 5.2.5. Absorbance measurements were taken in a 

glucose gel concentration range from 0.22 µM to 1800 µM using the Randox assay 

kit. Figure 6.1 shows the calibration acquired with glucose gel samples with the 

Randox assay kit. The best linear fit was given when applying the linear between     

0.22 µm and 450 µm and is shown in Figure 6.1. The linear relationship can be 

expressed with the following equation y=0.0015x+0.0485 with an R2-value of 0.99. 

The LOD and LOQ were calculated based on the Equation 4.7 and Equation 4.8 and 

converted to a glucose concentration of 2.39 µM for the LOD and 7.03 µM for the 

LOQ using linear equation of the calibration curve. The error bars in the figures 

represent the standard deviation unless otherwise stated.  
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Figure 6.1a Calibration curve of glucose gel samples with increasing glucose concentrations using the Randox 

reagent with a colorimetric assay. The error bars represent the standard deviation (n=5) 

 
Figure 6.1b Magnification of the glucose calibration curve shown in Figure 6.1a of glucose gel samples in the 

concentration range of interest from 3.51 µM to 56.25 µM  

The calibration curve prepared with the glucose gel samples in combination with the 

Sigma Aldrich assay kit can be seen in Figure 6.1a. The same glucose concentration 

range (0.22 µM to 1800 µM) was tested with the Sigma Aldrich assay kit. It was 

observable that the background absorbance was higher than the sample absorbance 

value for the following standard glucose concentrations: 0.22 µM, 0.44 µM, 0.88 µM, 

1.76 µM, 3.52 µM, 7.03 µM, 14.06 µM, 28.13 µM, 56.11 µM, 112.5 µM and 225 µM. 
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A linear relationship can be observed with y=0.0002x+0.176 and an R2-value of 0.97. 

An LOD of 182.44 µM and an LOQ of 252.14 µM were calculated. 

 
Figure 6.2a Calibration curve of glucose samples in gel with increasing glucose concentrations using the Sigma 

Aldrich reagent with a colorimetric assay. The error bars represent the standard deviation (n=5) 

 
Figure 6.2b Magnification of the glucose calibration curve shown in Figure 6.2a of glucose gel samples in the 

concentration range of interest from 0.22 µM to 28.13 µM 

The high standard deviation of sample 4 on Figure 6.2b was probably caused by a 

contaminated sample.  
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Table 6.1 provides a comparison from the data acquired in Figure 6.1b and Figure 

6.2b. 
 
Table 6.1 Summary of LOD, LOQ, upper limit of the linear calibration curve, equation of the linear relation using 

the Randox assay kit and the Sigma Aldrich Assay kit 

Manufacturer of 
glucose assay kit 

LOD 
[µM] 

LOQ 
[µM] 

Upper limit of 
the linear 

relation [µM] 

Equation of 
calibration curve 

Randox 2.39 7.03 450 y=0.0015x+0.0485 

Sigma Aldrich 182.44 252.14 1800 y=0.0002x+0.1760 

 

It can be seen that the Randox assay kit is able to quantify glucose concentrations down 

to 2.39 µM for glucose gel samples. In contrast, the Sigma Aldrich assay cannot detect 

glucose concentrations below 182.44 µM. The differences between the assay kits 

could be due the use of different enzymes for the glucose measurment. Randox assay 

kit uses the glucose oxidase and peroxidase method and Sigma Aldrich assay kit 

applies the hexokinase G6PDH method. Furthermore, higher enzyme concentrations 

in the Randox assay kit could be the reason for its lower limit of detection.  

 

6.2 Glucose quantification using Genova Nano 

spectrophotometer  
The following section shows the results of experiments performed to evaluate the use 

of the Genova Nano for glucose quantification. The advantage of Genova Nano is that 

it can perform measurements with low sample volumes (0.5 µL to 5 μL per 

measurement). This is especially beneficial for research in non- invasive blood glucose 

monitoring by transdermal glucose extraction via RI as only a small sample size is 

available for the analysis.  

To assess the suitability of the Genova Nano for glucose quantification, a calibration 

curve was established with glucose assay kit from Randox Laboratories to identify the 

linear range. For comparison purposes, measurements were also done with a 

commonly used microplate reader. Linearity was tested using the following standard 

glucose concentrations: 2.93 µM, 5.86 µM, 11.72 µM, 23.44 µM, 46.88 µM,           
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93.75 µM, 187.5 µM, 375 µM, 750 µM and 1500 µM. Calibration curves were 

established using glucose solutions, which were diluted with gel samples in a ratio of 

1 to 4.  

Using the microplate reader, the linear relation with y=0.0011x + 0.0586 with an        

R2-value of 0.99 and an LOD of 1.22 µM and an LOQ of 7.17 µM (Figure 6.3) was 

established. 

 
Figure 6.3a Calibration curve of glucose samples in gel format with increasing glucose concentrations using the 

Randox reagent with a colorimetric assay in a glucose solution to gel ratio of 1: 4. 

 
Figure 6.3b Magnification of the glucose calibration curve shown in Figure 6.3a of glucose gel samples in the 

concentration range of interest from 2.93 µM to 46.88 µM 
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In contrast, using the same concentration range, a linear relationship was established 

with y=0.0002x + 0.002 and an R2-value of 0.99 with an LOD of 5.65 µM and an LOQ 

of 26.14 µM (Figure 6.4) using the Genova Nano. 

 
Figure 6.4a Calibration curve of glucose samples in gel format in a glucose solution to gel ratio of 1 to 4 with 

increasing glucose concentrations using the Randox reagent acquired using the Genova Nano. 

 
Figure 6.4b Magnification of the glucose calibration curve shown in Figure 6.4a of glucose gel samples in the 

concentration range of interest from 11.72 µM to 46.88 µM 
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To assess the different methods and the obtained calibration curves, two glucose gel 

samples with known concentrations (204 μM and 408 μM) were prepared. The 

absorbance was then measured using the microplate reader and the Genova Nano and 

afterwards quantified using the calibration curve established with two methods. 

 
Figure 6.5 Quantification of the glucose concentration of three samples with known glucose concentrations    

(204 µM and 408 µM) using the calibration curve acquired (1) with the microplate reader (orange bars) and (2) 

with the Genova Nano (blue bars). The green dashed lines indicate the actual glucose concentration in Sample 1 

and Sample 2. n=3 

Figure 6.5 shows microplate reader measured the concentrations from the two glucose 

samples closer to their known concentration than the GNSPM. The microplate reader 

showed a difference of +6.46 µM for Sample 1 respectively -8.7 µM for Sample 2. 

And the GNSPM had a difference of -10.72 µM and -31 µM to the actual glucose 

concentrations. Lower standard deviations are seen for the measurements with the 

GNSPM. In the final experiments a low volume sample was not required and so the 

GNSPM was not deployed again. The reason why the GNSPM was underestimating 

the actual glucose concentration could be due to the use of sample volume of only         

2 µl.   

 

6.3 Results of the RI experiments 
The following section shows the results from the in vitro RI experiments performed 

using the diffusion cell. The procedure for the in vitro RI experiments was followed 

as explained in section 5.6. An iontophoretic current of 100 µA/cm2 was applied for 
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all experiments. The amount of glucose extracted via RI was tested with respect to 

changing the glucose concentrations in the buffer solution in the diffusion cell and 

with respect to varying the duration of RI. For each RI experiment three electrodes 

were applied onto the diffusion cell, one control electrode (C) and two iontophoresis 

electrodes (E1 and E2).  

6.3.1 RI experiments with changing the concentration in the 

buffer solution in the diffusion cell 
Figure 6.6 shows the glucose extracted from samples with different glucose 

concentration in the diffusion cell (5 mM and 20 mM). A glucose concentration of       

5 mM was chosen as it mimics concentrations obtained from the healthy individuals 

in the fasted state (Arias, 2011). A 20 mM glucose buffer solution was also tested as 

it mimics the concentration obtained after a high-glucose drink from healthy 

individuals.  

 
Figure 6.6 Results of glucose extraction after in vitro RI experiments on the diffusion cell for a duration of         

60 minutes with switching polarities every 15 minutes. The diffusion cell was prepared with a concentration of    

5 mM (red bars) and 20 mM (yellow bars) glucose in the buffer solution. The glucose concentrations from the 

extracted gel were calculated using the equation from the calibration curve. C indicates the control electrode, E1 

indicates the initial anodic iontophoretic electrode and E2 indicates the initial cathodic electrode.n=3 

More glucose was extracted across all three electrodes in the buffer solution with the 

20 mM glucose as expected. In both cases, the control electrodes extracted the least 

amount of glucose, followed by the E2 electrode and the E1 electrode collected the 

83.05

142.22

114.42

155.65

234.99
199.33

0

50

100

150

200

250

C E1 E2

G
Lu

co
se

 c
on

ce
nt

ra
tio

n 
[µ

M
]

Electrodes

5 mM 20 mM



 173 

highest amount of glucose. Higher error bars can be seen for the E2 electrodes. This 

could be due possibly to some leakage from the gel reservoir at the E2 electrode during 

RI. The iontophoresis electrodes extracted in total 247.53 µM of glucose from the          

5 mM glucose buffer solution and 426.29 µM from the 20 mM glucose buffer solution. 

A significant increase of glucose across both iontophoresis electrodes was observable 

when applying an independent t-test (p ≤ 0.05). Table 6.2 shows the calculated glucose 

fluxes across each electrode from the 5mM glucose buffer solution and 20 mM glucose 

buffer solution. For the 5 mM glucose concentration in the diffusion cell, a transdermal 

flux of 24.51 nmol/cm2h was calculated across both iontophoresis electrodes and    

7.93 nmol/cm2h across the control electrode. In contrast, a higher extracted rate of 

41.47 nmol/cm2h was identified for the 20 mM glucose buffer solution in the diffusion 

cell and of 14.83 nmol/cm2h for the control electrode. The extraction rate increased on 

average by a factor of 1.75. It can be seen that the glucose extraction was not 

proportional to the amount of glucose in the diffusion cell. This might be due to the 

fact that the extracted glucose accumulates on the surface of the gel layer and thereby 

block the extraction of more glucose molecules. 
Table 6.2 Transdermal flux of glucose to electrodes after RI of 60 minutes with switching polarities with a glucose 

concentration of a) 5 mM and b) 20 mM of glucose in the diffusion cell 

Glucose 
concentration in 

diffusion cell 

Transdermal flux 
to Control 

electrode [𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux to 
E1 iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

Transdermal flux to 
E2 iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

5 mM 7.93 ± 0.61 13.58 ± 1.83 10.93 ± 1.55 
20 mM 14.83 ± 1.15 22.44 ± 0.20 19.03 ± 3.17 

 

6.3.2 RI experiments with changing duration 
Figure 6.7 shows the result of changing the duration of RI with keeping the glucose 

concentration in the diffusion cell constant at 5 mM. From literature, it is known that 

acceptable levels of glucose can be extracted when applying RI for 60 minutes with 

switching polarities. It was shown that switching polarities when applying the 

iontophoretic current reduces the effect of stinging and erythema, which is caused by 

a direct current. But for research and comparison purposes, RI was also applied for   

15 minutes with direct current and 30 minutes with direct current.  

Apart from the control electrode and the two iontophoresis electrodes, which were 

placed on the diffusion cell, an additional electrode was used to measure the 
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background glucose in the gel itself. Therefore, gel was also applied on a fourth 

electrode and placed on the benchtop while RI was running on the diffusion cell (n=6). 

The gel of the fourth electrode was also collected after the duration of RI and 

quantified. A background glucose of an average of 6.5 µM ± 0.35 was identified. The 

background glucose can be explained by the use of the gel, which was prepared with 

methylcellulose powder. Methylcellulose is derived of cellulose which is 

polysaccharide composed of chains of glucose units (Masaoka et al., 1993).  

 

 
Figure 6.7 In vitro RI experiments with a glucose concentration of 5 mM in the buffer solution at three different 

RI durations: a) with 15 minutes of direct current    b) 30 minutes of direct current and c) 60 minutes with 

switching polarities every 15 minutes .   n=3  

It can be seen on Figure 6.7 that after 60 minutes of RI, more glucose (256.6 µM) was 

extracted across both iontophoresis electrodes compared to the 15 minutes           

(180.97 µM) and 30 minutes (234.49 µM) measurement cycle. A significant increase 

of glucose was seen across both iontophoresis electrodes with the 60 minutes RI cycle 

when applying a one-way ANOVA (p ≤ 0.05). As expected the amount of glucose 

extracted increases with the duration of the application of the iontophoretic current.  

During the application of 15 minutes and 30 minutes of direct current, similar amounts 

of glucose was seen at the control and E2 electrode. This is due to the fact that in both 

cases the polarities were not switched, therefore the electroosmotic flow between the 

iontophoreis electrodes was only going in one direction (from the E2 to the E1 

electrode). Hence, more glucose could be found at the E1 electrode. Similar amounts 
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were extracted at the E2 and control electrode as it was only governed by passive 

diffusion. However, during the application of RI for 60 minutes with switching 

polarities considerable more glucose was extracted at both iontophoresis electrodes 

compared to the control electrode. Overall, it can be seen that smaller amounts of 

glucose was extracted with shorter periods of RI. This is due to the fact that the 

movement of glucose is a time- dependent process.  

 

On Table 6.3, the calculated glucose fluxes across each electrode with different 

durations of RI can be seen. The glucose flux across both iontophoresis electrodes 

increased from 4.32 nmol/cm2h (based on the 15 minutes of RI glucose extraction) to 

11.20 nmol/cm2h (based on the 30 minutes of RI glucose extraction) to                       

24.51 nmol/cm2h after 60 minutes of RI. It can be seen how extraction rate does 

increase with time but is not proportional to duration of RI.  
Table 6.3 Calculated transdermal flux of glucose across each electrode after a) 15 minutes of RI, b) 30 minutes of 

RI and c) 60 minutes of RI with switching polarities with a glucose concentration of 5 mM of glucose in the diffusion 

cell 

Duration of RI 
[mins] 

Transdermal flux 
to Control 

electrode [𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux to 
E1 iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

Transdermal flux to 
E2 iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

15 (with direct 
current) 1.57 ± 0.02 2.64 ± 0.31 1.68 ± 0.05 

30 (with direct 
current) 3.44 ± 0.27 7.63 ± 0.69 3.57 ± 0.35 

60 (with 
switching 

polarities every 
15 minutes) 

7.93 ± 0.61 13.58 ± 1.83 10.93 ± 1.55 

 

6.3.3 RI experiments comparing glucose flux through two 

artificial membranes  
This section shows the comparison of the glucose extractions via RI using the standard 

membrane in the Strathclyde Laboratory (Spectrapore membrane) as reported in 

section 6.3.1 and 6.3.2 with an artificial skin membrane (Vitro-Skin®). The amount 

of glucose extracted from both membranes from a 20 mM glucose buffer solution was 

quantified and compared with each other. An iontophoretic current 100 µA/cm2 was 

applied for 60 minutes of RI with switching polarities every 15 minutes. Again, three 
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electrodes were used for each experiment, the control electrode (C) and the RI 

electrodes (E1 and E2). Figure 6.8 shows glucose concentrations from the gel 

extractions across the two membranes, the Vitro-Skin® (blue bars) and the 

Spectrapore membrane (orange bars).  

 

 
Figure 6.8 Glucose concentrations in each electrode (C, E1 and E2) from the extracted gel across the Vitro-

Skin® (blue bars) with n=6 and the Spectrapore membrane (orange bars) with n=3. The diffusion cell was 

prepared with a 20 mM glucose HEPES buffer solution and the measurement cycle was 60 minutes long with 

switching polarities every 15 minutes. The glucose concentrations from the extracted gel were calculated using 

the equation from the calibration curve.   

Glucose extraction was higher at the initial cathode (E2) across the Vitro-Skin®; 

whereas more glucose was extracted at the initial anode (E1) when using the 

Spectrapore membrane. Besides, much more glucose was extracted in each of the 

electrodes across the Vitro-Skin® compared to the Spectrapore membrane. 

Extractions using the Vitro-Skin® were on average 55 times higher than with the 

Spectrapore membrane. More glucose extraction via the Vitro- Skin® might be due to 

a bigger pore size of the Vitro- Skin®. When applying an independent t-test, a 

significant difference was established between both iontophoresis electrodes                  

(p ≤ 0.05).  
 
Table 6.4 shows the summary of fluxes across each electrode using the Spectrapore 

membrane and the Vitro-Skin®.  
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Table 6.4 Transdermal flux of glucose to electrodes across Spectrapore membrane and Vitro-Skin® after                  

60 minutes of RI with switching polarities with a glucose concentration of 20 mM of glucose in the diffusion cell 

Artificial 
membrane 

Transdermal flux 
to Control electrode 

[𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux to 
E1 iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

Transdermal flux to 
E2 iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

Spectrapore 
membrane 14.83 ± 1.15 22.44 ± 0.20 19.03 ± 3.17 

Vitro-Skin® 726.01 ± 40.43 738.44 ± 35.07 793.76 ± 8.97 
 

As mentioned in Section 6.31 and 6.3.2, an extraction of 40.9 nmol/cm2*h was 

calculated for the Spectrapore membrane across both iontophoresis electrodes with a 

glucose concentration of 20 mM in the diffusion cell. In contrast, for the Vitro-Skin®, 

a total extraction rate of 1532.2 nmol/cm2*h was identified across both RI electrodes.  

 

The results obtained with the Spectrapore membrane correspond well with the results 

obtained in other RI studies (Arias, 2011; Ching & Connolly, 2008c; Farmahan, 2008; 

McCormick et al., 2012) as more glucose was extracted at the initial anode and glucose 

was extracted in the micromolar range. As glucose was extracted in the millimolar 

range and more glucose was extracted in the initial cathode, which is in disagreement 

with other RI studies, it was concluded that the Vitro-Skin® is not suitable to mimic 

the human skin for RI experiments. Thus going forward, the Spectrapore remined the 

model skin as the Vitro-Skin® was too permeable. 

 

6.4 Proof of concept of glucose adsorption to activated 

carbon (AC)  

6.4.1 Adsorption of glucose to AC pellets from solutions  
One of the limitations of glucose sensing in wearable sensors is the build-up of glucose 

in the sensor itself. Various solutions have been tried including the use of glucose 

oxidase in RI gel to remove the glucose (Tierney et al., 2001). In this project, a passive 

method to remove glucose using AC was tested. AC has adsorption characteristics to 

organic molecules and could therefore, act as a glucose binding agent. Thereby, it 

could remove excess glucose from the sensor and hence allow a more uniform 

transdermal glucose profile within a wearable sensor.  
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For the preliminary experiments, AC in pellet form was used due to fast and easy 

availability. The purchased AC pellets are used in aquarium filter systems for removal 

of contaminants such as metal ions and dyes. No product specific information such as 

surface area or pore size was provided. To test glucose adsorption to AC pellets,        

100 µL of a standard glucose solution sample with known glucose concentrations was 

incubated with one piece of an AC pellet for 60 minutes in a well of a ninety-six well 

microplate. The pieces of pellets lacked in uniformity and differed in size. They had 

the same diameter of 0.2 cm but different lengths ranging from 0.3 cm to 0.5 cm. After 

the incubation time, the piece of AC pellet was removed and the remaining glucose 

concentration in the well was measured using a colorimetric assay. Figure 6.9 shows 

the comparison of the standard glucose samples with a concentration of 500 µM 

without incubation with AC pellets (blue bar) against the samples with the same 

glucose concentration with incubation of AC pellets for 60 minutes (green bar). The 

calibration curve acquired from the plate reader using the Randox enzyme kit was used 

to quantify the adsorbed glucose.  

 
Figure 6.9 Glucose measured in the remaining solution after an incubation time of 1 hour of the standard sample 

with a glucose concentration of 500 µM with AC pellets (green bar) (n=38) in comparison to the standard 

concentration of 500 µM (blue bar) ( n=9). The error bars represent the standard deviation. 

The remaining concentrations from the 500 µM glucose sample varied from 56.43 μM 

up to 158.67 μM with an average of 103.45 μM. This corresponds to a glucose 

adsorption of 79.88 % ± 5.35 from the initial glucose concentration of 500 µM. A 
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significant difference was established between the samples with AC and without AC 

(p> 0.05) when applying the independent t-test.  

Based on Figure 6.9, it can be said that glucose adsorption took place but the exact 

relationship between AC and glucose adsorption from the applied experimental setup 

cannot be determined yet as the concentrations vary too much. However, the 

adsorption of glucose per gram of AC pellet was calculated by dividing the amount of 

the quantified glucose by the initial dry weight of the AC pellet. 18.38 mM of glucose 

with a standard deviation of ± 5.04 mM was adsorbed per one gram of AC pellet. This 

has helped to get a rough idea of how much glucose had been adsorbed. 

 

6.4.2 Adsorption of glucose to AC foam from solutions 
The pellets used in the previous experiments, are manufactured for removal of 

contaminants in aquariums and lack in uniformity. Using uniformly shaped AC, gives 

the possibility to repeat and compare the results. Hence, the quality of the pellet was 

not suitable for this research purpose.  In addition, the aim of this project is to 

ultimately integrate AC in glucose biosensors so that a better controlled and improved 

glucose flux within iontophoresis devices can be achieved. Therefore, another 

challenge with AC pellets was the practical difficulty to integrate it into the sensor to 

perform RI in vitro experiments. Consequently, AC foam, an alternative form of AC 

was tested to be used in this project. The AC foam purchased was intended for odour 

removal from compost caddies. There was no information regarding pore size or 

surface area.  

 

This section shows the results of the experiments of glucose adsorption onto AC foam. 

The glucose adsorption experiments using AC pellets and a ninety-six well plate were 

repeated with the AC foam. Glucose solution samples with a concentration of 500 µM 

were incubated with one piece of AC foam for 60 minutes. One piece of AC had a disc 

like shape with a diameter of 0.6 cm and a thickness of 0.1 cm, which is referred to as 

one unit of AC foam from here onwards (Figure 6.10).  
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Figure 6.10 Examples of disc- shaped AC foam, which were used for the adsorption experiments 

Figure 6.11 illustrates the comparison between standard concentration of 500 µM 

without incubation of AC foam (blue bar) and the remaining concentrations after 

incubation of AC foam for 60 minutes (orange bar).  

 

 
Figure 6.11 Glucose measured in the remaining solution after an incubation time of 1 hour of the standard 

sample with a glucose concentration of 500 µM with one unit of AC foam (orange bar) (n=61) in comparison 

with the standard solutions (blue bar) (n=17) and the results shown in Figure 6.9, the remaining glucose 

concentration after an incubation time of 1 hour of the standard sample with a glucose concentration of 500 µM 

with AC pellets. The error bars represent the standard deviation. 

The remaining glucose concentration of the samples with the initial glucose 

concentration of 500 µM vary from 223.56 µM to 299.73 µM, with an average of 

260.47 µM. On average 46.97 % ± 4.33 of the initial glucose concentrations was 

adsorbed after the incubation with one unit of AC foam. Glucose adsorption of       

30.17 mM ± 5.97 by one gram of AC foam was identified. When applying the 

independent-sample t- test significant difference was identified for the 500 µM glucose 

samples with and without AC foam (p<0.05). 
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Comparison between AC pellets and AC foam: 

• On Figure 6.12 the average of the initial dry weight of the used AC pellets and 

used AC foams are presented for comparison. It can be seen that the used AC 

pellets have a higher initial weight as well as a higher standard deviation 

compared the AC foam. A significant difference was seen between both groups 

(p<0.05) when applying the independent t-test.  

 
Figure 6.12 Average initial dry weight of used AC pellets (green bar) with n=78 and AC foam (orange bar) with 

n=130. The error bars represent the standard deviation. 

• The wet weight of the AC pellet and AC foam was also measured after the 

incubation with the glucose solution samples and is illustrated in Figure 6.13. 

On average a higher wet-weight of the AC foam is observable indicating that 

the AC foam has a higher capacity to absorb fluids compared to AC pellets.  
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Figure 6.13 Increase of weight of the AC pellet (green bar) with n=38 and AC foam (orange bar) with n=28 after 

incubation with the glucose sample with a concentration of and 500 µM . Th error bars represent the standard 

deviation. 

• At the same time a higher decrease of sample volume was observable after      

60 minutes of incubation with the AC foam. The sample volume decreased 

from 100 µL to approximately 75 µL after the incubation with AC pellet. And 

after the incubation with AC foam, the sample volume decreased from 100 µL 

to on average of 60 µL after 60 minutes of incubation. 

• The density of the AC pellet and the AC foam was calculated with the 

following equation 𝛿	[ )
*+!] =

,IEE[)]
@01;+R[*+!]	

. Due to practical difficulties to 

identify the exact volume of the AC pellet and the AC foam with the porous 

structure, the volume was approximated by considering both as cylinders and 

using the following equation: V=p*r2*h. The AC pellet had radius of 0.1 cm 

and an average length of 0.4 cm and the AC foam had a radius of 0.3 cm and a 

thickness of 0.1 cm. Based on the before- mentioned assumptions, the AC 

pellet had a volume of 0.013 cm3 and a density of 1.87 )
*+!. In contrast, the AC 

foam had a volume of 0.028 cm3and density 0.28 )
*+!. The AC pellets have a 

higher density compared to AC foam based on these calculations.  

• Comparing the amount adsorbed from the initially 500 µM glucose sample by 

AC pellets and AC foam, more glucose was adsorbed by the AC pellet       

(79.88 % ± 5.35) than the AC foam (46.97 % ± 4.33). Higher adsorption by the 
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AC pellet can be explained by higher initial weight in combination with the 

higher density of the AC pellet.  

• Glucose adsorption by one gram of AC pellet respectively foam was 

established. 18.38 mM ± 5.04 of glucose can be adsorbed by one gram of AC 

pellets whereas 30.17 mM ± 5.97 of glucose can be adsorbed by AC foam. This 

indicates that one gram of AC foam adsorbed more glucose than one gram of 

AC pellet.  

• To be able to compare the results, it is of advantage that the same amount of 

AC is involved in each experiment. The initial weights of the AC foam show 

less variability and hence, would be better suited in this aspect. When 

comparing the amount adsorbed by AC pellet and AC foam, a lower standard 

deviation for the AC foam was observable.  

• For this project, the aim is to ultimately integrate the AC in glucose biosensor. 

Having less variation in the initial weight of the AC foam, will allow better 

uniformity and repeatability of the sensors, and hence enable better comparison 

of the results.  

• Therefore, AC foam form was used for future AC experiments.  

 

More experiments were conducted using the AC foam to investigate glucose 

adsorption with 1) increasing the initial glucose concentration in the sample   (from 

3.9 µM to 1000 µM) and 2) increasing the amount of AC involved (using two units of 

AC foam in the same well of the ninety-six well plate instead of one.)  

Figure 6.14 shows the remaining glucose concentration with respect to the initial 

glucose concentrations ranging from 3.9 µM to 1000 µM after an incubation with one 

(orange dots) respectively two units of AC foam (red triangles) for 60 minutes. 
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Figure 6.14 Initial glucose concentration in the glucose sample versus the remaining glucose concentration after 

an incubation time of 60 minutes with one unit of AC foam (orange dots) and two units of AC foam (red 

triangles). The error bars represent the standard deviation. 

Following observations were made: 

(1) A linear relationship was observable when plotting initial glucose 

concentration of the sample against the remaining glucose concentration when 

using one respectively two units of AC foam. It can be seen that the higher the 

initial glucose concentration in the sample, the more glucose was adsorbed to 

the AC foam.  

(2) More glucose is adsorbed when increasing the amount of AC in the experiment. 

From the initial glucose concentration of approximately 960 µM, after an 

incubation of 60 minutes with one unit of AC foam, 532 µM of the glucose 

concentration was remaining. In contrast only 324 µM was remaining after 

incubating the sample with two units of AC foam.  

 

Figure 6.15 shows the amount of glucose adsorbed per one gram of AC against the 

remaining glucose concentration using 1) one unit of AC (orange dots) and 2) two 

units of AC foam (red triangles). Figure 6.14 gives information about the type of 

adsorption isotherm occurring in the adsorption of glucose to AC. 
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Figure 6.15 Remaining glucose concentration after the incubation of the sample with one unit of AC foam 

(orange dots) and two units of AC foam (red triangles) for 60 minutes in relationship with the amount of glucose 

adsorbed by one gram of AC foam. 

A linear relationship could be established between the remaining glucose 

concentration and the amount of glucose adsorbed per one gram of AC foam, which 

indicates a linear adsorption theorem in the tested glucose concentration range. A 

similar gradient (± 0.29*10-6) was found for the curve established with one unit of AC 

foam and two units of AC foam. This indicates that the adsorption by one gram of AC 

is in agreement using one unit of AC foam and two units of AC foam.  

  

6.4.3 Glucose adsorption to AC foam from glucose gel samples 
Glucose adsorption experiments were repeated using glucose concentrations in gel 

format as gel samples are ultimately used for RI experiments. Therefore, glucose 

samples in gel format with different glucose concentrations ranging from 3.5 µM to 

900 µM were incubated with one unit of AC foam for a time period of 60 minutes. 

Figure 6.16 shows the remaining glucose concentration against the initial glucose 

concentration. A linear relationship was observable for glucose gel samples.  
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Figure 6.16 Initial glucose concentration in the glucose gel sample versus the remaining glucose concentration 

after an incubation time of 60 minutes with one unit of AC foam. The error bars represent the standard deviation 

The gradient of 0.5385 obtained from the curve in Figure 6.16 is similar to the gradient 

0.5481 obtained with the glucose solutions using one unit of AC in Figure 6.14. This 

indicates that the adsorption process of glucose was not majorly affecting by the 

changing the glucose solution samples to glucose gel samples.  

 

Figure 6.17 shows the amount of glucose adsorbed by one gram of AC against the 

remaining glucose concentration A linear relationship was also observable when one 

unit of AC foam and glucose samples in gel format was used, again indicating a linear 

adsorption isotherm.  
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Figure 6.17 Remaining gel glucose concentration after the incubation of the sample with one unit of AC foam for 

60 minutes in relationship with the amount of glucose adsorbed by one gram of AC foam. 

Comparing the gradients from the experiments with glucose solution (1.85*10-6) and 

glucose gel (1.84*10-6), a similar gradient was established. This indicates that using 

gel only has a low impact on the adsorption process to AC.  

 

6.4.4 Glucose adsorption profile to AC foam over time 
The time diffusion profile of glucose into AC foam was investigated using the highest 

concentration of the tested glucose concentration range. One glucose solution sample 

with a glucose concentration of 1000 µM and one glucose gel samples with a glucose 

concentration of 900 µM were used to study adsorption profiles over time.  

The adsorption time profile of a glucose solution with an initial concentration of     

1000 uM is observable in Figure 6.18. On the x-axis the time incubated with the AC 

foam is applied. And on the y-axis the amount adsorbed by one gram of AC foam is 

applied. Measurements were taken every 10 minutes up to 80 minutes of incubation 

time.  
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Figure 6.18 Adsorption time profile of a 1000 µM glucose sample on AC foam.  

The R2-values of the applied straight-line fits were used to assess the best linear curve 

fitting range to determine the linear time period of the adsorption profile. Straight line 

fits were applied over the time period between 10 minutes and 60 minutes, 10 minutes 

and 70 minutes and 10 minutes and 80 minutes. The straight line fit applied from          

10 minutes to 80 minutes was identified to have the highest R2-value with 0.93, 

indicating the incubation time of 80 minutes provides the best adsorption results with 

glucose solutions in the given time scale. The linear relation can be expressed with: 

y= 9.82*10-6 +0.00035.  

The adsorption time profile of a glucose gel sample with an initial concentration of 

900 µM is observable in Figure 6.19.  
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Figure 6.19 Adsorption time profile of a 900 µM glucose sample on AC foam. 

The time diffusion profile of glucose in gel format showed similar behaviour. Again, 

the R2-values of the applied straight-line fits were used to assess the best linear curve 

fitting range to determine the linear time period of the adsorption profile before it 

settles down. The straight line fit applied from 10 minutes to 60 minutes was identified 

to have the highest R2-value with 0.99, indicating the incubation time of 60 minutes 

provides the best adsorption results with glucose gel sample in the given time scale. 

The linear relation can be expressed with the following equation:                                          

y= 1.43*10-6x+0.00016 

 

The diffusion rate was estimated with the following assumptions: 

• As mentioned, due to practical difficulties to identify the exact volume of the 

AC foam with the porous structure, the volume of the AC foam was only 

estimated to have a cylindrical volume with a radius of 0.3 cm and a thickness 

of 0.1 cm.  

• The adsorbed glucose was calculated by deducting the remaining 

concentrations after the incubation with AC foam from the initial glucose 

concentration in the sample with the consideration that all of it was adsorbed 

by the AC foam.  

• The area of the diffusion profile was calculated with A= r2*p (with r=0.3 cm) 
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Table 6.5 shows the flux of glucose over time in solution and gel samples calculated 

based on the above-mentioned assumptions.  
Table 6.5 Calculated glucose flux across glucose solution and glucose gel sample to AC foam 

Time of 
diffusion [mins] 

Flux across glucose solution 
samples to AC foam [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

Flux across glucose gel 
samples to AC foam [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

10 117.51 90.91 
20 79.46 66.43 
30 76.82 55.12 
40 60.55 53.48 
50 50.62 56.53 
60 50.45 51.62 
70 44.29 42.83 
80 39.95 40.00 

 

Initially (up to 40 minutes of incubation), a higher glucose flux is observable across 

solution samples. However, after 50 minutes of diffusion, gel samples speed up and 

after 60 minutes the diffusion rate of solution and gel samples are similar to each other 

(±1.17>+01
*+&M

). This could be the reason why a similar gradient was found between the 

glucose adsorption experiments for glucose solution samples and glucose gel samples 

(Figure 6.15 and Figure 6.17) 

 

6.4.5 Impact of glucose adsorption to AC to sample volume 
During the glucose adsorption experiments to AC, a decrease in the sample volume of 

100 µL after the incubation with AC for 60 minutes was observable. Therefore, the 

decrease of sample volume of the glucose solution and glucose gel samples over time 

was investigated (with incubating the sample with one unit of AC foam) and can be 

seen in Figure 6.20.  
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Figure 6.20 Remaining sample volume of the glucose solution samples with n=3 (blue triangles) and of the 

glucose gel samples with n-n=3 (orange dots) after the incubation with AC foam over a time period of 80 

minutes. 

It was observable that after an incubation time of 60 minutes with one unit of AC foam, 

only 60 µL of the glucose solution sample was left. In contrast after an incubation time 

of one hour with AC foam with glucose gel samples, only 50 µL of the initial volume 

was present.  

 

6.4.6 RI experiments with AC foam 
The concept of glucose adsorption to AC foam was successfully proven with the 

previous experiments. Next, the AC foam was integrated in the electrode system used 

for RI experiments using the in vitro system. The extracted glucose was then quantified 

using a colorimetric assay and compared to RI experiments using electrodes without 

AC. 

Figure 6.21 shows the amount of glucose extracted after applying RI for 60 minutes 

with switching polarities every 15 minutes. A buffer with 20 mM glucose 

concentration was used simulating the interstitial fluid. The blue bars indicate the 

amount of glucose extracted using sensors without AC and the yellow bars represent 

the results using the sensors with AC.  
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Figure 6.21 Glucose concentrations in each electrode (C, E1 and E2) from the extracted gel across the 

Spectrapore membrane using electrodes without AC (blue bars) and with AC (yellow bars). The diffusion cell 

was prepared with a 20 mM glucose HEPES buffer solution and the measurement cycle was 60 minutes long with 

switching polarities every 15 minutes. The glucose concentrations from the extracted gel were calculated using 

the equation from the calibration curve. The error bars represent the standard error. n=7. 

It can be seen than more glucose was extracted with the sensors with the AC foam 

(Figure 6.21). As expected, glucose was extracted at the most at the E1 electrode (the 

initial anode) in both electrode groups, the electrodes without AC (274.18 µM) and 

also the electrodes with AC (767.85 µM). And the least amount of glucose was 

extracted in the control electrodes (130.65 µM respectively 297.50 µM), as the only 

transport mechanism involved for this electrode is passive diffusion. The E2 electrode 

extracted 170.83 µM in the electrodes without AC foam respectively 404.05 µM with 

AC foam. The Mann Whitney U test was applied to each type of electrode to test the 

differences between the sensors with AC and without AC. A significant difference was 

established with p ≤ 0.05 for all three electrodes.  

 
Table 6.6 gives a summary of the fluxes across each electrode using the sensors with 

AC foam and without AC foam.  
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Table 6.6 Transdermal fluxes across the Spectrapore membrane using sensor without AC foam  and with AC foam 

Type of 
sensor 

Transdermal flux to 
Control electrode 

[𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux to E1 
iontophoresis electrode 

[𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux to E2 
iontophoresis electrode 

[𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 
Without 
AC foam 12.48 ± 0.87 26.18 ± 4.29 16.31 ± 1.35 

With AC 
foam 28.41 ± 3.78 73.32 ± 12.69 38.58 ± 6.44 

 

An increase of glucose flux between the electrodes with and without glucose is 

evident. The flux increased by a factor of 2.28 across the control electrodes, by a factor 

of 2.80 across the E1 electrodes and by a factor of 2.37 across the E2 electrodes. 

However, a higher standard error can also be seen with the integrated AC sensors.  

It was shown that AC has good potential to act as a glucose binding agent and allow 

an improved transdermal glucose profile within a wearable sensor.  

 

6.5 Preliminary cyclic voltammetry (CV) results  
This section shows the results of the experiments conducted to investigate 

electrochemical glucose detection using glucose sensors. In the previous experiments, 

glucose extracted via RI was quantified with standard laboratory means using 

colorimetric assays and an optical spectrophotometer. Integrating a biosensing unit in 

the electrode system, would allow in situ glucose quantification.  

Experiments were conducted with a screen printed three-electrodes design shown in 

section 5.5.1 with an Ag/AgCl reference electrode. The means of CV was used to study 

the electrochemical glucose detection method. Preliminary experiments were carried 

out to understand the fundamentals of CV, the electrochemical characteristics of a 

mediator on its own and also the interaction between mediator and enzyme in the liquid 

environment. The procedure outlined in 5.9.1 was followed to perform the preliminary 

CV experiments. 

As discussed, the preliminary experiments were conducted with a different ferrocene 

derivative than used in the glucose sensor. Ferrocenemonocarboxylic acid (FMCA) 

was used as a mediator as it was already available for use in the laboratory.  
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6.5.1 Study of electrochemical behaviour of FMCA  
Figure 6.22 shows the CV of 0.5 mM FMCA in PBS with ethanol and sodium 

perchlorate as a supporting electrolyte at different scan rates (10 mV/s, 50 mV/s and 

100 mV/s). The potential was swept between -0.1V and 0.5 V. 

 

 
Figure 6.22 CV of 0.5 mM FMCA in PBS with ethanol and sodium perchlorate at different scan rates 10 mV/s 

(blue), 50 mV/s (red) and 100 mV/s (green) 

From -0.1 V to approximately +0.12 V, only a non-faradaic capacitive current is 

observable due to the electrode double layer. At higher potential, an increase in the 

current can be seen as the potential is sufficiently positive to oxidise FMCA to 

FMCA+. The faradaic current continues to increase until FMCA gets fully depleted on 

the electrode surface causing a current peak (Ipa) at an anodic peak potential of      

0.256 V. Subsequently, a decrease in the current can be seen as the concentration of 

the FMCA diminish from the surrounding of the electrode surface and as the rate of 

oxidation occurs faster than the mass transport of the analyte from the bulk solution to 

the electrode surface. At the same time an increase of FMCA+ concentration at the 

electrode surface occurs. The reverse scan begins at the voltage of +0.5 V and 

gradually decreases. Once the potential is sufficiently negative to reduce FMCA+ to 

FMCA, the cathodic current starts flowing until the concentration of the FMCA+ is 

depleted in the vicinity of the electrode surface and a cathodic current peak (Ipc) is 
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produced at the cathodic peak potential of 0.195 V. After that the current decays, as 

there is no more FMCA+ in the surrounding of the electrode surface.  

The noise in the voltammograms (Figure 6.22) can be explained by the initially used 

curing method of the screen- printed electrodes. Initially the electrodes were cured at 

a temperature of 70 °C for 20 minutes. This method was taken from the previous 

Medical Devices group at Strathclyde. However, with this method high resistance 

values for the screen- printed electrodes and no clean signal were measured, and 

improvement was needed. Therefore, the curing process was adapted and changed to 

120 °C for 15 minutes as described in Section 5.5.3. This method was recommended 

from the manufacturer of the ink (Henkel Corporation, 2013), which has led to lower 

resistance values and an improvement in the noise level was observable (see          

Figure 6.25). 

The reversibility of electron transfer of FMCA was analysed by testing its compliance 

with the requirements for a reversible system, which were discussed in the section 

4.3.4.  

An anodic peak was identified at a voltage of 0.256 V and a cathodic peak at 0.195 V. 

Thus, a peak separation of 0.061 V was calculated. The second characteristics states 

that the ratio between anodic peak current and cathodic peak current should equal to 

1. To test the second requirement, first the capacitive current had to be identified and 

deducted from the peak current to determine the current solely caused by the electron 

transfer. This was done by following Kissinger’s method and extrapolating the 

baseline current (see Figure 6.23) (Kissinger & Heineman, 1983). 



 196 

 
Figure 6.23 CV of 0.5 mM FMCA in PBS and sodium perchlorate with applied tangent indicating the 

extrapolation of the baseline current to identify capacitive current. 

An anodic peak current of 3.16*10-6 A and a cathodic peak current of 3.12*10-6 A was 

identified at a scan rate of 10 mV/s, which provides us with a ratio of 1.01. 

3.16 ∗ 10'S

3.12 ∗ 10'S = 1.01 

The third rule for reversibility was tested by plotting the peak current versus the square 

root of the SR (Figure 6.24).  

 
Figure 6.24 Relationship between scan rate and peak current of the 0.5 mM FMCA in PBS and sodium 

perchlorate 
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A linear relationship between the peak current and the square root of the SR can be 

seen. The applied straight-line fit can be described with y=9.73*10-7x – 8.74*10-9 and 

an R2=0.997.  

As expected from literature, a reversible one electron transfer of FMCA could be 

confirmed in this experiment.  

 

Calculation of the diffusion coefficient of FMCA: 

As FMCA undergoes a one-electron transfer, Randles Sevcik equation was applied to 

calculate the diffusion coefficient of FMCA: 

 
𝐼𝑝𝑐 = 0.446 ∗ 𝑛 ∗ 𝐹 ∗ 𝐴 ∗ 𝑐 g

𝑛 ∗ 𝐹 ∗ 𝑆𝑅 ∗ 𝐷
𝑅 ∗ 𝑇 h

B/7

 
 

Randles Sevcik equation was rearranged to express the diffusion coefficient (D) and 

the parameters shown in Table 6.7 were inserted into the equation. 
Table 6.7 Parameters used to calculate the glucose diffusion coefficient of FMCA 

Ip [A] n 
F 

[C/mol] 

A 

[cm2] 

C 

[mol/cm3] 

SR 

[V/s] 

R 

[J/K*mol] 

T 

[K] 
D [cm2/s] 

3.16*10-6 1 96500 0.12 5*10-7 0.010 8.3145 293 3.79*10-6 

A diffusion coefficient of 3.79 * 10-6 cm2/s was calculated for FMCA in PBS with 

ethanol and sodium perchlorate.  

 

6.5.2 Mediator – enzyme interaction in free solution 
In this study the aim was to ultimately integrate a ferrocene-mediated enzyme 

electrode in the electrode design for in situ glucose detection. In a mediated enzymatic 

reaction, the mediator is used as an electron acceptor from the enzyme. At the 

application of a specific potential, the mediator is re-oxidised. The current produced 

at heterogenous electron transfer is related to the analyte concentration. 

This experiment was conducted to understand the electrochemical interaction of a 

mediator in the presence of glucose and upon the addition of the enzyme in the liquid 

environment. Figure 6.25a shows the CV obtained with 0.5 mM FMCA in the presence 
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of 50 mM glucose and upon the addition of the glucose oxidase (Figure 6.25b) at a 

scan rate of 1 mV/s. The potential was swept from 0 V to 0.5 V. 

 
Figure 6.25 a) CV of FMCA in PBS buffer with 50 mM glucose (blue) and b) upon addition of 10.9 uM of GOD 

(orange) at a scan rate of 1 mV/s with diffusion current of FMCA(Ipa) and the catalytic current (Icc) upon the 

addition of GOD 

In the absence of the glucose oxidase, the oxidation and reduction of FMCA can be 

seen in Figure 6.25a. An anodic peak potential of 0.32 V and a cathodic peak potential 

of 0.21 V was identified. which leads to a peak seperation of 0.11 V. As the 

reversibility of FMCA was already confirmed in the previous experiment shown in 

section 6.5.1, it was surprising to see a high peak-to-peak seperation, which is 

indicative of an irreversibe electron transfer. The reversibility of FMCA might have 

been affected in this experiment by the slow scan rate. Or the higher peak current 

seperation could be due to the fact that no supporting electrolyte was used in this 

experiment. A supporting electrolyte improves the solution conductivity and without 

it, it causes the solution to be more resistive. Therefore, a higher overpotential is 

needed to drive the same amount of current to facilitate the electron transfer, which 

can be reflected in the CV by a larger peak-to-peak separation (Compton et al., 2012a). 

An oxidation peak current of 1.18*10-6 A and a reduction peak current of 1.21*10-6 A 

was found, thus providing us with a ratio of 0.97. This ratio is in close agreement with 

the ratio of 1, which would be expected in a reversibile system. 

A diffusion coefficient of 5.28 *10-6 cm2/s was calculated for FMCA using Randles-

Sevcik equation.  
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Upon the addition of the glucose oxidase, an increase in the catalytic current (Icc) is 

observable starting at oxidising potential of FMCA (approximately 0.15 V). This 

electrocatalytic response was initiated by the oxidation of glucose, which was 

catalysed by GOD. This catalytic current is indicative of the regeneration of the FMCA 

from the reaction of FMCA+ with the reduced from of the GOD (Cass et al., 1984).  

The diffusion current of FMCA (Ipa) was identified as 1.18*10-6 A at the anodic peak 

voltage of 0.32 V in the absence of GOD. A catalytic current (ICC) of 5.74*10-6 A at a 

potential of 0.36 V in the presence of GOD.  

This experiment shows the effeciency of the mediator to shuttle electrons between the 

electrode and the enzyme.  

 

6.5.3 Testing screen printed Ag/AgCl reference electrode vs 

standard 3M Ag/AgCl electrode 
The potential of the screen-printed electrode (SPE) with respect to a standard glass 

electrode (SE) 3M Ag/AgCl reference electrode in different buffers is illustrated in 

Figure 6.26. It was tested in in 0.1 M phosphate buffer solution and in 3% w/v of 

methylcellulose gel. This experiment was conducted to see if the gel has enough 

chloride ions to support the screen-printed Ag/AgCl electrodes.  

 
Figure 6.26 Screen printed electrodes (SPE) vs standard electrode (SE) in 0.1 M phosphate buffer solution and 

3% w/v of methylcellulose gel 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 50 100 150 200

Po
te

nt
ia

l [
V

]

Time [s]

SPE vs SE in gel

SPE vs SE in
phosphate buffer



 200 

A stable open circuit potential can be seen in both media over the measured time period 

of three minutes. However, a shift in the open circuit potential can be seen with respect 

to the medium. The open circuit potential reduced from 0.26 V in the phosphate buffer 

to 0.22 V in the gel, thus providing a potential difference of 0.04V. The potential of 

an Ag/AgCl reference electrode depends on the concentration of the Cl- -ions present 

(Compton et al., 2012b). Hence, it is implied that there are less Cl- -ions in the gel 

compared to in the phosphate buffer to support the screen-printed Ag/AgCl RE.  

 

6.6 Electrochemical characteristion of the DMFc - 

mediated enzymatic glucose sensor 
In this section, the experiments conducted with the glucose sensors, which were 

fabricated as explained in section 5.9.3, are shown.  

The glucose sensors were tested in the gel environment as the samples from 

experiments involving in vivo glucose extraction via RI were in gel format. 

 

6.6.1 Testing different scan rates with glucose sensor 
The relationship between different scan rates and current output of the fabricated 

glucose sensors can be observed in Figure 6.27. The scan rate was changed from          

10 mV/s to 100 mV/s in increments of 10 mV/s. The test sample consisted of a gel 

sample with a glucose concentration of 62 µM. 
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Figure 6.27 CV of Side A of the glucose sensor at a glucose concentration of 62 uM at different scan rates 

Side A of the sensor is coated with the DMFc, carbodiimide and with glucose oxidase 

and is responsible to detect any glucose related current changes. With increasing scan 

rate, an increase in the anodic peak current can be seen on side A of the glucose sensor. 

This is due to the fact that with increasing scan rate, the diffusion layer decreases. 

Consequently higher peak currents are observable (Krishnan, 2011).  

A shift in the anodic peak potential from 0.136 V to 0.168 V can be detected when 

changing the scan rate, which is an indication for a non- reversible system. In addition, 

in disagreement to theory, no cathodic peak can be observable.  

The peak current at the potential of 0.14 V was plotted against square root of the scan 

rate (Figure 6.28). 
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Figure 6.28 Peak current vs the square root of the scan rate. Peak current acquired using the glucose sensor 

tested in a glucose gel sample with a concentration of 62 µM 

No clean linear relationship can be seen between the peak current and the square root 

of the scan rate, again indicating an irreversible system. If the electron transfer between 

the mediator and the working electrode is too slow, a reduction will not occur 

(Kissinger & Heineman, 1983).  

This experiment was also conducted to identify the best scan rate to perform the 

experiments with the glucose sensors. The R2-values of the applied straight-line fits 

were used to assess the best linear curve fitting range in Figure 6.28. The straight-line 

fit applied from square root from a scan rate of 10 mV/s to the square root of the scan 

rate of 60 mV/s was identified to have the highest R2-value with 0.63. Therefore, the 

CV experiments with the glucose sensors were conducted at a scan rate of 60 mV/s. 

 

Comparing the voltammograms obtained in the liquid environment (eg. Figure 6.25) 

and gel environment (Figure 6.27), a high level of noise can be seen in the latter. The 

noise in the gel environment suggests that the gel itself is not providing a uniform 

environment for the analyte to diffuse.  
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6.6.2 Establishment of a standard calibration curve with the 

glucose sensor 
It is important to identify the detection range of the fabricated glucose sensor in order 

to determine if the sensors are sufficiently sensitive to quantify glucose extracted via 

RI experiments. Therefore, experimental procedure described in section 5.10.2 was 

followed to establish a calibration curve using the glucose biosensors.  

The glucose standard gel samples used for the establishment of the calibration curve 

was prepared as explained in section 5.2.5. with the following glucose concentrations: 

0 µM, 15.63 µM, 31.25 µM, 62.5 µM, 125 µM and 250 µM. 

The capacitive current was deducted from the peak current by extrapolating the 

baseline current. This was required to identify the current solely caused by the faradaic 

processes. 

The experiments were performed at static condition and the glucose was already mixed 

into the gel. The sensors were disposed after single use.  

Figure 6.29 shows an example of the acquired voltammograms from side A of the 

glucose sensors at the different standard concentrations at a scan rate of 60 mV/s. 

 
Figure 6.29 CV obtained from Side A of the glucose sensor during establishment of the calibration curve 

Glucose oxidase has a high specificity towards glucose and was applied on side A of 

the sensor. Hence, the current reading of side A of the sensor is expected to be due to 

the mediator- enzyme reaction in the presence of the glucose and in relation to the 
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glucose in the test sample. An increase in the peak current with increasing glucose 

concentration in the test sample at a potential of 0.14V can be seen. 

 

As discussed, side B of the glucose is only coated with DMFc and carbodiimide and 

with no glucose oxidase. It is intended to identify any background current or current 

caused by any interfering species. Figure 6.30 shows the voltammogram of side A in 

comparison to side B of a gel sample with a glucose concentration of 62 µM at a scan 

rate of 60 mV/s. 

 
Figure 6.30 Voltammogram of a standard gel sample with a glucose concentration of 62 µM obtained from side 

A of the glucose sensor, which has the immobilised enzyme on the working electrode (blue  in comparison to side 

B of the sensor, which has no enzyme on the working electrode (grey); both voltammograms were taken at a scan 

rate of 60 mV/s 

A peak at approximately 0.1249 V can be seen for side B of the glucose sensor, which 

is caused by the oxidation of the DMFc in the presence of glucose. Also for side B of 

the sensor, no cathodic peak is observable, indicating an irreversible electron transfer 

of DMFc. However, from theory it is expected that DMFc undergoes a reversible one 

electron transfer, therefore Randles Sevcik equation was applied to calculate the 

diffusion coefficient of 2.9*10-8 for DMFc.  

 

For the establishment of the calibration curve using the glucose sensor it was decided 

to take the ratio of the current reading of side A to the current reading at side B of the 

sensor at a voltage of 0.14 V. Taking the ratio will help to identify the current changes 
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only caused by the glucose and eliminate any background current or current caused by 

any interfering species. Hence, specificity of the glucose sensor can be validated.  

 

Figure 6.31 shows the established calibration curve with the ratio of side A to side B 

against the standard glucose concentrations.  

 

 
Figure 6.31 Calibration curve established using electrochemical detection of glucose using biosensors. The ratio 

of the current value obtained at a voltage of 0.14 V at side A of the glucose sensor to the current value obtained 

at a voltage of 0.14 V at side B of the glucose sensor, Side A of the sensor is immobilised with the enzyme; Side B 

of the sensor has no enzyme coating and is responsible to detect any background current.n=3 

A linear relationship between the ratio and the standard glucose concentration could 

be found and the linear relation can be expressed with y=0.0044x+1.4462 and an 

R2=0.97. An LOD of 77.09 µM was calculated. Even though a linear relationship could 

be found, the standard error bars are high and overlapping, indicating the need of 

further improvement of the sensors.  

The established calibration curve should ultimately help to quantify unknown glucose 

concentrations from RI samples based on the current reading from the glucose sensor.  
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6.7 In vitro RI experiments with the DMFc - mediated 

enzymatic glucose sensor with and without AC  
In vitro RI experiments using the glucose sensors without AC and the AC- integrated 

glucose sensors were conducted as explained in section 5.10.3. The applied 

measurement setup can be seen in Figure 6.32.  

 
Figure 6.32 Measurement setup for RI experiments using glucose sensors with and without AC foam. EI 1 is 

connected to the computer and was used to perform CV to ensure sensor performance. EA 1 was responsible to 

apply the iontophoretic current between E1 and E2 electrodes and also to take CV from the E1 electrode. The 

EA2 took CV measurements from the E2 electrode and from the control electrode. 

Five different glucose concentrations were tested in the diffusion cell: 0 mM, 5 mM, 

10 mM, 15 mM and 20 mM. Three electrodes were used for each experiment, one 

control electrode and two iontophoresis electrodes. This experiment was conducted to 

see 1) if the extracted glucose via RI can be electrochemically quantified using the 

glucose sensor and 2) if the AC-integrated glucose sensor improves glucose flux 

during RI.  

First the results of the standard glucose detection method using glucose assay kits and 

an optical spectrophotometer are demonstrated before discussing the electrochemical 

glucose detection method using the sensors (section 6.7.2). 
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6.7.1 Standard laboratory glucose detection using colorimetric 

assay and an optical spectrophotometer 
For comparison purposes to the electrochemical glucose detection method, the 

extracted glucose via RI with and without the AC- integrated glucose sensors was 

quantified using the Randox glucose assay kit and an optical spectrophotometer.  

The amount of glucose extracted after applying RI for 60 minutes with switching 

polarities every 15 minutes using the glucose sensors without AC can be seen on 

Figure 6.33 and using the AC- integrated glucose sensors can be seen in Figure 6.34.  

 
Figure 6.33 Glucose concentrations quantified using the standard method using glucose assay kit and an optical 

spectrophotometer. The amount of glucose extracted in each electrode (C, E1 and E2) from the extracted gel 

across the Spectrapore membrane using without the AC- integrated glucose sensors). The diffusion cell was 

prepared with a 0 mM (blue bars), 5 mM (orange bars), 10 mM (grey bars), 15 mM (yellow bars) and 20 mM 

(green bars) glucose HEPES buffer solution and the measurement cycle was 60 minutes long with switching 

polarities every 15 minutes. The glucose concentrations from the extracted gel were calculated using the 

equation from the gel calibration curve. The error bars represent the standard error. n=3. 

The small amounts of background glucose extracted from the 0 mM glucose 

concentration in the buffer solution is negligible and is caused by the methylcellulose 

in the gel.  

As it is expected from theory, glucose was extracted at the most at the E1 electrode 

(the initial anode) across all concentrations. It is observable that the glucose extraction 

increases with increasing glucose concentrations in the diffusion cell across all three 

electrodes. In disagreement to theory, for the 15 mM and 20 mM glucose concentration 
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the control electrodes exceeded the amount extracted at the E2 electrode. It was 

expected that the control extracts the least amount of glucose as it is only governed by 

passive diffusion. The higher extraction at the control electrodes could be possibly due 

to a damaged membrane under the control electrodes.  

 

 
Figure 6.34 Glucose concentrations quantified using the standard method using glucose assay kit and an optical 

spectrophotometer. The amount of glucose in each electrode (C, E1 and E2) from the extracted gel across the 

Spectrapore membrane using the AC- integrated glucose sensors. The diffusion cell was prepared with a 0 mM 

(blue bars), 5 mM (orange bars), 10 mM (grey bars), 15 mM (yellow bars) and 20 mM (green bars) glucose 

HEPES buffer solution and the measurement cycle was 60 minutes long with switching polarities every 15 

minutes. The glucose concentrations from the extracted gel were calculated using the equation from the gel 

calibration curve. The error bars represent the standard error. n=3. 

Again, a negigblible amount of background glucose was extracted from the 0 mM 

glucose concentration in the buffer solution due to the gel. E1 electrode extracted the 

highest amount of glucose compared to the E2 and the C electrode, except for the        

15 mM glucose concentration in the diffusion cell, where the E2 electrode extracted 

the most. Interestingly, for the 10 mM glucose concentration in the diffusion cell more 

glucose was extracted at the control electrode than at the E2 electrode, which is 

unexpected. It is expected that the control electrode extracts the least amount of 

glucose as it is only governed by passive diffusion. Same as for the electrodes without 

AC, an increased glucose extraction can be seen with increasing glucose 

concentrations in the diffusion cell using with AC- integrated electrodes but with two 

exceptions. The 5 mM glucose concentration extracted slightly more glucose at the E1 
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electrode than the 10 mM glucose concentration. And more glucose was extracted 

from the 15 mM glucose concentration than the 20 mM glucose concentration at the 

E2 electrode. Even though, slight variations were observed from what was expected 

from theory, the differences are within acceptable limits.  

 

Table 6.8 gives a summary of the calculated glucose fluxes across each electrode using 

the sensors with AC foam and without AC foam.  
Table 6.8 Transdermal fluxes across the Spectrapore membrane using sensor without AC foam and with AC foam 

and the 0 mM glucose diffusion cell 

Glucose 
concentration 

in diffusion 
cell 

Type of 
sensor 

Transdermal 
flux to 

Control 
electrode 

[𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux 
to E1 iontophoresis 

electrode [𝒏𝒎𝒐𝒍
𝒄𝒎𝟐𝒉

] 

Transdermal flux 
to E2 

iontophoresis 
electrode [𝒏𝒎𝒐𝒍

𝒄𝒎𝟐𝒉
] 

5 mM 

Without 
AC foam 4.96 ± 1.27 9.69 ± 0.96 6.58 ± 1.60 

With AC 
foam 

4.83 ± 0.60 12.30 ± 3.32 5.55 ± 0.39 

10 mM 

Without 
AC foam 6.32 ± 0.49 11.94 ± 0.73 8.89 ± 1.05 

With AC 
foam 

9.82 ± 1.55 12.11 ± 1.31 8.49 ± 0.53 

15 mM 

Without 
AC foam 11.91 ± 0.40 13.89 ± 2.19 9.81 ± 0.92 

With AC 
foam 

17.15 ± 3.44 17.28 ± 4.38 20.49 ± 5.29 

20 mM 

Without 
AC foam 12.84 ± 2.04 15.56 ± 3.77 11.87 ± 2.13 

With AC 
foam 

19.13 ± 5.44 25.19 ± 8.57 19.81 ± 2.68 

 

Overall, an increased glucose flux across the electrodes with AC can be seen compared 

to the fluxes across the electrodes without AC. This confirms the suitability of AC to 

act as a glucose binding agent. In addition, an increased flux with increasing glucose 

concentration in the diffusion cell can be seen as well.  

 

Figure 6.35 shows a linear relationship between the extracted glucose at the E1 and E2 

electrode and the glucose concentration in the diffusion cell using the glucose sensors 

with AC and without AC. 
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Figure 6.35 Relationship between extracted glucose at the E1 and E2 electrode and the glucose concentration in 

the diffusion cell. 

A linear relationship was observable between the glucose concentrations in the 

diffusion cell and the extracted glucose across both iontophoresis electrodes using the 

AC- integrated glucose sensors as well as the glucose sensors without the AC. The 

linear curve applied across the extracted glucose with the AC- integrated sensors and 

the glucose concentrations in the diffusion cell can be characterised with 

y=18.80x+86.26 with an R2 of 0.938. In contrast, with the sensor without AC a linear 

relation with y=10.24x+95.19 with an R2 of 0.9514 was found. A steeper gradient 

could be established with the AC- integrated sensors, indicating a higher sensitivity of 

the measurement system with AC.  

 

6.7.2 Electrochemical detection of glucose: 
CV was applied to evaluate the electrochemical detection method of glucose extracted 

via RI using the fabricated biosensors. As discussed in section 5.10.3, following 

voltammograms were taken for each side of the sensor: 

1) DC pre: Before placing the sensor onto the diffusion cell, CV was applied to 

confirm the empirically observed particular peak and shape (Figure 5.21) to 

ensure sensor performance (A - pre DC and B - pre DC). 

2) Pre RI: Once three sensors were selected, a voltammogram was taken as soon 

as the sensors were applied onto the diffusion cell (A - pre RI and B – pre RI). 
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3) After RI: After the 60 minutes of RI, another voltammogram was recorded (A 

- after RI and B – after RI). 

In one measurement cycle 6 voltammograms were recorded for each electrode, thus in 

total 18 voltammograms as three electrodes (two iontophoresis and one control 

electrode) were used in one experiment.  

 

RI experiments for each glucose concentration (0 mM, 5 mM, 10 mM, 15 mM and    

20 mM) in the buffer were repeated three times with AC- integrated glucose sensors 

and three times without AC- integrated glucose sensors. However, it has to be noted 

that unfortunately during one RI experiment with the AC- integrated electrodes and    

5 mM glucose concentration in the buffer solution, the data from one measurement 

cycle was not stored properly for the E2 and C electrode. Therefore, data of only two 

measurements cycles was available and used for analysis.  

 

The voltammogram of interest to investigate in electrochemical glucose detection was 

the CV taken after the 60 minutes of RI, hence the “after RI” voltammograms. 

Examples of the after RI voltammograms of side A and side B are shown in            

Figure 6.36.  
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E1-Side A E1-Side B 

  
E2-Side A E2-Side B 

  
C-Side A C-Side B 

  

Figure 6.36 Examples of  after RI voltammograms obtained from the glucose sensors without AC, which were 

applied on the in vitro cell prepared with a 5mM glucose concentration in the buffer solution a) left- E1 

electrode-Side A, right  - E1 electrode-Side B b) left- E2 electrode-Side A, right  - E2 electrode-Side B and c) left- 

C electrode-Side A, right  - C electrode-Side B 
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For side A of the glucose sensors, two peaks were identified on the voltammogram for 

side A of the electrode after the application of RI for 60 minutes. One peak at a voltage 

of 0.082 V and the second peak at a higher potential of approximately 0.306 V. And 

for side B of the sensor, two peaks were also on the voltammogram after the 

application of RI for 60 minutes at a similar oxidation potentials as side A. One peak 

at a voltage of approximately 0.092 V and the second peak at a potential of 

approximately 0.292 V. 

 

Based on the results obtained in section 6.6.2 for the establishment of a calibration 

curve using the glucose sensor, an oxidation peak at the voltage of 0.14 V was 

expected. Hence, the initial plan was to analyse the current reading at the voltage of 

0.14 V. Same as for the calibration experiments, the electrochemical glucose detection 

of the extracted glucose via RI was explored with considering the ratio of the current 

obtained at side A of the electrode to the current obtained at side B of the electrode. 

As discussed, Side A of the sensor is coated with the DMFc and the carbodiimide 

solution and with glucose oxidase and is responsible to detect any glucose related 

current changes. Side B of the glucose sensor is only coated with DMFc and the 

carbodiimide and with no glucose oxidase. It is intended to identify any current 

changes which were not caused by glucose. The identified ratio of the current reading 

of side A to the current reading of side B of the after RI voltammograms would then 

be inserted into the calibration curve established in 6.6.2 to identify the extracted 

glucose.  

 

However, the voltammograms taken after the application of RI have a different shape 

compared to the CV obtained for the establishment of the calibration curve (see 

example Figure 6.30). And no oxidation peak could be identified at a voltage of        

0.14 V. The change could be explained by the composition of sample, which was 

tested. The test samples used for the establishment of the calibration curve only 

consisted of glucose and the gel. In contrast, after the application of RI, other 

molecules than glucose, which were in the diffusion cell such as potassium chloride, 

sodium chloride or HEPES have also been extracted via RI, which might have caused 

the change in CV. 
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There is also the possibility that there was a shift in the glucose peak. Therefore, it was 

decided to investigate in the relationship between the peak currents obtained at       

0.082 V and 0.306 V respectively for a possible relationship with the extracted 

glucose.  

6.7.2.1 Peak currents at 0.082 V 
It has to be considered that the total peak current, which can be seen in the 

voltammogram consists of a faradaic component and a non-faradaic component. The 

non-faradaic current is caused by the charging and discharging of the electrode double 

layer at the working electrode by the application of a potential. And only the faradaic 

current is caused by the electron transfer processes and is in relation to the glucose 

concentration. Therefore, it is important to identify the capacitive current and deduct 

it from the peak current to identify the current solely caused by the electron transfer.  

In the previous CV experiments, Kissinger’s method was followed and the capacitive 

current was determined by extrapolating the baseline current (Kissinger & Heineman, 

1983).  

For the identification of the capacitive current from the after RI voltammograms, 

Kissinger’s method was also attempted by extrapolating the baseline current in the 

potential region from -0.1V to 0.024 V (see example Figure 6.37) 

 
Figure 6.37 Cyclic voltammogram from side A of the E1 electrode of the AC- integrated glucose sensor after the 

application of RI. The sensors were applied on the in vitro cell prepared with a 20 mM glucose concentration in 

the diffusion cell. The applied tangent indicates the extrapolation of the baseline current to identify capacitive 

current. 
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However, this method could not be applied to all the voltammograms due to the shape 

of some voltammograms (see example Figure 6.38). 

 
Figure 6.38 Cyclic voltammogram from side A of the E1 electrode of the AC- integrated glucose sensor after the 

application of RI. The sensors were applied on the in vitro cell prepared with a 15 mM glucose concentration in 

the diffusion cell. The applied tangent indicates the extrapolation of the baseline current to identify capacitive 

current. 

For some voltammograms, the extrapolation of the baseline current would exceed the 

peak current at 0.082 V, thus giving a negative peak current. It was decided to still 

proceed with Kissinger’s method, but the negative peak currents were not included in 

the analysis. Therefore, the number of repeats varied depending on the sensibility of 

the obtained value and unfortunately for one dataset (5 mM glucose concentration in 

the diffusion cell with AC-integrated sensors) there was not data available 

 

Figure 6.39 shows the ratio of current side A to current of side B obtained at each 

electrode with no AC from the in vitro RI experiments with varying the glucose 

concentration in the diffusion cell.  
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Figure 6.39 Electrochemical analysis of the extracted glucose via RI using the glucose sensors a) without AC and 

b) with AC. The ratio of current obtained at side A of the E1 electrode to side B of the E1 electrode of the glucose 

sensor without AC of each electrode (C, E1 and E2) at a potential of 0.082 V. The error bars represent the 

standard error. The diffusion cell was prepared with a 0 mM (blue bars), 5 mM (orange bars), 10 mM (grey 

bars), 15 mM (yellow bars) and 20 mM (green bars) glucose HEPES buffer solution and the measurement cycle 

was 60 minutes long with switching polarities every 15 minutes. 

From theory it was expected, that the control electrode extracts the least amount of 

glucose, followed by the iontophoresis electrodes. No such behaviour can be seen here. 

Moreover, it is expected that the amount of glucose increases with increasing the 

glucose concentration in the diffusion cell. However, that pattern was also not 

observable. It is also surprising to see that the highest ratio was found when there was 

no glucose in the diffusion cell. Interestingly, a ratio below 1 was found for some 
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datasets, indicating that the current reading at side B was higher than the current 

reading of side A of the electrode. 

Similar results as shown in Figure 6.33 and Figure 6.34 were expected, where the 

extracted glucose was quantified using the glucose assay kit. However, based on 

Figure 6.39 it can be said that the ratios of the current readings of side A to side B at 

the voltage of 0.082 V are not in relation with the extracted glucose from the diffusion 

cell.  

 

6.7.2.2 Peak currents at 0.306 V 
The current readings at the second oxidation peak of 0.306 V were also analysed to 

investigate in electrochemical glucose detection. For the identification of capacitive 

current, Kissinger’s methods could be applied for all the obtained voltammograms 

without any problems. Therefore, the current at the region 0.199 V to 0.233 V was 

extrapolated from voltammograms and deducted from the peak current (see example 

Figure 6.40) 

 
Figure 6.40 Cyclic voltammogram from side A of the E1 electrode of the glucose sensor without AC after the 

application of RI. The sensors were applied on the in vitro cell prepared with a 5 mM glucose concentration in 

the diffusion cell. The applied tangent indicating the extrapolation of the baseline current to identify capacitive 

current. 

Figure 6.41 shows the ratio of current side A to current of side B obtained at each 

electrode with no AC from the in vitro RI experiments with varying the glucose 

concentration in the diffusion cell.   
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Figure 6.41 Electrochemical analysis of the extracted glucose via RI using the glucose sensors a) without AC and 

b) with AC. The ratio of current obtained at side A of the E1 electrode to side B of the E1 electrode of the glucose 

sensor without AC of each electrode (C, E1 and E2) at a potential of 0.306 V. The error bars represent the 

standard error. The diffusion cell was prepared with a 0 mM (blue bars), 5 mM (orange bars), 10 mM (grey 

bars), 15 mM (yellow bars) and 20 mM (green bars) glucose HEPES buffer solution and the measurement cycle 

was 60 minutes long with switching polarities every 15 minutes. 

For all the results, the ratio of the current readings of side A to side B are below 1, 

which implies that background current was higher than the glucose current reading. 

From theory it was expected, that the control electrode extracts the least amount of 

glucose, followed by the iontophoresis electrodes. No such behaviour can be seen here 

as well. Moreover, it is expected that the amount of glucose increases with increasing 
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the glucose concentration in the diffusion cell. That pattern was also not observable. 

This result suggests the ratios of the current readings of side A to side B at the voltage 

of 0.306 V are also not in relation with the extracted glucose. 

 

As the peak currents at both oxidation peak currents were not in relation to the glucose, 

it suggests that the electrochemical glucose detection using the glucose sensors of the 

glucose extracted via RI was not successful. It seems that due to the extraction of the 

other solutes of the diffusion cell, the glucose peak has been masked. Reasons for 

changes in the voltammograms are discussed in section 7.7.  

 

Even though the electrochemical glucose detection method was not successful, with 

the help of the standard glucose detection method the extracted glucose concentrations 

could be identified. One of the key aims of this study was to show the suitability of 

AC to act as a glucose binding agent in the RI environment. And it could be shown 

that the integration of AC in the electrode did improve glucose flux compared to the 

sensors without AC. Thus, the suitability of AC to act as a glucose binding agent to 

allow uniform glucose diffusion across wearable sensors could be confirmed. 
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7 Discussion 
The main objective of this project was to test the concept of glucose adsorption on 

activated carbon (AC) and ultimately develop a wearable glucose sensor with 

integrated AC. AC acts as a glucose binding agent and allows improved glucose flux 

across the skin to glucose sensor. The glucose sensor was fabricated with screen 

printing methods as explained in Section 5.5. An iontophoresis electrode was included 

in the glucose sensor design, as RI was applied for glucose extraction. Glucose was 

detected and quantified with the help of a mediated glucose sensor consisting of the 

enzyme glucose oxidase and the mediator 1,1’- dimethylferrocene. Cyclic 

voltammetry was applied to evaluate the sensor performance and its applicability to 

be part of a wearable sensor. 

 

Basic in vitro RI experiments were performed to understand the principles of RI and 

the extraction rate of glucose in RI. Glucose flux was tested in terms of a) changing 

the glucose concentration in the diffusion cell, b) varying the duration of RI and c) two 

different artificial membranes. Furthermore, the use of the Genova Nano 

spectrophotometer from Jenway, was evaluated for glucose quantification. The big 

advantage of the spectrophotometer is that it requires a minimum sample volume of 

only 0.5 µL for measurements.  
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7.1 Evaluation of two commercially available glucose 

assay kits 
It is crucial to use a glucose assay kit which can quantify the concentrations in the 

expected range. Glucose is extracted trandermally in the µM range via the application 

of RI. For example McCormick et al. extracted on average 25.9 ± 5.4 µM of glucose 

across both iontophoresis electrodes after 60 minutes of RI on nine healthy patients in 

the fasted state (McCormick et al., 2012).  

On the product information sheet of the Randox assay kit, an upper limit of the linear 

range of 22.2 mmol/l was given but no lower limit of the linear range. For the Sigma 

Aldrich assay kit no such information about linearity could be found. As discussed in 

Section 4.2.1, the LOD and LOQ are measures to identify the linear range of a 

calibration curve. In this study, a LOD of 2.39 µM and a LOQ of 7.03 µM were 

identified for the Randox assay kit. The expected glucose concentrations to be obtained 

via RI are above this range, which shows the suitability of the Randox assay kit for 

this project. In contrast, a LOD of 182.44 µM was identified for the Sigma Aldrich 

assay kit, which shows that it cannot quantify glucose in the glucose concentration 

range expected in this project. As the linear range was identified only after a 

concentration of 252.14 µM, there were only three data points to apply the linear curve 

on. For a reasonable calibration curve, at least five data points are needed (JoVE 

Science Education Database, 2018). To test the upper limit of the kit, more standard 

samples in the higher concentration should be prepared and tested in a future study. 

The gradient in the equation of the straight-fit line, indicates the sensitivity of the 

system. Comparing the gradient between both assay kits, a higher gradient was 

observable for the calibration curves acquired using the Randox assay kit. This 

confirms the higher sensitivity of the Randox assay in the tested range. As explained 

in section 5.3, both assay kits are based on a double-enzymatic reaction using different 

enzymes. Both methods are commonly used for glucose measurements (Duxbury, 

2004): (1) the glucose oxidase and peroxidase method (Abd-Rabboh & Meyerhoff, 

2007; Barham & Trinder, 1972; Bateman & Evans, 1995; Lott & Turner, 1975) and 

the hexokinase and G6PDH method (Bondar & Mead, 1974; Garber et al., 1978; Neese 

et al., 1976; Weinzimer et al., 2005). Ambade et al. tested the following glucose 
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quantification method (1) glucose oxidase and peroxidase (GOD/POD) and                   

(2) hexokinase in terms of accuracy, precision and linear range. They identified an 

LOD of 16.7 µM with the GOD-POD method and an LOD of 16.1 µM with the 

hexokinase method. Both methods had an upper limit of linearity at 27.75 mM. 

(Ambade et al., 1998). It is difficult to make direct comparison to this project as the 

manufacturers of the assay kits vary, and therefore the composition of the assay kits 

differs. But in this project, an even lower LOD of 2.39 µM was identified with the 

GOD/POD kit. A major difference in the LOD can be seen for the hexokinase assay 

kit, where an LOD of +166.34 µM was identified than in the study of Ambade et al.  

Difference between both assay kit might be due to different enzyme concentrations in 

both assay kits: In the Randox assay kit, the glucose oxidase and the peroxidase had 

an initial concentration of ≥1.5 kU/L. In contrast, the hexokinase and the G6PDH 

enzymes had an activity of 1U/L. An enzyme’s activity is highly depended on the pH, 

temperature, the strength and nature of the ions, and the other compounds in assay kits 

(Bisswanger, 2014). In this project, the pH of the samples were same for both and the 

temperature was also constant at room temperature. Therefore, the differences in the 

assay kits are likely due to the strength and nature of the ions and the other compounds 

in the assay kits. These parameters need to be considered when comparing assay kits.  

 

To summarise, the calibration curve acquired via the Randox assay kit is more suitable 

to be used in this project, as it covers the glucose concentration range of interest. 

Therefore, this calibration curve was ultimately used to calculate unknown glucose 

concentrations obtained in subsequent experiments conducted in this project.  

 
7.2 Evaluation of the analysis method for glucose quantification 

with Genova Nano in comparison to the microplate reader  
The Genova Nano, a micro- volume spectrophotometer, has been used for a variety of 

studies for absorbance readings (Couto et al., 2018; Jackson et al., 2018; Shakeel et 

al., 2018; Vinoth et al., 2015) but it has not been used for glucose measurements to 

date. The main advantage of the use of Genova Nano is that it only requires a sample 

volume of 0.5 to 5 µL per measurement. This characteristic is very appealing in 

glucose quantifications as in case of clinical studies only limited amount of patient 
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samples are available. In contrast, most of the standard measurement techniques such 

as the microplate reader need at least 80 µL of sample volume. Hence, more dilutions 

would be needed to run a colorimetric assay which lead to errors, contamination and 

inaccuracies in concentration calculations. The experiments conducted have helped to 

understand the suitability and limitations of Genova Nano for glucose quantification. 

Looking at the calibration curve acquired by the microplate reader (Figure 6.3) and the 

Genova Nano (Figure 6.4), it can be seen that both devices have a different linear range 

for the standard glucose concentrations and their absorbance values. The microplate 

reader, which was used as a standard measurement technique for comparison, had a 

low LOD of 1.22 µM and a LOQ of 7.17 µM; whereas the GNSPM had a higher LOD 

of 5.65 µM and an LOQ of 26.14 µM. 

According to the ISO 15197:2013 “In vitro diagnostic test systems -- Requirements 

for blood-glucose monitoring systems for self-testing in managing diabetes mellitus”, 

the accuracy level of Self-Monitoring Blood glucose devices is the following: For 

blood glucose concentrations <100 mg/dL, which corresponds to 5.6 mmol/L, the 

measured concentration should be within ±15 mg/dL (±0.8 mmol/L). And for blood 

glucose levels ≥100 mg/dL, measured blood glucose concentrations should be within 

±15% of the actual concentration. (Freckmann et al., 2015) 

Microplate readers are commonly used for absorbance measurements as they are rapid 

and easy to use (Ashour et al., 1987; Durand et al., 2012). The microplate reader 

measured the concentrations from the two glucose samples more closely to their 

known concentrations compared to the GNSPM (Figure 6.5). It was able to take 

measurements within ±2.65% from the actual glucose concentration. In contrast, the 

measurement taking with GNSPM showed difference of 6.57% from the actual value. 

However, it has to be considered that this accuracy level was achieved with a sample 

volume of only 2 µL. The GNSPM provided results with lower standard deviations, 

which indicates good precision with the GNSPM. Higher absorbance values were 

observable with the calibration curves obtained from the microplate reader. This can 

be explained by the total amount of the glucose in the sample. When using the 

microplate reader, a total volume of 160 µL (with a sample to enzyme ratio of 1:1) is 

used, whereas for the GNSPM measurements a sample volume of only 2 µL (with a 

sample to enzyme ratio of 1:1), was applied. The absorbance values were 
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approximately 4.6 times higher when using the microplate reader than with the 

GNSPM. The gradient of the microplate reader was double the value of the gradient 

of GNSPM, which indicates higher sensitivity of the microplate reader.  

There are a variety of advantages of using the Genova Nano, it gives the user the ability 

to measure absorbance at any wavelength between 200 nm and 1000 nm, whereas the 

plate reader used has pre-defined wavelengths (340 nm, 405 nm, 450 nm, 490 nm and 

630 nm) and the user has to select the most suitable one. Furthermore, when using the 

Genova Nano the sample will be directly pipetted onto the read head. This means that 

the absorbance is solely depended on the sample itself as the light is only passing 

through the sample itself. On the contrary, when using the microplate reader, the light 

has to pass the well plate. And the clarity and quality of the well plate can have an 

impact on the absorbance readings. In addition, the measurements with the Genova 

Nano are more environmentally friendly and cost effective compared to colorimetric 

assays as no well plates and less volume of the reagent are required. 

One of the disadvantages of the GNSPM is that it is very time consuming. After each 

measurement, one has to make sure that the reading head properly cleaned with a cloth 

in order to avoid any impurities or cross-contamination between the different samples. 

As all measurement are taken on the same read head, it is more prone to inaccuracies 

due to contamination. One measurement cycle from the lowest concentration to the 

highest concentration (blank sample and 10 standard glucose concentrations) took 

approximately 20 minutes. In this project, the measurement cycle was repeated 5 

times. In contrast, the microplate reader takes only 9 seconds to perform the 

absorbance reading of all samples in a ninety-six well plate.  

 

To summarise, a good level of accuracy (±6.49%) could be established with using a 

sample volume of only 2 µL with the Genova Nano based on the quantification of the 

two glucose concentrations (204 µM and 408 µM). 

An LOD of 5.65 µM was identified was identified. Ideally, more concentrations should 

have been tested in the lower concentration range of the standard curve because low 

concentrations are expected to be extracted via RI. This would have helped to 

additionally confirm the suitability of GNSPM to quantify glucose samples from RI 

experiments.  
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In these experiments, a gel to glucose samples ratio of 1 to 4 ratio was used. The ratio 

could be further decreased to 1 to 3, which will increase the amount of glucose in the 

sample. This might help to bring the LOD lower.  

 

7.3 In vitro RI experiments for glucose monitoring 
The experiments conducted using the diffusion cell have helped to investigate in the 

glucose flux during RI, which is important to know when developing a glucose sensor.  

Artificial membranes were used in the in vitro RI setup as they prevent any sample- 

to- sample variation and allow the study of glucose flux without any interferences 

caused by the skin sample. Alternatively, excised animal skin can be used to study 

drug penetration across the skin. Pig skin simulates human skin better than rat skin 

(Schmook et al., 2001). Further alternatives are reconstructed human skin, for example 

the SkinethicTM HRE or epidermis equivalents such as the GraftskinTM LSETM 

(Schmook et al., 2001). The Spectrapore membrane, a permselective artificial 

membrane, has been used in other in vitro RI studies and it was shown to simulate 

human skin well (Arias, 2011; Ching & Connolly, 2008c). It has a molecular weight 

cut-off of 100 to 500 Daltons and is made of cellulose ester. It is used in dialysis 

tubings and has symmetric porosity. A different artificial membrane, the Vitro-Skin® 

was tested to investigate its suitability for RI experiments. The Vitro-Skin® is a 

synthetic membrane and it contains optimized protein and lipid components. It mimics 

the surface properties of the human skin effectively with regards to the topography, 

pH, critical surface tension and ionic strength (Carnali et al., 2012). There was no 

information regarding the pore size of the membrane. It has been used in a wide range 

of in vitro experiments, such as, rapid in vitro SPF/ UVA testing, in vitro testing of 

make-up formulations, in vitro sunless tanning applications or in vitro testing of 

adhesives/ adhesive bandages to the skin (IMS Inc., 2018).  

The amount of the extracted glucose depends on the duration and intensity of the 

applied iontophoretic current, the permeability of the artificial membrane and the 

initial concentration of the glucose in the diffusion cell.  Comparing the glucose 

extraction across both commercially available membranes, it was seen that the Vitro-

Skin® was able to extract glucose in the mM range (Figure 6.8). Existing literature 

(Bandodkar et al., 2014; Ching, 2005; McCormick et al., 2012; Potts et al., 2002; Rao 
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et al., 1995; Sieg et al., 2004a, 2004b; Tamada et al., 1995), which involved RI 

experiments on humans, demonstrated that the glucose extraction level for humans is 

in the μM range. A possible reason for more glucose extraction with the Vitro-Skin® 

could be due to the bigger pore size. However, this needs to be investigated in future 

studies. From theory it is expected that, the initial cathodal chamber (E2) receives more 

glucose because it is influenced by electroosmosis, electromigration and passive 

diffusion. 4.4.2, the main transport mechanism for glucose is the electroosmotic flow 

(Potts, Tamada, & Tierney, 2002), which is established from the anode to the cathode. 

The results obtained with the Vitro-Skin® are consistent with theory and Rao’s studies 

(Rao et al., 1993, 1995), as more glucose was extracted at the cathode. However, they 

are not in agreement with other studies where more glucose was extracted at the initial 

anodal chamber (Arias, 2011; Ching & Connolly, 2008c; Farmahan, 2008; 

McCormick et al., 2012) and also with the results obtained with the Spectrapore 

membrane in this study. The reason for extracting more glucose at the anode could be 

explained by the following: Although the membrane has a net negative charge, it does 

not entirely have negatively charged pores, but also some neutral and positively 

charged ones (Pikal & Shah, 1990). Moreover, the effect of cathodal electro-osmosis 

might be reduced due to the occurrence of membrane polarisation (Ching & Connolly, 

2008).  

Even though other studies have shown that the Vitro-Skin® mimics the human skin 

well with regards to surface properties (Beasley & Meyer, 2010; Hanson et al., 2006; 

Jermann et al., 2002), it was concluded that the Vitro-Skin® is not suitable to mimic 

the human skin for RI experiments. In addition, another drawback of the Vitro-Skin® 

was that it had to be pre-hydrated before use, and it had a short life time once hydrated 

as it has to be used within three days (Pelizzo et al., 2012).  

 

The results obtained with the Spectrapore membrane correspond well with the results 

obtained in other RI studies (Arias, 2011; Ching & Connolly, 2008c; Farmahan, 2008; 

McCormick et al., 2012) as more glucose was extracted at the initial anode and glucose 

was extracted in the micromolar range. The increase in glucose extraction when 

applying RI was observable when comparing the amount of extracted glucose at the 

control electrode to the amount extracted at the iontophoresis electrodes. It was 
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possible to extract on average 2.78 times more glucose after applying RI for 60 minutes 

compared to the control electrode. In Farmahan’s study a 2.6 fold increase was 

identified across the iontophoresis electrodes compared to the control electrode, which 

is in close agreement with the value found in this study (Farmahan, 2008). In Ching & 

Connolly’s in vitro study, they were able to extract 3.9 more glucose at the 

iontophoresis electrodes than at the control electrode. Higher extractions of glucose 

could be explained by the higher current they had applied. To summarise, the usability 

of the Spectrapore membrane for RI experiments was confirmed and therefore, also 

used for the other in vitro RI experiments in this project. 

 

It was seen on Figure 6.6 that the glucose flux increased with higher glucose 

concentration in the diffusion cell. In this project, 256.64 µM of glucose was extracted 

from the 5 mM glucose buffer solution and 434.32 µM from the 20 mM glucose buffer 

solution. This is in agreement with other studies, where glucose extraction was 

increased when increasing the concentration in the cell (Jacobsen, 2001; Mackinnon, 

2004; Marra et al., 2013). The glucose extraction rate of 24.51 nmol/cm2h after             

60 minutes of RI found from the 5 mM glucose concentration in the diffusion cell  is 

in close agreement with the extraction rate of approximately 21 nmol/cm2h found by 

Ching and Connolly (Ching & Connolly, 2008a). 

 

On Figure 6.7 it was seen that more glucose was extracted across the iontophoresis 

electrodes when increasing the duration of RI, which is in agreement with Arias’ study 

(Arias, 2011). Glucose extraction across both iontophoresis electrodes increased from 

180.97 µM after 15 minutes of direct current to 234.49 µM after 30 minutes of direct 

current to 256.6 µM µM after 60 minutes of RI with switching polarities. Looking at 

the glucose extraction rates in Table 6.3, it can be seen that the glucose extraction rate 

does increase with the duration of RI.  

 

In vivo RI experiments: 

Transdermal glucose extractions via RI have also been tested on humans subjects 

(Ching, 2005; McCormick et al., 2012; Potts et al., 2002; Rao et al., 1995; Sieg et al., 

2004a, 2004b; Tamada et al., 1995). It is difficult the compare those studies directly 
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due to their methodological differences, such as the current density or the duration of 

RI. Rao et al were able to extract 5.8 nmol of glucose at the cathodal chamber after 

applying a direct current of 250 µA/cm2 for 60 minutes. In contrast, Chang and 

Connolly extracted 14 nmol of glucose applying a bipolar current of 300 µA/cm2 for 

60 minutes and McCormick et al. on average 11 nmol after applying a bipolar current 

of 100 µA/cm2 for the same time period. The potential of a low iontophoretic current 

of 100 µA/cm2, was successfully shown by McCormick et al as they were able to 

identify an average glucose flux of 3.8 nmol/cm2h (2.8 nmol/cm2h in fasted state and 

4.7 nmol/cm2h after the post-glucose drink). The obtained flux is comparable with 

other in vivo experiments where even higher RI currents were applied. Tamada et al 

achieved a glucose flux of 1-8 nmol/cm2h in the RI experiments they have performed. 

In terms of amount of glucose concentration extracted, McCormick et al. have stated 

that they extracted on average 25.9 ± 5.4 µM of glucose across both iontophoresis 

electrodes in the fasted state and 47.4 ± 7.6 µM of glucose after the high glucose drink. 

In the experiments in this study, 256.64 µM of glucose was extracted across both 

iontophoresis electrodes from the 5 mM glucose buffer solution (which simulates the 

fasted state). And 434.32 µM of glucose was extracted from the 20 mM glucose buffer 

solution, which is supposed to simulate concentrations after the high glucose drink.  

Even though higher amounts of glucose were extracted in this study compared to the 

in vivo study reported in McCormick et al’s study, a similar increase (by a factor of 

1.8) of glucose was identified from the fasted state to the state after the glucose drink.  

 

7.4 Control of glucose flux using AC 
The Medical Diagnostics and Wearables Group at Strathclyde have been working with 

iontophoresis devices for transdermal glucose monitoring. RI would be very beneficial 

for continuous, non-invasive, transdermal glucose monitoring for diabetes patients. 

However, it also has limitations which need to be addressed and overcome. 

One of the problems with them is the poorly controlled glucose leading to glucose 

accumulation once it is extracted into the gel-reservoir of the sensor. This leads to       

1) prevention of further glucose extraction from the interstitial fluid 2) inaccurate 

glucose quantification, as not all the extracted glucose reaches the sensor surface 
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where glucose detection takes place and 3) causes time lags in the correlation between 

glucose concentrations in interstitial fluid and blood.  

The key aim of this study was to address this issue. Scientists have proposed different 

agents to overcome this problem such as different glucose binding proteins (Cummins 

et al., 2013; Li et al., 1998; Scognamiglio et al., 2007) or glucose specific polymers 

(Chen et al., 1997; Seong et al., 2002). In this study the use of AC to control glucose 

flux in wearable sensors was explored in accordance with the IP owned by Strathclyde 

for such devices. As mentioned in Section 2.10, AC has the ability to adsorb organic 

compounds due to its micropore structure and high surface area. The use of activated 

carbon (AC) as a glucose binding agent is expected to be able to control glucose 

molecules once it is diffused into the gel reservoir. By integrating AC in the outer layer 

of the device the analyte will be continuously drawn from the gel layer into the AC 

and create a more uniform transdermal glucose diffusion profile due to the adsorption 

properties of AC to organic compounds. This will prevent any accumulation of glucose 

in the gel reservoir and any temporal changes in the glucose can be accurately 

measured. The advantage of the new method using AC is that it is reagentless and does 

not create any secondary chemicals. 

 

In this section the results of the experiments conducted to test glucose adsorption to 

AC are discussed. 

A lot of research has been conducted to test adsorption of a variety of compounds to 

AC (e.g. textile dyes (Herrera-González et al., 2019), acetaldehyde/acetone (Wang et 

al., 2019) , chromium and thallium (Adio et al., 2019), gold (Tauetsile et al., 2019), 

mercury (Hsu et al., 2019), phenols (Da̧browski et al., 2005)). However, research on 

the adsorption capability of glucose to AC is limited (Al-aibi et al., 2014; Jin et al., 

2017; Sun, 2013).  

Both types of AC, which were used in this project, are publicly available for every-

day use purposes. The AC pellets, which were used in this project, are intended for the 

removal of any contaminants in aquariums. And the AC foam is intended for odour 

removal in compost caddies. Therefore, more detailed information of the base material 

of the AC, the surface charge, the polarity of the adsorbent, the pore size, the surface 

area or the pore structure is not known. All the previously- mentioned parameters play 
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a role in the adsorption process (Summers & Roberts, 1988). Therefore, it was very 

challenging to establish the exact adsorption characteristics between the glucose and 

the AC. However, the focus of this project was to explore the possibility of glucose 

adsorption to AC so that it can be ultimately used for better controlled and improved 

glucose flux in wearable glucose sensors using RI.  

Different experiments were conducted to explore and estimate the AC adsorption 

capacity to glucose in terms of (1) using two different forms of AC (pellets and foam) 

(2) changing the initial glucose concentration in the sample (3) changing the AC dose 

in the experiment and (4) changing the contact time between adsorbent and adsorbate. 

Also, an adsorption isotherm was established based on the outcomes of the 

experiments. 

1) AC pellets vs AC foam 

Two different types of AC were tested for glucose adsorption. The pelletised form of 

AC is for example used in aquariums, for environmental air treatment, industrial 

processes and mercury removal (Calgon Carbon Corporation, 2019). It can be prepared 

by introducing a mixture of powdered carbon with a binder such as coal tar pitch into 

a pin mixer. By further introducing water to the mixture, agglomerates are built, and 

pellets are formed. They are then moved first to a drying carbonising furnace before 

being placed to an activation furnace (Voet & Lamond, 1970). A surface area of      

1018 m2/g, a true density of 1.28 g/cm3 and a bulk density of 0.53 g/cm3 for AC pellets 

were established by Sarkar and Bose (Sarkar & Bose, 1997). True density is defined 

as the density, which excludes interparticle voids and pores. In contrast, bulk density 

is described as the density, which includes the interparticle voids and pores of the 

sample.  

AC in the form of foam is a flexible and lightweight material and commonly used for 

air filtering (Purair Carbon Filter Company, 2019). It can be prepared using 

polyurethane sponge (Inagaki et al., 2004; Mercuri et al., 1968) or phenolic foam (Lei 

et al., 2010; Mercuri et al., 1968; Zhao et al., 2009) as the precursor material. Physical 

characteristics such as surface area, density, pores size of the AC foam depends on the 

type, heat treatment and quality of the precursor (Mercuri et al., 1968). Mercuri et al. 

identified a bulk density of 0.27 g/cm3 with phenolic foam as a precursor (Mercuri et 

al., 1968). Lei et al were able to increase the bulk density of AC from 0.24 g/cm3 to 
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0.73 g/cm3 by increasing the phenolic resin concentration. A surface area of           

727.62 m2/g and a pore size between 3.5 nm to 5 nm was identified with AC foam 

made of phenolic resins (Zhao et al., 2009).  

In this project, the density of AC pellets was calculated as 1.87 g/cm3 without 

considering the pore structure. A difference of ±0.59 g/cm3 can be established 

compared to the true density obtained by Sarkar and Bose (Sarkar & Bose, 1997). On 

one side, variations could be due to the average values used for the weight of the AC 

pellets and for the length of the AC pellet to calculate the volume of the AC pellets. 

On the other side, deviations could be due the differences in base material and the 

manufacturing process of the AC pellets.  

 

A true density of 0.28 g/cm3 was identified for the AC foam used in this project. This 

indicates that the bulk density will be of lower value. In contrast, higher bulk density 

were identified by Mercuri et al. and Lei et al (Lei et al., 2010; Mercuri et al., 1968). 

Variations could be due to differences in the type, quality and heat treatment of the 

precursor material of the AC foam (Mercuri et al., 1968).  

A decrease in the initial sample volume of 100 µL in each well was observable after 

the incubation with AC for 60 minutes. 75 µL of the glucose solution was left after the 

incubation with AC pellet and only approximately 60 µL of the sample volume was 

left after the incubation with AC foam. At the same time, an increase of weight of the 

AC pellet respectively the AC foam was observable. Water can adsorb to the                

O2- containing functional groups in the AC via hydrogen bonding (Bandosz, Jagiełło, 

and Schwarz 1996, Müller et al. 1996; Müller and Gubbins 1998; McCallum et al. 

1999; Müller et al. 2000). McCallum et al. identified a surface site density of           

0.675 sites/nm2 when testing water adsorption to AC (McCallum et al., 1999). This 

could explain the decrease in the sample volume and increase of the weight of the AC 

pellets and foams. In addition, the decrease of sample volume could also be due to 

evaporation of the buffer solution.  

The higher decrease in sample volume when incubating the sample with AC foam 

might be due to the water absorption characteristics from e.g. the polyurethane foam 

itself (Sabbahi & Vergnaud, 1993). This could explain the higher wet-weight for AC 

foam than AC pellets after the 60 minutes incubation time with the glucose solution.  
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For future devices, the decrease in sample volume imply that over time available 

binding sites of AC will be fully consumed and AC needs replacement to ensure 

adsorption capabilities to glucose.  

A higher decrease in the sample volume (50 µL) using gel can be explained due to 

practical difficulties when removing the gel out of the well into a new well. Gel is 

more difficult to pipette due to its higher viscosity. Furthermore, higher glucose 

adsorption per one gram of AC foam was calculated, which might be partially due the 

absorption of the glucose solution by the foam.  

2) Effect of increasing glucose concentration on the adsorption process 

Based on the results in this project, the adsorption is improved with increasing initial 

glucose concentration in the sample. This phenomenon is in agreement with the 

experiments where adsorption was enhanced with increasing adsorbate concentration 

in the sample (Namasivayam & Kavitha, 2002; Suman, 2013; Sun, 2013). This can be 

explained by when increasing the concentration of adsorbate in the solution, there will 

be more solutes on the interface between adsorbate and adsorbent, which increases the 

adsorption. It is expected that after a certain amount of adsorbate is adsorbed saturation 

will be reached as all the available sites in the AC pore structure are filled.  

3) Effect of increasing the amount of AC to the adsorption process 

In the experiments conducted here, an enhanced glucose adsorption was observable 

when increasing the amount of AC. This is due to the fact that increasing the amount 

of AC results in the rise of the surface area, which in turn leads to more adsorption 

sites (Hsu et al., 2019; Mohan & Singh, 2002; Namasivayam & Kavitha, 2002). 

4) Effect of contact time to the adsorption process 

From literature it is expected that adsorption increases over time until equilibrium time 

is reached (Çeçen, 2014). At equilibrium maximum adsorption is reached and the 

amount of adsorbate in the bulk solution is equal to the amount of adsorbate adsorbed 

to the adsorbent. Adsorption experiments can be performed at static conditions or at 

an agitated state, which would decrease the contact time to reach equilibrium. 

However, in this project experiments were performed at static condition as the aim is 

to explore the potential use of AC in wearable sensors, where glucose is detected in a 

static state.  
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The main focus in this project is to observe the adsorption behaviour after 60 minutes, 

as the duration of RI experiments in this study is 60 minutes in total with switching 

polarities every 15 minutes. It was shown that  during a RI duration of 60 minutes 

sufficient amount of glucose can be extracted for detection (Ching & Connolly, 2008c; 

McCormick et al., 2012).  

In the experiments conducted in this project with glucose solutions, approximately     

54 % was adsorbed after an incubation time of 60 minutes. Glucose adsorption was 

still linearly increasing after 80 minutes of contact time. The contact time should have 

been further increased to identify the equilibrium time from glucose solution. For gel 

samples, around 62 % of the initial glucose concentration was adsorbed after                  

60 minutes of incubation and saturation had started.  

The equilibrium time depends on the adsorbate-adsorbent interaction. In Sun’s project, 

they identified an equilibrium time of 120 minutes for glucose to adsorb to AC powder 

at an agitated state (Sun, 2013). Al-naibi et al. tested glucose adsorption to GAC at 

different speed of agitation and reported that initially adsorption occurred rapidly 

followed by slow down and then stagnation of the adsorption over time (Al-aibi et al., 

2014). In a different study the adsorption of methylene blue was tested on AC and they 

identified an equilibrium time of six hours (Herrera-González et al., 2019). The 

equilibrium time for cadmium and zinc adsorption to AC was reached after ten to 

twelve hours (Mohan & Singh, 2002). An equilibrium state after ten minutes of 

agitation time for the dye Congo red adsorption to AC was identified by a different 

research group (Namasivayam & Kavitha, 2002)   

 

According to Walter and Weber, adsorption occurs in three steps in a solid- liquid 

interface  (Weber Jr, 1974). 1) The adsorbate needs to be transported from the bulk 

solution to the to the exterior surface of the adsorbent. 2) Some solutes will adsorb to 

the exterior surface of the adsorbent. Some solutes will diffuse through the pores to 

the interior the adsorbent. 3) Adsorption of the solutes to the interior surface of the 

adsorbent.  

Based on the calculations of the diffusion fluxes across glucose solution and glucose 

gel samples, it was observable that initially (until 40 minutes of contact time) diffusion 

occurred faster in solution than in samples in gel format. After 60 minutes of contact, 
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similar fluxes were observable for glucose solution and gel samples. The rate of 

diffusion depends on the temperature, concentration in the sample, the diffusion 

distance and the medium where the diffusion occurs. As the first three mentioned 

parameters were held constant in both populations, the difference in rate can be 

explained by the different media in which diffusion occurred. Gel can interfere the 

diffusion of a solute (1) via binding capabilities of the solute by the gel (2) via filter 

action of the gel if the pores of the gel network is smaller than the solutes (3) via 

increasing the path length for diffusion as the solute has to detour due to gel threads 

or gel particles (Lauffer, 1961). Another aspect to consider is the possibility of the gel 

to block the AC adsorption sites and therefore limit the adsorption capabilities of AC. 

In addition, the higher viscosity of the gel which makes it more difficult for the glucose 

to diffuse into the foam. 

• Adsorption isotherm of glucose adsorption to AC 

Adsorption isotherms are ideal to understand the adsorption process and the adsorbent-

adsorbate relationship. A linear adsorption isotherm for glucose adsorption to AC 

foam was found in this project in the selected low glucose concentration range for 

glucose sample in solution format (< 600µM) and in gel format (<500 µM). Sun 

identified a BET adsorption isotherm when testing glucose adsorption to a powdered 

form of AC (Sun, 2013). However, the tested glucose concentration range was above 

500 µM. Al-aibi et al. identified a Freundlich adsorption isotherm model when testing 

glucose adsorption to granular AC (Al-aibi et al., 2014). Different adsorption 

isotherms were identified when looking at glucose adsorption to AC but this could be 

due to the difference in the glucose concentration range. As it was observable in   

Figure 2.31, a linear relationship is observable in most adsorption isotherms in low 

concentrations. Furthermore, the adsorption depends on a variety of factors, such as 

type of adsorbent and concentration of the adsorbate, temperature etc. which can cause 

differences in the established adsorption isotherms.  

 

• AC in RI experiments 

The successful glucose adsorption to AC, indicates that AC could have the potential 

for improved and better controlled glucose flux in wearable glucose sensors. 
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Therefore, a prototype of an AC- integrated electrode system was developed and tested 

in the in vitro RI experiments using the diffusion cell.  

An increase of glucose extraction was observable with the with AC- integrated 

electrodes were seen. Glucose extraction was improved by a factor of 2.8 across the 

E1 electrode. The glucose fluxes in the control group agree with the results obtained 

in the RI experiments in Section 6.3.3. The increase of glucose using the                       

AC- integrated sensors is due to the use of AC as this was the only difference between 

both groups.  

The increase of glucose flux can be explained through the following mechanism: The 

application of RI allows glucose to enter the gel reservoir of the sensor. glucose was 

further attracted to diffuse through the gel because of the adsorption characteristics of 

AC. Approximately 12.57 mm2 of the surface of the AC foam, which was positioned 

at the back of the sensor, was exposed to gel in the gel reservoir. This in turn allowed 

the diffusion of more glucose molecules into the reservoir. The problem with the 

sensors without AC is the glucose build-up in the gel and the resulting blockage of the 

diffusion of more glucose molecules. Hence, it can be concluded that AC foam did 

improve glucose flux and has the potential to act as a glucose binding agent in glucose 

sensors for RI experiments.  

High standard deviations can be seen on the RI experiment with the AC- integrated 

sensors. This indicates the variation of the adsorption capabilities of AC foam to AC 

foam. When performing the experiments, only the initial weight of AC foam was 

considered to ensure uniformity and therefore AC foams with similar weight were 

involved in each sensor. But the important parameter to ensure uniformity and 

repeatability of the sensor is to use AC foams with similar surface areas. However, the 

identification of the surface area of the AC foam would exceed the scope of this 

project. Advanced techniques such as such as the nitrogen adsorption at 77K (Sing, 

1995) or the iodine number (Mianowski et al., 2007) could be used to determine the 

surface area of AC.  

As no other research groups have attempted improved glucose extraction via RI with 

the help of AC, the results obtained here, could not be compared to other relevant 

literature.  
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The extracted glucose from the RI experiments was measured via colorimetric assay. 

The ultimate aim is to quantify glucose via electrochemical means which allows direct 

glucose quantification using a glucose sensor. The next section discusses the 

experiments conducted to develop a mediated enzymatic glucose sensor, which can be 

potentially used to quantify glucose extracted via RI.   

 

7.5 Electrochemical detection of glucose 
The integration of a biosensor in the electrode system enables in-situ quantification of 

the extracted glucose via the application of RI. 

Thick-film technology by screen printing methods are often applied to produce 

biosensors. The main advantages of this method are that it is of low cost, has high 

reproducibility and it permits mass production (Galán-Vidal et al., 2000). The means 

of cyclic voltammetry (CV) was used to analyse the embedded glucose sensor in the 

electrode system. The preliminary experiments conducted with the three-electrode 

system design helped to get familiarised with the fundamentals of CV and to 

comprehend the electrochemical characteristics of the mediator and mediator-enzyme 

interaction in the liquid environment before performing experiments in the gel 

environment. This was important as studies have shown different behaviour of the 

glucose sensor in liquid and gel environment.  

 

7.5.1 Preliminary experiments 
The ferrocene derivate, ferrocene monocarboxylic (FMCA) was the analyte of interest 

in the preliminary experiments. In this study an anodic peak potential of 0.256 V and 

a cathodic peak potential at 0.195 V was identified for FMCA. The three 

characteristics of a reversible system, which were discussed in section 4.1.3.4 (Wang, 

2001), could be confirmed for the FMCA experiment with slight inaccuracies: 1) A 

peak to peak separation of 0.061 V was yielded between the anodic and cathodic peak 

potential in this study. Compared to theory, a one-electron transfer in a reversible 

system is characterised with a peak separation of 0.059 V indicating a difference of 

only 0.002 V to the voltage found in this study. 2) The second criteria of a reversible 

system states that the ratio of the anodic and cathodic peak current equals to 1. In this 
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study a ratio of 1.01 was found, which is in close agreement with the expected value 

of 1. 3) A linear relationship was found between the square root of the scan rate and 

the anodic peak potential as expected from theory. 4) And finally, the anodic peak 

potential did not vary with changing the scan rate, which is in agreement with the final 

criteria of a reversible system.  

A redox potential of 0.226 V vs the screen-printed Ag/AgCl electrode was found for 

FMCA in this study. In McColl’s study (McColl, 2001) a similar protocol was 

followed as in this study and a redox potential of approximately 0.25 V for FMCA was 

identified. The redox potential from McColl’s study is similar to the redox potential 

identified in this study. However, it is in disagreement with the redox potential of 

FMCA identified by Sakura and Buck (Sakura & Buck, 1992). They identified a redox 

potential of 0.3 V vs Ag/AgCl. The difference might be due to methodological 

differences between the studies. 

A diffusion coefficient of 3.8 * 10-6 cm2/s was calculated for FMCA in this study. Cass 

et al. identified a diffusion coefficient of approximately 3*10-6 cm2/s for FMCA (Cass 

et al., 1984) and Sakura et al identified a diffusion coefficient of 6.97*10-6 cm2/s in 

their study (Sakura & Buck, 1992) , which is in the similar range to the one identified 

in this study. 

 

• FMCA – Glucose oxidase (GOD) interaction in the liquid environment: 

The FMCA (mediator) -GOD (enzyme) interaction in free solution was conducted to 

understand the effectiveness and operation of the second-generation glucose sensor 

where a mediator is used to transfer electrons from the GOD to the electrode.  The CV 

obtained with the mediator in the presence of glucose and upon addition of the enzyme 

is similar to the experiments conducted by other researchers (Cass et al., 1984; Harper 

& Anderson, 2006; Iwuoha & Smyth, 1994; McColl, 2001; Sakura & Buck, 1992). 

Upon the addition of the enzyme, a high catalytic current was observable at oxidising 

potential, which is commonly seen at slower scan rates and can be explained by the 

regeneration of the FMCA.  

In the first generation of glucose sensors, glucose is quantified based on the amount of 

H2O2, which is produced in the oxidation process of glucose to gluconolactone 

catalysed by GOD. The oxidation potential of H2O2 is at 0.6 V vs Ag/AgCl, and the 



 238 

current produced at the oxidation process is proportional to the glucose concentration. 

The disadvantage of the high oxidation potential of H2O2 is that other electroactive 

species in biological fluids such as ascorbic acid, acetaminophen or uric acid might 

get oxidised as well, which reduces the specificity of the signal to glucose. In this 

experiment the catalytic current could be measured at a lower potential of 0.36 V vs 

Ag/AgCl.  

 

An anodic peak potential of 0.32 V for FMCA was found in this study which is in 

close agreement with other research groups. Wang et al identified an anodic peak 

potential of 0.33 V to 0.35 V vs Ag/AgCl for FMCA and Sakura and Buck found an 

oxidation potential of 0.335 V vs Ag/AgCl (Sakura & Buck, 1992; Wang et al., 1990). 

However, big differences were found in the reduction peak potential. In this study a 

reduction peak was found at the potential of 0.21 V, the reduction peak found by 

Sakura and Buck was at 0.265 V. The high peak to peak separation in this study 

indicating a non-reversible system could be due to the slow scan rate or due to the 

absence of a supporting electrolyte (Compton et al., 2012a) Even though a high peak 

current separation was seen, the ratio of the anodic peak current to the cathodic peak 

current was 0.97, which is close to what is expected from a reversible electron transfer.  

A similar diffusion coefficient of 5.28 *10-6 cm2/s for FMCA in solution was 

established for this experiment as in previous FMCA experiments (3.79*10-6 cm2/s) 

conducted in section 6.5.1.  

The experiment conducted with the FMCA and GOD in the solution in the liquid 

environment helped to understand electrochemical characterisation of a mediated 

enzymatic sensor. 

 

Obtaining sensible results in the preliminary CV experiments, which are comparable 

to literature shows good operation of the three-electrode design, which were produced 

in the Biomedical Engineering department via screen-printing methods.  

7.6 Glucose sensors 
In the RI environment the glucose sensor should ultimately measure the glucose 

extracted from the interstitial fluid (ISF). As discussed in section 2.6, good correlation 

between glucose concentration in interstitial fluid and capillary blood glucose 
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concentration were identified in several studies (Bantle & Thomas 1997; Thennadil et 

al. 2001; Cengiz & Tamborlane 2009). The challenge in developing a glucose sensor 

in the RI environment is that the glucose extracted from ISF via RI is about two orders 

of magnitude less of the corresponding actual glucose concentration in the ISF 

(Bandodkar et al., 2014; Kim et al., 2018; McCormick et al., 2012). Therefore, the 

glucose sensors in the RI environment need to be more sensitive and have a lower 

detection limit.  

The golden standard for glucose measurement by biosensors is based on an enzymatic 

reaction.  

Until now, only one product based on RI combined with biosensing technology has 

been commercialised, the GlucoWatch Biographer by Cygnus Inc. However, it was 

withdrawn from the market in 2008 due to several limitation of the devices itself such 

as, inaccuracy and skin irritation (Oliver et al., 2009). More research in the field of RI 

is underway and other research groups were able to develop working examples of 

iontophoresis devices for transdermal monitoring of glucose (Bandodkar et al., 2014; 

Kim et al., 2018).  
 
Table 7.1 shows a list of selected glucose sensors, which were used for the 

quantification of glucose sampled from interstitial fluid via RI.  
 
Table 7.1 Details of selected glucose sensors used for glucose quantification sampled by RI 

Enzyme Based 

on 

Applied 

potential 

Working 

electrode 

Reference 

electrode 

Reference LOD Upper 

linear 

range 

GOD H2O2 

detection 

-0.1 V Prussian 

Blue 

modified 

carbon 

Ag/AgCl (Bandodkar 

et al., 2014) 

3 µM 100 

µM 

GOD H2O2 

detection 

0.42 Platinum-

graphite 

Ag/AgCl (Tierney et 

al., 1999) 

5 µM - 

GOD H2O2 

detection 

-0.2 V Prussian 

Blue 

modified 

carbon 

Ag/AgCl (Kim et al., 

2018) 

- 160 

µM 
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It can be seen that all of the glucose sensors belong to the first generation of glucose 

sensors, which are based on an enzymatic reaction and the amount of hydrogen 

peroxide produced, which is in relation to the glucose concentration, is detected 

(Karyakin et al., 1995). All three sensors were tested in the low glucose concentration 

and a sufficiently low LOD was identified for Tierney et al’s and Bandodkar et al’s 

sensor indicating its suitability to quantify glucose concentrations expected from RI 

experiments. Even though the LOD of sensor developed by Kim et al was not 

provided, it was reported that the sensors were able to detect glucose extracted via RI 

(Kim et al., 2018).  

In this study glucose detection was attempted by integrating a mediated enzymatic 

glucose sensor in the electrode system, which belong to the second generation of 

glucose sensors. The main responsibility of a mediator is to transfer electron(s) 

between the enzyme and the working electrode. The current produced due to the 

oxidation of the mediator, is proportional to the glucose concentration.  

The sensor fabrication in this study was adapted from the glucose sensor developed by 

Cass et al (Cass et al., 1984). For the fabrication of the glucose sensor in this study, 

glucose oxidase was used as the enzyme as it is commonly used in glucose biosensors 

due to its high selectivity and sensitivity towards glucose (Bandodkar et al., 2014; 

Tamada et al., 1995; Tierney et al., 2001). 1,1 Dimethylferrocene (DMFc) was used 

as the mediator for the glucose sensors as it showed best characteristics within the 

ferrocene derivatives with regards to oxidation of glucose oxidase and immobilisation 

of the mediator onto the sensor (Hill & Sanghera, 1990; Wang et al., 1990). This type 

of ferrocene-mediated glucose sensors has also been implemented in in vivo studies 

where the sensors were subcutaneously implanted in the neck of the pigs  (Claremont 

et al., 1986).  

In the glucose sensors shown in Table 7.1, different methods for enzyme 

immobilisation were applied. For example, in the GlucoWatch, the GOD was 

dissolved in the gel itself (Tierney et al., 1999). However, one of the reported problems 

of the GlucoWatch was the temporary skin irritations (Eastman et al., 2002; Gandrud 

et al., 2004; Garg et al., 1999; Tamada et al., 1999; Tierney et al., 1999). On one side 

skin irritations could have been developed due to intensity of the applied iontophoretic 

current. On the other side, it was considered that as the gel is in contact with the skin, 
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the accumulation of H2O2 in the gel reservoir could be the source itself to cause skin 

irritation (Agency for Toxic Substances and Disease Registry, 2014). In Bandodkar’s 

and Kim’s study the GOD solution was mixed with a chitosan solution and 

immobilised onto the working electrode (Bandodkar et al., 2014; Kim et al., 2018). In 

the mediated enzymatic glucose sensor in this project, the mediator and enzyme were 

directly embedded onto the working electrode surface to prevent any skin contact. 

DMFc was covalently bound to the carbon electrode surface and the GOD was bound 

to the DMFc via a carbodiimide layer.  

The fabricated glucose sensor was tested in the gel environment as the samples from 

experiments involving- in vivo glucose extraction via RI were in gel format. 

 

7.6.1 Electrochemical characterisation of the DMFc-GOD 

sensor in the gel environment 
The operation of a glucose sensor in the gel environment is different to a fluid 

environment. Only limited number of researchers have investigated in the glucose 

sensor operation in gel (Bandodkar et al., 2014; Kim et al., 2018; Künzelmann & 

Böttcher, 1997; Kurnik et al., 1998; Tierney et al., 1999). 

The means of cyclic voltammetry (CV) was used for electrochemical characterisation 

of the fabricated sensor.  

 

As it was shown in section 5.5, the fabricated glucose sensor had two sensing units 

integrated: Side A of the sensor was coated with the DMFc and the carbodiimide 

solution and with glucose oxidase and is responsible to detect any glucose related 

current changes. Side B of the glucose sensor is only coated with DMFc and the 

carbodiimide and without glucose oxidase. It is intended to identify any background 

current or any current caused by any interfering species.  

For the voltammogram taken on side B of the sensor (Figure 6.30.), an oxidation and 

reduction peak of DMFc was expected. As from theory it is expected that DMFc 

undergoes a reversible one electron transfer at a redox potential of 0.100 V vs SCE 

(Cass et al., 1984). The redox potential was converted to 0.132 V vs Ag/AgCl             

(3M KCl) with an anodic peak potential of 0.1615V and a cathodic peak potential of 

0.1025 V vs an Ag/AgCl (3 M KCl) standard electrode as shown in section 4.3.5.  
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In this study an anodic peak potential at 0.12 V could be identified for side B of the 

sensor. The shift in the oxidation potential of DMFc could be explained by results of 

the open circuit potential experiments, which were shown in section 6.5.3. A shift in 

the open circuit potential was observable when testing the screen-printed RE against 

the commercially available standard glass Ag/AgCl (3 M KCl) electrode reference 

electrode in different media. The open cell potential shifted from of 0.26 V in the 

phosphate buffer to an open cell potential of 0.22 V in gel. Thus, a difference of        

0.04 V was identified between both media. Considering the open cell potential shift in 

the DMFc oxidation peak given by Cass et al, the oxidation would be expected at a 

potential of 0.1215 V, which is in close agreement with the oxidation potential found 

in this study.  

In disagreement to theory (Cass et al., 1984), no reduction peak was seen for DMFc. 

If the electron transfer between the mediator and the working electrode is too slow, a 

reduction will not occur (Kissinger & Heineman, 1983). The electrode reaction rate 

depends on several factors: 1) the mass transfer, the transport of the analyte from the 

bulk solution to the electrode surface 2) the electron transfer, which occurs on the 

electrode surface, 3) the chemical reaction causing the electron transfer and 4) any 

other reactions occurring on the surface (Krishnan, 2011). For the electrochemical 

reversibility, it is required that the electron transfer is faster than the mass transfer. 

 

Side A of the sensor is coated with the GOD and is responsible to detect any glucose 

related current changes. With the help of CV, an oxidation potential at 0.14 V vs the 

screen-printed pseudo Ag/AgCl reference electrodes was identified for the DMFc-

GOD reaction with Side A of the glucose sensor. However, in disagreement to 

literature (Cass et al., 1984) and same as for side B of the sensor no reduction peak 

was seen, which is possibly due to slow electron transfer. 

 

• FMCA-GOD interaction in solution vs DMFc - GOD interaction in gel: 

Similar results were expected for the FMCA-GOD interaction shown in Figure 6.25 

and the DMFc-GOD interaction in Figure 6.30. They are both based on the same 

principle, where a voltammogram was recorded in the presence of the mediator and 

analyte and another voltammogram was taken in the presence of the mediator, analyte 
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and enzyme. Side B was expected to agree with Figure 6.25a, where without the 

presence of the enzyme, the redox reaction of the ferrocene should be shown. And side 

A should correspond to Figure 6.25b, where upon the presence of the enzyme, a 

catalytic current is expected to flow.  

For DMFc, a peak current of 84.33 nA was identified at an oxidation potential of 

0.1249 V and a catalytic current of 99.24 nA at a potential of 0.14 V was observable 

in the presence of GOD with a glucose concentration of 62 µM in the test sample. 

In contrast, for FMCA, a diffusion current of 1.18 µA at the anodic peak voltage of 

0.32 V was identified in the absence of GOD. A catalytic current of 5.74 µA at a 

potential of 0.36 V in the presence of GOD with a glucose concentration of 50 mM.  

The higher increase of the catalytic current could be due to the higher glucose 

concentrations involved. Peak currents were found in the µA range in the liquid 

environment, whereas in the gel environment currents were observed in the nA range. 

The lower currents in the gel environment corresponds well to the lower diffusion 

coefficient of 2.9 * 10-8 cm2/s, which was found for DMFc in the gel environment. For 

FMCA, a diffusion coefficient of 5.28 *10-6 cm2/s was found in in the liquid 

environment, which was in close agreement with the diffusion coefficient found by 

Cass et al. The diffusion coefficient is expressed with the Einstein-stokes equation 

(Equation 4.28) and it relates to the diffusion and viscous flow in a system. Based on 

the equation, it can be seen how the diffusion coefficient is dependent on the viscosity 

of the medium. Hence, the lower diffusion coefficient for DMFc can be explained by 

the higher viscosity of the gel compared in solution. Also in McColl’s study, a decrease 

in the diffusion coefficient was found when increasing the viscosity of the gel (McColl, 

2001).  

It was shown that the response time of the sensor is slower in hydrogel compared to in 

an aqueous solution because of the lower diffusion coefficient in gel (Kurnik et al., 

1998). In McColl’s study the developed biosensor was tested by amperometric 

measurements. Thereby, a drop of a highly concentrated glucose solution was dropped 

into the gel and the current over time was measured at a constant potential. A current 

response due to the glucose was only seen after 30 minutes in the 2% gel and after     

60 minutes in 4% gel. In contrast in fluid environment an instantaneous response was 

seen in McColl’s study. Wang et al identified a fast response time of 30 s in the DMFc 
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– GOD, where the mediator and enzymes was incorporated in the carbon paste and 

glucose detection was tested in the liquid environment (Wang et al., 1990).  

A reduced catalytic current in the gel environment could be also caused by the 

immobilisation of the mediator and enzyme onto the electrode, thus slightly 

compromising their activity. In contrast, in the FMCA-GOD experiment, both 

mediator and enzyme were both in liquid form.  

A high level of noise was observable in the cyclic voltammetry experiments using the 

sensor in the gel environment. This suggests that the gel itself is not providing a 

uniform environment for the analyte to diffuse.  

 

Even though, the operation of the glucose sensors is compromised in the gel 

environment compared to the liquid environment, the use of gel is crucial in the RI 

environment. It is required for electrical conductance to apply the iontophoretic current 

and it also serves as a receptable for the extracted molecules.  

 

7.6.2 Sensor performance 
A calibration curve was established using the developed glucose sensor. The aim was 

to quantify unknown glucose concentration in the µM range from samples obtained 

via RI. For the establishment of the calibration curve with the glucose sensor, the ratio 

of the current reading of side A to the current reading of side B was plotted against the 

standard glucose concentrations. A linear relationship could be seen with a straight 

line fit of y=0.0097x+1.4127 and an R2=0.87. An LOD of 77.09 µM could be 

identified. High error bars were seen in the calibration curve on Figure 6.31. They 

could be due to differences from sensor to sensor. All three coatings from glucose 

sensors were carefully applied to maintain consistency between the sensors. However, 

it has to be considered that they were all done manually, hence slight inconsistencies 

might have arisen due to human error. 

However, the LOD found in this study is higher compared to the sensors used in the 

RI environment shown in Table 7.1. Therefore, more research needs to be conducted 

to improve the sensitivity of the sensor so that the LOD can be further lowered.  

In Bandodkar’s study, the developed sensor was tested in the glucose concentration 

range from 0 µM to 100 µM in increments of 10 µM (Bandodkar et al., 2014). The 
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chronoamperometric current responses had a linear response to the tested glucose 

concentrations and they identified a LOD of 3 µM. The current increased by 

approximately 2 µA from the 0 µM to the 100 µM concentration. Kim et al analysed 

their developed sensor over the 0 µM to 160 µM glucose concentration range in 

increments of 20 µM (Kim et al., 2018). In their study the current increased by 

approximately 1.5 µA from the 0 µM glucose concentration to the 160 µM 

concentration.  

In comparison, the current increase found in this study was in a much lower current 

range. In this study, a current of 0.14 µA was identified in a 250 µM glucose sample 

in 3% methylcellulose gel and an average background current of 75.6 nA was found 

in the gel sample without any glucose. Thus, the current only increased by 65.4 nA.  

In McColl’s study, a current of 0.3 µA was identified at a glucose concentration of    

10 mM in a 4% hydrogel and a higher current of 0.9 µA was found using a 2% hydrogel 

(McColl, 2001). Compared to McColl’s study, a slightly lower current could be 

identified with 3% gel for a much lower concentration. However, it has to be kept in 

mind that in this study, cyclic voltammetry was applied to analyse the sensor 

performance. However, in the other reported studies (Bandodkar et al., 2014; Kim et 

al., 2018; McColl, 2001), the sensor was evaluated using amperometric measurements. 

Hence, direct comparison cannot be made due to methodological differences.  

 

7.7 Glucose sensors used in vitro RI experiments using 

the diffusion cell 
The glucose sensors were also used alongside the diffusion cell to test its ability to 

electrochemically detect glucose, which was extracted via RI. From the previous 

experiments with the fabricated glucose sensor, an oxidation peak at a voltage of     

0.14 V was expected.  

But instead, two oxidation peaks appeared in the voltammograms after RI for side A 

and side B of the electrode, one at 0.082 V and the second one at 0.306 V. The 

occurrence of the peak could have been due to a shift of the glucose peak. However, 

based on the results obtained in section 6.7.2, it can be said that both peaks are not in 

relation to the extracted glucose as no correlation could be established.  
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The total peak current, which can be seen in the voltammogram consists of a faradaic 

component and a non-faradaic component. Only the faradaic current is caused by the 

electron transfer processes and is in relation to the glucose concentration. 

The non-faradaic current is caused by the charging and discharging of the electrode 

double layer at the working electrode in response to the variation of the applied 

potential. The charge of the electrode changes with the varying the applied potential. 

Consequently, a rearrangement of ions in the electrical double layer occurs. Depending 

on the charge of the electrode, the ions in the solution will either be attracted or 

repelled from electrode surface without necessarily having to go through a redox 

reaction (Compton et al., 2012a). For example, at the application of a positive current, 

anions will be attracted, and cations will be repelled from the electrode. This 

phenomenon causes a capacitive current, which needs to be accounted for to identify 

the current solely caused by the electron transfer.  

 

As discussed, the identification of the capacitive current of the voltammograms after 

the RI experiments was not a straight-forward process due to the complexity of the 

CV. Kissinger’s method was nevertheless applied to approximate the capacitive 

current. However, in some cases, the capacitive current exceeded the peak current 

when applying Kissinger’s method. On the one hand, the high capacitive current could 

be an indication of the inapplicability of the method for the obtained voltammograms. 

There are other methods than Kissinger’s method for the identification of the 

capacitive current of a voltammogram (Papaderakis, 2016; Silva et al., 2001) . 

However, they are not feasible to be applied retrospectively. For example, the 

electrical double layer (EDL) capacitance can be identified using electrical impedance 

spectroscopy. Thereby, an AC signal in a broad range of frequency is applied to an 

electrochemical cell to capture its impedance spectrum, which in turn enables to 

measure the diffusion, the capacitive and the inductive processes at the electrode-

electrolyte interface.  

On the other hand, the higher capacitive current could be due to the fact that the EDL 

capacitance having an effect on the faradaic processes on the electrode surface due to 

the adsorption of the co-extracted molecules during RI onto the EDL. Especially in 
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electrode reactions, which involve redox reactions of electroactive species at low 

concentrations, there is the chance that the non-faradaic current caused by the EDL is 

higher than the faradaic current (Bard & Faulkner, 2001b). The capacitive current 

depends on the scan rate, the electrode area and also involved salt concentration 

(Compton et al., 2012a). Therefore, it seems that the change in the CV might have 

been resulted from the co-extracted solutes such as NaCl and the KCl, from the 

diffusion cell, which have caused the masking of the glucose peak. More cyclic 

voltammetry experiments should be conducted to investigate the glucose sensor 

performance in the presence of each solutes of in the buffer solution of the diffusion 

cell separately in future studies.  

 
In comparison to the electrochemical glucose detection method, the extracted glucose 

was also measured using the standard laboratory method using the glucose assay kit 

and an optical spectrophotometer. From theory, it was expected that the E1 electrode 

extracts the glucose the most, followed by the E2 electrode and the control electrode 

extracts the least amount of glucose. Overall, this pattern was followed with minor 

exceptions. Higher error bars were seen on the RI experiment with the AC- integrated 

sensors. Similar behaviour was seen in the results shown in section 6.4.6. and could 

be explained by the variation of the adsorption capabilities of AC foam to AC foam. 

Even though all the AC foams had a thickness of 0.1 cm and a diameter of 2 cm, it is 

important to account for the surface area of the use AC to ensure uniformity and 

repeatability of the sensor. However, this information was not known. Advanced 

techniques such as such as the nitrogen adsorption at 77K (Kenneth S.W. Sing, 1995) 

or the iodine number (Mianowski et al., 2007) could be used to determine the surface 

area of AC. 

 

As discussed, one of the key aims in this study was to address the glucose accumulation 

in the sensor, which ultimately causes time lags in the correlation between the glucose 

in the interstitial fluid and blood. Poor correlations with R2 = 0.53 (McCormick et al., 

2012) and R2 = 0.44 (Ching & Connolly, 2008c) were found in the in vivo studies 

between the blood glucose concentrations and the extracted glucose via RI which were 

explained by the skin variability in terms of pore size and permeability in humans. The 

GlucoWatch overcame this problem by using invasive means where users had to take 
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a fingerstick blood glucose measurement every 12 hours for calibration purposes. 

Studies showed a correlation factor of 0.89 with the GlucoWatch (Tamada et al., 1995, 

1999).  

In this study, good correlation with R2 = 0.99 could be established between the 

extracted glucose via RI across both iontophoresis electrodes and the glucose 

concentration in the diffusion cell as it can be seen in Figure 6.35. Also with the AC-

integrated glucose sensor, a good correlation of R2 = 0.90 could be identified. The 

linear relationship, which was observable between the glucose concentrations in the 

diffusion cell and the extracted glucose across both iontophoresis using the AC- 

integrated glucose sensors, had a higher gradient compared to the sensors without AC, 

indicating its higher sensitivity of the system with AC. 
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7.8 Research limitations  
 

Limitation of adsorption studies  

Glucose extraction was improved when using AC- integrated electrodes in the in vitro 

RI experiments using the diffusion cell. When performing the RI experiments with the 

AC foam integrated electrodes, only the initial dry weight of AC foam and the volume 

without considering the porous structure were taken into account to ensure consistency 

within the AC foams involved in each sensor. However, the porous structure of the 

AC and thereby increased surface area plays a major role in the adsorption capabilities 

of the AC. No such information was provided for the used AC. Therefore, the 

adsorption capabilities might vary from foam to foam. 

 

In the initial design of the AC-integrated electrodes, the AC foam was secured at the 

back of the electrode design. Holes were drilled through the electrodes design so that 

the analyte is drawn from the gel layer to AC foam. They were evenly distributed over 

the whole electrode design as it can be seen in Figure 5.15 and approximately          

0.126 cm2 of the AC foam was exposed to gel.  

It is possible that some of the extracted glucose diffused through the gel into the AC. 

Consequently, when analysing the gel for glucose, it is possible that not all of the 

extracted glucose was accounted for. Nevertheless, more glucose was extracted using 

AC- integrated electrodes than using the electrodes without any AC.  

 

Although the suitability of AC as glucose binding agent in RI experiments were 

successfully shown in this study, it has to be noted that all experiments were conducted 

in vitro using a diffusion cell and an artificial membrane. The effectivity and suitability 

of the AC as a glucose binding agent might be different in the in vivo RI environment.  

 

Limitation of work conducted with glucose sensors 

It is important that the fabricated glucose sensors are all prepared in the same manner 

to maintain consistency within the sensors and so that the results can be compared. 

The fabrication of the sensors involved the application of three layers of coatings 

including washing procedure of the electrodes after the first coating. Even though, 
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highest amount of care and precision was given, it has to be considered that they were 

all done manually, hence causing slight inconsistencies. 

 

As discussed in section 5.10.3, before putting sensors on diffusion cell, CV was 

performed on both sides of all three sensor to ensure sensor performance. An 

empirically observed particular peak and shape for each side had to be confirmed 

before putting sensor on the diffusion cell. Only once three electrodes could be 

selected, they were applied onto the diffusion cell. This caused some time delays 

exposing the sensor to air, which might have affected the consistency of the gel. 

 

In the AC-integrated glucose sensors, the AC foam was secured at the back of the 

electrode design. Holes were punched through the electrodes design so that the analyte 

is drawn from the gel layer to AC foam. They were evenly distributed over the whole 

electrode design as it can be seen in Figure 5.19 and approximately 0.135 cm2 of the 

AC foam was exposed to gel.  

For electrochemical glucose detection it is important that the analyte reaches working 

electrode where the glucose sensing takes place. The size of the sensing unit within 

the sensor is smaller than the gel reservoir where glucose is collected. Consequently, 

due to the current electrode design it is possible that the glucose extracted outside the 

sensing area might have diffused directly through the gel layer to the closest AC 

without reaching the sensing unit. Hence, not all the glucose extracted could be 

quantified. 

Limitations of Data analysis 

Cyclic voltammetry is a powerful electroanalytical technique, which allows the 

monitoring of the current produced via a redox reaction as a function of potential. It 

allowed the electrochemical characterisation of the fabricated glucose sensors. 

However, when applying CV, it has to be kept in mind that the peak current consists 

of a faradaic and a non-faradaic component. And only the faradaic current is caused 

by the electron transfer processes and is in relation to the glucose concentration. 

Therefore, it is important to identify the capacitive current and deduct it from the peak 

current. However, the identification of the capacitive current of the CV of the glucose 
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sensors after RI was a challenge due to the shape of the recorded voltammograms 

possibly caused by the co-extracted molecules from the diffusion cell. Therefore, the 

analysis of glucose sensor performance in the in vitro RI experiments was not feasible 

by using cyclic voltammetry.  

 

Recommendations for future work: 
This section aims to give suggestions to overcome the experienced limitations, which 

were reported in section 7.8. In addition, this section details areas of improvements 

which need to be explored for the device to be part of a wearable sensor. 

 

Adsorption studies 

The use of AC foam for glucose adsorption was successfully shown. However, more 

glucose adsorption experiments to AC should be carried out to better understand the 

adsorption kinetics and adsorption characteristics. All the experiments were only 

conducted at physiological pH of 7.4. However, pH imbalance can occur in the human 

body in case of pathologic or metabolic stress and adsorption is a pH dependent 

process. Therefore, glucose adsorption experiments should also be conducted at 

different pH levels. As the adsorption process is also dependent on temperature, 

glucose adsorption should be tested at different temperatures to see the effect of 

changing the temperature to the adsorption capabilities.  

Adsorption depends on a variety of other factors such as the base material of the AC, 

the surface charge, the polarity of the adsorbent, the pore size, the surface area and the 

pore structure. None of this information was known of both types of AC used in this 

study. Having all technical information will help to estimate the adsorption capabilities 

of AC (such as the number of adsorption sites). The use of a different form of AC is 

also worthwhile. For example, the use of an AC cloth would be even better suited to 

be part of a wearable sensor due to its flexibility and its narrow width.  

 

Based on the cyclic voltammetry results, it was observable that the used gel is not 

providing a uniform environment for the analyte to diffuse. It is highly important that 

the gel is physically and chemically uniform. A clean diffusion path is crucial for 

potential real time monitoring, as it leads to better correlation between glucose 
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concentration in blood and interstitial fluid. Therefore, improvements should be made 

in the gel fabrication and/or the use of a commercially available gel should be 

considered for this purpose. 

 

Sensor improvement and sensor evaluation 

More research needs to be conducted to further lower the limit of detection of the 

glucose sensor so it can quantify glucose in the even lower µM range (down to              

20 µM).  

 

Electrochemical impedance spectroscopy (EIS) could be used to improve consistency 

within the fabricated glucose. EIS is not only used for diagnostic and quantitative 

detection methods but can also be used for sensor evaluation. Each coating can be 

characterised with a particular spectra obtained via EIS (Brett, 2008) and this would 

ensure that the manual coatings performed on each sensor is the same and hence would 

improve consistency of the sensors. In addition, EIS could be also used to identify the 

electrical double layer capacitance which will allow the electrochemical glucose 

detection of glucose extracted via RI using cyclic voltammetry.   

 

A mask should be included in the glucose sensor to direct the extracted glucose to the 

sensing unit (similar to the one in the GlucoWatch). Otherwise, the glucose extracted 

at the peripheral area of the sensor would not be detected and quantified.  

 

Further areas to explore: 

This study has successfully shown the capabilities of AC to act as a glucose binding 

agent and improve glucose flux during RI. However, ultimately it is important to test 

this method in the practical setting and observe how well the use of AC improves the 

correlation between the extracted glucose and the blood glucose concentration in a 

human. Therefore, a healthy volunteer study should be conducted with the AC- 

integrated electrodes in combination with RI and the results should be compared with 

electrodes without AC and RI. Blood glucose measurements should be taken 

simultaneously to establish a correlation between the blood glucose measurements and 

the glucose extracted from the interstitial fluid using the AC- integrated sensors.  
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The development of a glucose sensor in combination with RI is a promising field but 

there are more limitations and challenges to overcome for it to be part of a wearable 

sensor for continuous glucose monitoring. To allow the use of the device as a wearable 

sensor, the calibration aspects of the device need to be carefully considered. In 

addition, it should be operated wirelessly and powered by small electronics. A 

transmitter for wireless data transfer to a data processing unit should be integrated so 

that the acquired readings can be converted to sensible values for the user. The device 

could have the potential to be ultimately used in connection with a closed loop insulin 

delivery system where the insulin pump, would automatically administer the adequate 

amount of insulin based on the measured glucose concentration. This emerging 

development would be a big step towards pain free glucose monitoring and an 

immense improvement in quality of life of people with diabetes.  

In addition, RI does not only have potential for glucose monitoring in diabetes care 

but also can be expanded and adapted for the non-invasive, continuous monitoring of 

other analytes in the interstitial fluid such as lactate or sodium.  
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8 Summary and Conclusion 
The state of the art for self-monitoring of glucose is based on blood samples. The 

problem is that it causes pain and discomfort to the patients and therefore, impedes 

with the compliance of treatment regimens of people with diabetes. The advantage of 

using RI is that it enables glucose sensing without having to pierce the skin. The aim 

of this study was to combine RI with sensor technology to enable continuous, non-

invasive glucose monitoring.  

 

This section summarises the findings of this study in reference to the research question, 

which were posed in section 3.3: 

• Which glucose assay kit is more suitable to quantify glucose in the required 

glucose concentration range? 

• Is the level of sensitivity of the Genova Nano spectrophotometer sufficient to 

quantify glucose in samples obtained from RI experiments if only very small 

sample volumes are available? 

• Which of the tested artificial skin membrane mimics the human skin better in 

RI experiments? 

The first three research questions were intended for the optimisation of the in vitro RI 

experimental setup and glucose analysis method. It is crucial to use a glucose assay kit 

which can quantify glucose in the expected µM concentration range. The results in 

section 6.1 showed that the Randox assay kit has a lower limit of detection of 2.39 µM 

and a LOQ of 7.03 µM and hence, is more suitable to be used to quantify extracted 

glucose from RI experiments.  

The main advantage of the use of Genova Nano spectrophotometer is that it only 

requires a sample volume of 0.5 to 5 µL per measurement. This characteristic is very 

appealing in glucose quantifications as in case of clinical studies only limited amount 

of patient samples are available and standard laboratory techniques such as the 

colorimetric assay require at least 80 µL per measurement. A good level of accuracy 

(±6.49%) could be established with using a sample volume of only 2 µL with the 

Genova Nano based on the quantification of the two glucose concentrations (204 µM 

and 408 µM). A calibration curve could be established with the Genova Nano 
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spectrophotometer with an LOD of 5.65 µM, indicating its potential to quantify 

glucose samples obtained from RI experiments.  

In Section 5.4 it was demonstrated that the standard artificial membrane used in the 

Strathclyde lab, the Spectrapore membrane had better characteristics to mimic the 

human skin for RI experiments than the Vitro-Skin®. 

 

• Proof of concept: Does glucose adsorb to activated carbon (AC)?  

Organic molecules adsorb to activated carbon (AC). The results shown in Section 6.4.1 

and Section 6.4.2 provided proof of concept that glucose adsorbs to AC. Glucose was 

successfully adsorbed to AC pellets as well as AC from glucose solution samples as 

well as glucose gel samples. It was important to test glucose adsorption from gel as 

gel samples are ultimately used for RI experiments.  

 

• Can AC be used as a glucose binding agent in a wearable sensor in the RI 

environment and allow a more uniform transdermal glucose profile? 

Successful glucose adsorption to AC as demonstrated in Section 6.4.1 and Section 

6.4.2 suggests that AC can be used in RI sensors as a glucose binding agent for 

improved glucose flux. Further investigations were conducted to test the use of AC in 

RI environment. Section 6.4.6 showed the results of the in vitro RI experiments with 

the initial design of the AC- integrated electrode. Increased glucoses fluxes across the 

diffusion cell could be observed confirming its suitability as a glucose binding agent 

in a wearable sensor in the RI environment. 

A wearable sensor should also be able to provide in situ glucose quantifications. 

Therefore, the next research questions relate to the integrated glucose sensor in the 

electrode design for direct glucose measurements.  

 

• How does the biosensor operate in the gel environment?  

Studies have shown difference in the operation of a glucose sensor in the fluid and gel 

environment. As RI experiments involve gel samples, it is of importance to evaluate 

the operation of the glucose sensor in the gel environment.  

Cyclic voltammetry was used to characterise the electrochemical behaviour of the 

glucose sensors. Slower electron transfer, lower diffusion coefficients for mediator and 
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reduced peak currents were identified in the gel environment compared to the liquid 

environment.  

 

• Can the embedded glucose biosensor quantify glucose in the required glucose 

concentration range? 

A calibration curve could be established using the glucose sensor and a linear current 

response was observable. However, an LOD of only 77.09 µM of the glucose sensor 

was identified, indicating that the sensor is not sufficiently sensitive to measure the 

extracted glucose. Hence, more research needs to be done on the glucose sensor to 

increase its sensitivity so it can measure in the lower µM glucose range (down to          

20 µM).  

 

• Is it possible to electrochemically quantify the extracted glucose via RI with 

the glucose sensor? 

It was not possible to quantify the extracted glucose via electrochemical means. The 

peak current expected at the potential of 0.14 V based on the calibration experiments, 

was not observable at the voltammograms after RI. An increase in the capacitive 

current was observed, which might be due to the extraction of the co-molecules from 

the diffusion cell. It seems the extracted molecules caused a redistribution of the 

charge layer at the working electrode. And as the glucose extracted via RI are at low 

concentration, it seems that the non-faradaic processes were masking the faradaic 

current. 

 

• Is it possible to link the extracted glucose via RI to the glucose concentration 

of diffusion cell? 

Based on the glucose quantification of the extracted glucose using the standard method 

using a glucose assay kit, it was possible to link the extracted glucose with the glucose 

concentration in the diffusion cell. Figure 6.35 shows a linear relationship between the 

extracted glucose via RI across both iontophoresis electrodes and the glucose 

concentration in the diffusion cell with and without the AC- integrated electrodes.  
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• How does the integration of AC impact the glucose sensor? 

A linear relationship with a steeper gradient was observable between the extracted 

glucose via RI and the AC- integrated sensors. This indicates the AC- integrated sensor 

provide a more sensitive experimental measurement setup than without AC.  

 

To conclude, this project has successfully demonstrated that the use of AC is a viable 

method to increase accuracy in the glucose concentration measurements extracted via 

RI. The increase in accuracy will ultimately lead to better correlation between the 

glucose concentration in the interstitial fluid and in blood, thus bringing the device one 

step closer to the make RI a sustainable method for glucose monitoring.  

The use of AC to increase accuracy has not been applied in this field before making 

this finding a significant and unique contribution to this field.  

This knowledge is not only relevant and promising for glucose monitoring but AC can 

be also used to assist the transdermal monitoring of any organic analytes in biological 

fluid. 
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APPENDIX 
Example code for the electrochemical analyser to perform iontophoresis experiments 
for 60 minutes with switching polarities every 15 minutes, followed by cyclic 
voltammetry measurements on side B and side A of the sensor 
 
# calibrate 
CALIBRATE{ 
} 
# Iontophoresis 
IONTOPHORESIS{ 
CURRENT(300) #Current applied [µA] 
LENGTH(15) #Duration of current application [mins] 
} 
IONTOPHORESIS{ 
CURRENT(-300) #Current applied [µA] 
LENGTH(15) #Duration of current application [mins] 
} 
IONTOPHORESIS{ 
CURRENT(300) #Current applied [µA] 
LENGTH(15) #Duration of current application [mins] 
} 
IONTOPHORESIS{ 
CURRENT(-300) #Current applied [µA] 
LENGTH(15) #Duration of current application [mins] 
} 
 
#Cyclic Measurement of E1 Electrode-Side B 
CYCLIC{ 
ELECTRODE(1B) #Electrode  
MIN(-200) #Starting potential [mV] 
MAX(400) #Switching potential [mV] 
RAMPRATE(60)  #Scan rate [mV/s] 
MEASURE(5) #Increment of voltage for next current reading [mV] 
CYCLES(3) #Number of cycles to repeat 
} 
#Cyclic Measurement of E1 Electrode-Side A 
CYCLIC{ 
ELECTRODE(1A) #Electrode 
MIN(-200) #Starting potential [mV] 
MAX(400) #Switching potential [mV] 
RAMPRATE(60) #Scan rate [mV/s] 
MEASURE(5) #Increment of voltage for next current reading [mV] 
CYCLES(3) #Number of cycles to repeat 
} 


