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Abstract 

Personalized health diagnostic and monitoring has gained serious attention in recent 

years and one area of interest is the analysis of hormones which indicate increased stress 

levels. Cortisol (known also as hydrocortisone) and cortisone are steroid hormone (also 

known as stress hormones) that plays an important role in the regulation of many 

physiological processes such as glucose levels, blood pressure, and carbohydrate 

metabolism and they are considered as a potent biomarker for post-traumatic stress. The 

determination of stress hormones represents a challenge because their secretion follows 

a circadian rhythm (all day cycle) and their secretion are dependent on environmental 

and behavioral triggers. As a result, there is a need to develop a system for cheaply and 

rapidly monitoring their levels using approaches such as lab-on-a-chip (LOC) which 

combine high selectivity and sensitivity to provide valuable health informatics, not just 

in human but in animals such as fish being bred in a fish farm.  

Selectivity in these devices can be achieved utilising an immunoassay approach taking 

advantage of the lock and key mechanism that is related to the antibody-antigen 

interaction.  In this work, a new immunoassay method was developed to measure the 

stress hormones which involved the reproducible immobilization of cortisol and 

cortisone antibodies onto a tin-doped indium oxide (ITO) electrode. This was achieved 

by modifying the electrode in a two process step; the deposition of a nitro group onto 

the ITO electrode followed by the reduction of the nitro group to amino group using 

cyclic voltammetry. This approach enables a good orientation of the antibody on the 

surface.  The antibodies were then immobilized using an EDC/Sulfo-NHS linkage. To 

enable electrochemical detection the antibodies were tagged with ferrocene to give a 

redox tag. When square wave voltammetry was utilised the method gave good limits of 

detection (LOD) of 1.03 pg ml-1 for cortisol and 0.68 pg ml-1 for cortisone.   
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The methodology was carried out using biological sample including Zebrafish       

whole- body sample and artificial saliva and reliable results were obtained without the 

need for complex extraction procedure. 

The results of the analysis suggest that the proposed method has promise for the routine 

detection of stress hormones, which gives a good reason to detect cortisol and cortisone 

based on a chemiluminescence immunoassay. The antibodies were immobilised using 

the electrochemical method but then chemiluminescence detection was selected due to 

its high sensitivity and the simple instrumentation required.  A static system was first 

constructed using a micropipette to add the chemiluminescence reagents with the use of 

a CCD camera and image J software to capture the chemiluminescence.   To achieve 

chemiluminescence detection the ferrocene tag on the antibodies was first oxidised and 

then this acted as a catalyst for luminol and hydrogen peroxide chemiluminescence 

reaction. Optimum conditions were investigated and 20 mM luminol and 10 mM 

hydrogen peroxide were used with a 200 seconds exposure to the camera and an 

incubation time of 30 minutes. Using this approach limits of detection were obtained of 

0.47 pg ml-1 and 0.34 pg ml-1 also R2 0.9912 and 0.9902 for cortisol and cortisone 

respectively.  The method was also applied to Zebrafish and artificial saliva without 

analyte extraction and good results were obtained. 

Once the successful chemiluminescence immunoassays had been developed it could be 

incorporated into in situ measurement devices. In this work, an open microfluidic 

approach was investigated to overcome the problems of blockages, high back pressure 

and air bubbles seen in closed microfluidic systems. A superhydrophobic ITO electrode 

substrate was prepared depending on the lotus leaf effect of extreme water repellence 

by the deposition of dichlorodimethylsilane (DCDMS) onto the substrate, followed by 

dip coating the hydrophobised ITO electrode into fumed silica nanoparticle suspensions 
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to increase the hydrophobicity. Superhydrophilic patterns were then produced using a 

mask and a UV/ozone lamp. The wetting properties were investigated in detail using a 

drop shape analysis system. Optimum conditions for the formation of a homogeneous 

coating were established giving the following results; fumed silica suspension 

concentration 4%, dip coating velocity 3.18 cm min-1, and sonication time of 10 

minutes. The results obtained from fluorescence microscopy showed the capability of 

fluid to flow along the superhydrophilic pattern acting as an open microfluidic channel.  

Finally, the open microfluidic approach was combined with the immobilisation 

procedure.  Although further work will be needed to optimise the system, 

chemiluminescence detection was achieved when the chemiluminescence reagents were 

passed through the open microfluidic channels over the immobilised antibodies. 

To conclude an electrochemical immobilization platform has been exploited to 

reproducibly immobilize the antibodies and develop a quantitative novel 

chemiluminescence assay for stress hormone analysis in combination with an open 

microfluidic device.  
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 Introduction 

With recent scientific developments and medical requirements, there has been a rapid 

increase in the demand for healthcare monitoring systems to monitor specific 

biomarkers. As a result, there is a need for construction of a portable, disposable, 

automated and miniaturized systems to easily monitor a range of biochemical markers, 

such as lab-on-a-chip (LOC) devices and point -of -care (POC) systems etc., which can 

provide valuable health informatics.  

In this thesis, the biomarkers of interest are stress hormones, including cortisol and 

cortisone, which are secreted depending on environmental and behavioral triggers, and 

follow a circadian rhythm (all day cycle) 1. For example, these systems can be used for 

understanding human day-night stress hormones cycle secretion by developing 

wearable/cloth mountable and easy to use analytical detection devices. Application of 

these devices could be for monitoring post-traumatic stress disorder (PTSD), stress 

levels of soldiers during battles, investigating the effect on firefighters bodies, and the 

effect of pesticide on farmers. Environmental applications would include the effect of 

pollutants on fish 2. 

The objective of the research presented in this dissertation is to provide a system that 

can combine the high selectivity and sensitivity of immunoassay biosensors and the 

rapid measurement of microfluidic platforms. This can provide a solid base for the 

identification and monitoring cortisol and cortisone levels in Zebrafish whole-body 

sample and human artificial saliva samples.  

1.1  Sensors 

Sensors can be defined as devices that consist of an active detecting element 

incorporated with a signal transducer. These two components in the sensors can play a 
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major role in transmitting either electrical, mass-based or optical signal to digital signal 

for selective compound analysis 3. Figure 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Schematic of a sensor device consisting of the target analyte, bioreceptor 

(antibody, DNA, enzyme, whole cell, etc.), transducers (electrical, mass-based and 

optical), microprocessor, and a display screen that is accessible to any part of the world. 
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Sensors can be classified into two categories: chemical sensors and biosensors. 

According to the international union of pure and applied chemistry (IUPAC), “a 

chemical sensor transforms chemical information ranging from the concentration of a 

specific sample component to total composition analysis, into an analytically useful 

signal” 4. On the other hand, biosensors are composed of a biological sensing material 

well known as bioreceptor and a physical transducer 5. 

 Biosensors 

Combining a biosensors ability to interact with an analyte at an extremely low 

concentration with extremely high selectivity, enables their application in a variety of 

applications using lab-on-a-chip (LOC), micro total analysis systems (µTAS), drug 

delivery system (DDS) and point-of-care systems (POC). Biosensors devices can be 

divided into bioreceptor that can be aptamers, protein receptors, DNA, enzyme, tissue, 

and antibodies; which transform biochemical information (substrate) into a form of 

energy to provide readable data 4, 5.  

The second part is the transducers converts the biological response to a detectable 

analytical signal. Depending on the output signal, transducers can classify into 

electrochemical transducers (amperometric, potentiometric, impedimetric, and 

conductometric), mass-based transducers (piezoelectric, surface acoustic wave and 

magnetoelastic) and optical transducers (absorbance, luminescence, fluorescence, and 

reflective index) 5. The transducers will be discussed in more details in section 1.2.8. 

The analogue signal is correlated to concentration unit and is transferred to a digital 

signal via a microprocessor and display on a computer or mobile phone screen for 

analysis. The combination of a biosensor, transducer, microprocessor and display screen 
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have given a rise to the construction of industrial, forensics, environmental, healthcare 

and medical biosensors platforms 6. 

The specific bioreceptor/transducer constituent is determined by the bioanalyte chosen 

to be identified, detect and monitor. In this work glucocorticoids (GCs) including 

cortisol and cortisone hormones have been investigated as biomarkers for stress and 

will be detailed in the next section. 

1.2  Glucocorticoids  

Glucocorticoids (GCs) belongs to corticosteroids class, which are cholesterol-derived 

hormones produced by the adrenal gland (cortex) located above the kidney 7. The 

adrenal gland is divided into two regions: an inner adrenal gland (medulla), which is 

responsible for the epinephrine (adrenaline) and norepinephrine (noradrenaline) 

hormones secretion 8 as can be seen in figure 1.2. 

The second region is the outer adrenal gland (cortex) which is involved in the secretion 

of the corticosteroids. These can be subdivided into two types: mineral corticoids such 

as aldosterone which involve in the regulation of electrolyte and water balance in the 

human body, the other type are glucocorticoids including cortisol and cortisone; they 

have the metabolic, anti-inflammatory, and stress effects 9.(Figure 1.2). 
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Figure 1.2. Diagram illustrating the adrenal gland secretion with the ending products 

including epinephrine, norepinephrine, aldosterone, cortisol & cortisone. 

 

 Glucocorticoids effects 

1.2.1.1  Metabolic effect 

The name glucocorticoids relate to (glucose + cortex + steroid), and their metabolic 

effect on glucose, glucocorticosteroids is the less common name. During fasting, 

glucocorticoids hormones stimulate the production of glucose in the cells (especially in 

the liver), stimulate the fat breakage in adipose (fat) tissues, and inhibits the storage of 

glucose and fat in cells to maintain normal levels of glucose in the blood 8. 

1.2.1.2  Anti-inflammatory effect 

GCs have the ability to inhibit all levels of inflammatory response from injury or 

diseases. For that reason, they are considered to be effective anti-inflammatory 

compounds. The defensive role of the GCs mechanism can be understood as follows. 
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The primary step is the GCs diffusion across the cells membrane and the interaction 

with a glucocorticoid receptor (GR) to form a complex in the cytoplasm. The formed 

complex then accesses the nucleus (probably DNA), and a series of processes in the 

nucleus called a transcription occur. The final results are the production of protein 

molecules controlling the suppression of protein production involved in       

inflammation 10, 11. This process is shown in figure 1.3. 

 

 

 

 

 

 

 

 

 

Figure 1.3. The anti-inflammatory process includes the liberation of mediators and cells 

to fight inventor substances aiming to prevent infection 8.  

 

1.2.1.3  Effect of stress  

Stress is defined as homeostasis state alteration due to intrinsic and extrinsic events, 

whether actual or perceived. This threatens is then counteracted by a cascade of 

physiologic responses to re-establish and maintain homeostasis. Stress is triggered in 

human by different events such as fear, grief, anxiety, sleep fragmentation, insomnia, 
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depression, excitement, guilt, embarrassment also, performance evaluations, clinical 

appointments, public speaking, and skydiving (to name but a few) 12. 

The significant characteristic of the stress response is that it should finish when the 

stressor has ended. Chronic stress can be fatal on the body by causing hypertrophy of 

the adrenal gland, atrophy of the lymphatic organs, ulcers in the stomach, fertility 

problems, insulin resistance, hyperlipidemia, cardiovascular disease, hypertension and 

chronic inflammation. Management of unavoidable sources of stress is key for 

preventing hypothalamic-pituitary-adrenal (HPA) dysfunction. The patient 

participation in treatment and understanding is necessary to improve health and prevent 

substantial for early mortality 12.  

The primary step of stressor termination for an individual’s survival is the activation of 

the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) 

axis as the brain detects a disruption in homeostasis. The release of catecholamines 

(epinephrine and norepinephrine) within seconds of the onset of the stressor attack relies 

on the SNS, as an example release of epinephrine maximizes blood flow as a result of 

heart racing and high blood pressure but heart failure and arteriosclerosis can results if 

there is persistent racing of the heart and high blood pressure. The HPA axis depends 

on the release of cortisol in humans and corticosterone in rodents after several minutes 

of stressor onset. This aims to supply an immediate energy source (glucose) via 

gluconeogenesis. The cortisol hormone is considered as the most potent biomarker for 

stress in humans and receives the most attention in clinical and scientific research 13.  

The relationship between cortisol levels and chronic stress is detected as cortisol aim is 

to transfer cellular processes from metabolic functions to functions that are necessary 

for immediate survival (i.e., in the “fight or flight” response). However, the long-term 
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elevation of GCs starves some tissues of necessary resources and inhibit immune action, 

increasing the tendency to disease 14. Figure 1.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. The hypothalamic-pituitary-adrenal (HPA) axis biosynthesis of stress 

hormones in the “fight or flight” response 12. 

 

The focal point of this research will be on detection and measurement of GCs hormones 

including cortisol and cortisone as an indication of stress. 

 Cortisol 

Cortisol 11β,17α,21-trihydroxypregn-4-ene-3,20-dione; as shown in figure 1.5, is a 

major steroid hormone that belongs to the family of glucocorticoids.  It is secreted 

initially at the hypothalamic-pituitary-adrenal (HPA) axis that releases corticotropin-



   9 
  

releasing hormone (CRH), this travels to the pituitary glands, and with the help of 

specialised cells leads to the release of the adrenocorticotrophic hormone (ACTH) into 

the bloodstream that reaches the adrenal cortex. The response of the adrenal cortex is to 

increase the production of cortisol. As mention previously cortisol participates in the 

regulation of many physiological processes such as glucose, protein, fat and 

carbohydrate metabolism, blood pressure and anti-inflammatory action 15.  

Hypocortisolism (insufficient production of cortisol) is well known in Addison’s 

disease, associated with weight loss, fatigue, hypotension and coma in severe cases 16, 

whereas hypercortisolism (excessive production of cortisol ) may lead to obesity and 

bone fragility symptoms which contributed to Cushing’s diseases, also brain aging, 

immune dysfunction or increased fatty and amino acid concentration in blood which are 

the most common symptoms for high cortisol concentration 17.  

 Cortisone  

Noble prize winner Edward C. Kendall was first to identify cortisone as a steroid 

hormone that is released in response to stress by the adrenal gland. Cortisone (17α,21-

dihydroxypregn-4-ene-3,11,20-trione) chemical structure is closely related to       

cortisol 18, as can see in figure 1.5. 

The production of cortisone is by the steroidogenesis process. In the adrenal gland 

steroidogenesis begins with cholesterol synthesis, then a series of modifications occur 

leading to the synthesis of cortisol 19. Cortisone can originate from cortisol by 

interconversion of cortisol to cortisone and vice versa by the 11beta-hydroxysteroid 

dehydrogenase isoenzyme (11β-HSD). The 11β-HSD 2 isoenzyme is located in 

mineralocorticoid targets tissues such as the placenta, kidney, and colon which is 

responsible for the cortisol conversion to cortisone by oxidation. On the other hand, 
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11β-HSD 1 is mainly present in the liver, adipose tissue, and lung. It is responsible for 

cortisone conversion to cortisol, thus cortisone is considered as a precursor molecular 

for cortisol. The cortisol/cortisone shuttle regulates the intracellular access of 

glucocorticoids to the receptors. The importance of determining both hormones relies 

on understanding the complication presented from their effect 20. As seen in figure 1.5. 

 

 

 

 

 

Figure 1.5. Conversion of cortisol and cortisone and vice versa in the presence of         

11-β-HSD1 isoenzyme (located mainly in the liver) and 11-β-HSD2 isoenzyme (located 

mainly in kidney) by the oxidation of hydroxyl group in cortisol to ketone group to form 

cortisone or by the reduction of keto- group to hydroxyl group to form cortisol. 

 

Cortisone has been considered as an inactive metabolite of cortisol but it has been 

pointed out that it can be used as another stress biomarker to evaluate the effect of 

inactive and active glucocorticoids. In addition, cortisone concentrations have been 

found to be higher than those of cortisol in the hair, thus cortisone might be more 

reliably detected than cortisol 21.  

 Selection of samples for analysis 

Measuring cortisol and cortisone by analytical methods in various biofluid can be 

challenging due to the presence of interferences in the sample matrix. In this section, an 
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overview of the pros and cons of utilising different biofluids like blood, urine, hair, 

interstitial fluid (ISF), saliva, whole-body (Zebrafish), nail, faeces, sweat and 

wastewater samples will be presented. 

1.2.4.1  Blood sample 

Blood samples have long been used to give information on cortisol and cortisone 

circadian rhythms. Approximately 90% of the cortisol in the blood is bonded to 

corticosteroid-binding globulin (CBG) and in the inactive state; around 7% is bounded 

to serum albumin. This leaves (1-3 %) unbound and biologically active 22. The ratio of 

serum total cortisol/CBG (free cortisol index (FCI)) is correlated to serum-free cortisol, 

which is considered to be the biologically active component 23. 

Cortisol blood levels fluctuate from 25 µg dl-1 (9 am) to 2µg dl-1 (midnight). Problems 

with using blood as a sample include the need to collect the sample by puncture of the 

vein to collect blood which can be a painful procedure as experienced by the patient 

which may cause an increase in cortisol and cortisone values. Furthermore, blood is a 

biohazard and specialised medical staff are required to handle and store the sample and 

sterile equipment increasing the cost of the blood assay. For all these reasons the blood 

is not the preferred sample which to determine cortisol and cortisone levels 2, 24. 

1.2.4.2  Urine samples 

Urinary free cortisol (UFC) is the optimal test for Cushing disease diagnosis 25.               

10 - 100 µg 24h-1 is the normal value for cortisol in urine which is the only active form 

presented in urine. Urine assay indicates the cortisol production over an interval of time 

extended to 24 hours. This makes the sample collection a complicated procedure 26. 

Also, this procedure requires the patient to carry a specific container to collect the urine 

all day, restricting patient movement. Contamination must be avoided and the collection 
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container must keep in a refrigerator over the period of collection. Another problem 

with the urine assay is interferences from other endogenous steroids metabolites and 

synthetic glucocorticoids such as prednisolone 2. 

1.2.4.3  Hair sample 

In the recent years, hair analysis has become popular especially for toxicology, forensic 

science, clinical diagnostic and for stress-related researchers 27. The main mechanism 

for incorporation of drugs, hormones, agents, or toxic in hair is explained below. 

Externally, substances can accumulate onto hair surface from surrounding environment 

by means of pollution, smoke, and use of creams or ointment containing cortisol. 

Internally, hair follicles lie inside the skin and receive substances by a diffusion process 

from blood capillaries, as well as through sweat and sebum secretion 28. 

Hair analysis is considered to give a" windows to the past" providing a calendar of 

substance production or intake, (see figure1.6). The concentration of cortisol and 

cortisone in hair was first cited by Raul et al. and was found to range from                             

(5 to 91 pg mg-1) and (12 to 163 pg mg-1) for cortisol and cortisone respectively 29. 
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Figure 1.6.  Illustration of the integration of cortisol into hair samples by means of      

(A) blood, (B) sebum, and (C) sweat  30. 

 

Analytical assay for stress hormones analyses in hair has received little attention 

compared with the increased use of hair as a biomarker of stress hormones, this may be 

attributed to a large amount of hair matrix needed, also it is quite a long method for 

sample preparation 31.  

1.2.4.4  Interstitial Fluid (ISF) 

For non-clinical setting and with the need for continuous sample measurements, 

interstitial fluid (ISF) or tissue fluid is considered as an attractive sample. Interstitial 

fluid is an extracellular fluid that bathes and surround the human body’s cell. Interstitial 

fluid resembles blood plasma in composition. Proteins and metabolites concentration in 

ISF is related to their concentration in capillaries as they move in a similar approach 

from capillaries to cell 32.  
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The ISF content consists of sugars (glucose), salts, fatty acids, amino acids, coenzymes, 

hormones, neurotransmitters, minerals such as calcium, magnesium, and potassium as 

well as waste products from the cell result from metabolism. These nutrients are 

continuously exchanged between plasma and interstitial fluid across the walls of blood 

capillaries 33. 

ISF sampling is rarely mentioned and new, the collection can be non-invasive using 

wearable ISF device attached to the patient. This can provide 2-3 days harvesting ISF 

sample in painless techniques 34. An ISF harvesting device has been reported by 

Venugopal et al. this device utilizes a laser to create micropores in the upper layer of 

the skin (stratum corneum) and ISF fluid which is found below the skin is collected 

continuously by applying a small amount of vacuum 32. However, biocompatibility, 

biodegradation and sterility issues due to the usage of microneedles will affect the 

application. 

1.2.4.5  Saliva sample 

Saliva is a preferred sampling option to monitor cortisol and cortisone for diagnostic 

tests for characterising of disorders related to the hypothalamic-pituitary-adrenal (HPA) 

axis and recommended by endocrinologists for Addison’s disease, Cushing’s syndrome, 

circadian rhythm, stress-related disorders and adrenal abnormalities 2, 35.  

A list of advantages associated with saliva will be reviewed. For one, the simplicity of 

salivary sample collection reduces the rate of positive false test results; as seen with 

venepuncture that leads to artificial alteration to stress biomarker values. Patients have 

the ability to collect their sample without the need of healthcare professionals. In 

addition, saliva does not clot and is produced continuously, which makes it easy to 

repeat at short intervals36, 37. 
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Another advantage is the presence of cortisol in its active biological form only in saliva, 

this can be explained due to filtration of CBG and albumin-bound cortisol during the 

capillary exchange and different intracellular mechanisms at the salivary duct. Low 

concentration of cortisol in saliva (0.05 - 0. 5 µg dl-1) however demand an assay with 

high sensitivity and low detection limit 2. 

1.2.4.6  Whole-body sample (Zebrafish sample) 

Over the years, fish have been favoured as a research model where goldfish was used 

in aquatic toxicology since the mid eighteen hundred. Zebrafish (Danio rerio) a small 

tropical freshwater fish have been selected as a model organism in many research field 

including biomedical research (development and genetic studies), toxicology, 

pathology, stress, and immunology. The species are easy to breed, have a short life cycle 

and small size as can be seen in figure 1.7 that shows the short life cycle of the    

Zebrafish 38, 39.   

 

 

 

 

 

 

 

 

Figure 1.7. Zebrafish life cycle40. 
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The Zebrafish belongs to the Cyprinide family which was called Brachydaniorerio until 

1981, and then it was changed to Danio rerio as its scientific name 39. As a simple 

vertebrate species, the Zebrafish is physiologically homologous to humans and other 

mammalian species, permitting scientists to obtain new insights into the pathways and 

mechanisms relevant to human clinical treatments and pathogenesis at the same time 

keeping cost and maintenance at a minimum 41.  

The key point of Zebrafish is the similarities of functional and anatomical between 

hypothalamic-pituitary-interrenal (HPI) axis and human hypothalamic-pituitary-

adrenal (HPA) axis in the human neuroendocrine system due to similar classical 

vertebrate neurotransmitters and neuroendocrine system that gives a robust 

physiological response to stress 42. Zebrafish mimic humans in the secretion of cortisol 

as result of a variety of stressor: shaking, cold or trauma43, crowding, capturing, 

handling and transporting 44. On the other hand for rodents, amphibians, reptiles, and 

birds the main secretion is corticosterone 45. To date, Zebrafish have been extensively 

used for laboratory stress models and research has been published using either blood 

samples 46or preferably whole-body sample due to its small size and inadequate blood 

volume 47-49. 

1.2.4.7 Nail, faeces, sweat and wastewater samples  

Stress hormones are usually determined using the above samples in addition to other 

samples including nail 50, 51, faeces 52-55, sweat 56 and wastewater 57-59. However, the 

usability of these samples may be restricted for several reasons, including ethical 

barriers for invasive sampling, tedious sample preparation and expensive chemicals 

used, etc. The techniques used to determine cortisol and cortisone is presented in the 

next section. 
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 Glucocorticoids detection 

There are diverse techniques for stress hormone detection in a biological sample. These 

use instrumental techniques such as mass spectrometry, chromatography techniques and 

bioanalytical techniques such as an immunoassay. 

1.2.5.1  Instrumental techniques 

Mass spectrometry (MS) and Tandem mass spectrometry, also known as MS/MS or 

MS2 have received attention as a quantitative technique for steroids hormones     

analysis60, 61. The well-known strategy for the assessment of analysis specificity 

involves the conversion of the sample to an ionized state usually by the loss of electrons, 

then the ions are analyzed and monitor according to the mass to charge ratio (m/z) for 

each analyte 62.  

The widely recognized advantage of ionization techniques for mass spectrometry which 

include atmospheric pressure chemical ionization (APCI) 63, atmospheric pressure 

photoionization (APPI) 64and electrospray ionization (ESI) 65 is an enhancement in the 

sensitivity and increase in selective ionization. On the other hand, mass spectrometry-

based instruments are complex requiring sample preparation, technical expertise, and 

additional standardization methods to assure the diagnostic utility of the methods 

leading to a substantial disadvantage in applying mass spectrometry to routine high 

throughput testing in laboratories 66.   

Chromatography techniques are the most commonly used in laboratories for 

quantitative bioanalysis. This is attributed to their high sensitivity and selectivity. 

Previously reported analytical procedures for stress hormones analysis, have utilized a 

variety of chromatography techniques such as thin layer chromatography (TLC). This 

technique enhances the possibility of analysing complex sample simultaneously, the 

availability and requires a low cost in instrumentation and allows an easy change of 
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solvent 67.  Kartsova et al. conducted an experiment for the separation of exogenous and 

endogenous steroids hormones. This was carried out using a micellar mobile phase to 

improve the selectivity of the TLC technique. As a result, R2 for both cortisol and 

cortisone were 0.9852 and 0.9954 respectively 67. Despite the simplicity and availability 

of TLC technique, it suffers from the application of only non-volatile compounds and 

non-automated system which limits its use 68. 

The introduction of gas chromatography coupled with mass spectrometry improved 

stress hormones measurements. Shibasaki et al. used GC-MS in the determination of 

cortisol and cortisone in plasma with a correction coefficient for cortisol 0.999 and 

cortisone 0.999 69 and Wood et al. compared gas chromatography and liquid 

chromatography-tandem mass spectrometry techniques to analyse urinary free cortisol, 

the results showed that there was an agreement  between the two methods                         

(R2 = 0.9937) 70. Although the high separation resolution acquired from 

chromatography and the additional detection specificity provided by the mass 

spectrometry, GC/MS is unsuited for routine laboratory methods for measuring steroids. 

The reason for this is GC-MS procedures employ multiple derivatization steps that are 

not suited for routine laboratory procedures, which is disadvantageous as it is time-

consuming with labor-intensive sample preparation 71, 72. 

Liquid chromatography (LC) and liquid chromatography-mass spectrometry              

(LC-MS/MS) overcomes problematic issues related with GC and GC-MS/MS, thus it 

has become the method of choice for analytical stress hormone measurements in 

laboratories. Advantages include simultaneously multiple analyte measurements, the 

need for less sample volume and preparation, shorter period of time for analyzing 

steroid hormones, and a potential for automation. This is in addition to high analytical 

specificity and sensitivity 73.  



   19 
  

The quantitative determination of multiple steroid hormones including estradiol, 

cortisol, cortisone, corticosterone, testosterone, progesterone, dehydroepiandrosterone 

(DHEA) in human saliva was reported by Gao et al. achieving fast throughput time of 

5.20 minutes 74. In clinical diagnosis, LC-MS/MS is widely used to monitor drugs and 

measure biomarkers of diseases including endogenous steroids. Cushing’s syndrome 

was diagnosed using LC-MS/MS technique, by measuring levels of urinary free cortisol 

(UFF), urinary free cortisone (UFE) and the UFF: UFE ratio 75. 

Although liquid chromatography is one of the best-known techniques for steroids 

hormone analysis, it suffers from contamination and interferences. Contamination 

effects the mass analyzer which can cause potential ion suppression, increase the need 

for instrument maintenance and give high background signals. Impurities are introduced 

with reagents and solvents that lead to loss of sensitivity, change in ionization efficiency 

and analyte degradation.  To eliminate potential interferences from mass transitions 

used by LC-MS/MS and to assure that the analyte only is measured, tests for evaluation 

of potential interference must include analysis of structurally similar compound and 

sample constituents which add more steps for the analysis of steroids 76. 

Another disadvantage of LC technique related to the biological matrices which are not 

amenable to direct analysis with LC-MS/MS so extraction, clean-up and concentration 

steps are required for sample preparation. Common techniques involve solid-phase 

extraction (SPE) 77, liquid-liquid extraction (LLE) 78, protein precipitation (PPT) 79 and 

dilution have been used in laboratories for sample preparation to reduce sample matrix 

effect, sample complexity and give more sensitivity to the method. In the same time, it 

raises time and cost consumption.  
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Saracino et al. improved the time required for simultaneous analysis of cortisol, 

cortisone and corticosterone levels in saliva, plasma, blood and urine samples. The 

achieved time was less than 10 minutes using a reversed phase column, the method gave 

linear results over a range of (5 – 100 ng ml-1) using diode array as a detector 80. 

Sanchez-Guijo et al. constructed an HPLC-MS/MS coupled to semi-automated sample 

work-up step with minimal human involvement. This was achieved by applying 

turbulent flow technique for direct sample injection reducing the required total time for 

sample preparation, the resulted limit of detection and limit of quantification were 0.5 

and 1.0 ng ml-1 for cortisone and 1.0 and 2.0 ng ml-1 for cortisol 81. Ultra high-

performance liquid chromatography (UHPLC) is a technique that can increase 

separation efficiency and improve resolution. It does this by using HPLC columns with 

mean particles size less than 2 µm along with new commercial instrumentation capable 

of driving the eluent through the column at higher pressure, this allows optimum linear 

velocity to be reached for smaller particles size columns 76. McWhinney et al. reported 

this advantage to measure cortisol, cortisone, prednisolone, dexamethasone, and 11-

deoxycortisol in a routine laboratory, this was done by comparison with HPLC the 

cortisol method yielded a regression equation of UHPLC = 1.06 × HPLC + 9.82,             

R2 = 0.992 82. 

To conclude chromatography-based assays for stress hormones are highly sensitive and 

selective, however, the sophisticated instrumentations and high expenditure of time 

limits the practical applicability of this technique.    
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1.2.5.2  Immunoassay biosensor 

 As mentioned previously biosensors are constructed from a bioreceptor (antibodies 

were chosen for this work and further details will be discussed later) and a measurement 

transducers (electrochemical and chemiluminescence techniques were chosen). 

Immunoassay is an analytical technique that employs the specific recognition between 

an antibody and antigen to measure the concentration or the presence of an analyte83. 

This is a fundamental assay that is globally used for stress hormone detection and 

monitoring. Antibodies (Ab) (or immunoglobulins (Ig)) are heavy (~150 kDa) proteins. 

They are secreted in human and animals by plasma cell as an immunological response 

to the presence of foreign substances (usually called antigens (Ag)) such as bacteria and 

viruses to neutralize the Ag as a body self-defense. This benefits from the unique Ab 

structure which can be only recognized by a specific part of the foreign target (Ag) in a 

lock and key mechanism. The interaction between the antigen and the antibody depends 

on van der Waals forces, electrostatic forces, hydrogen bond and hydrophobic 

interactions 84, 85. 

The basic unit is a monomer which is a Y shape molecule that includes four polypeptide 

chains: two identical heavy chains (α, ɤ, ε, µ and δ) and two identical light chains (Ƙ 

and λ) connected by disulfide bonds. Each chain consists of structural domains called 

an Ig domains of 100 amino acids. Heavy and light chains consist of two regions. The 

variable region Fab (fragment antigen binding) is responsible for antibody specificity 

due to the presence of Fab fragments (paratope) which are located at the top of both 

heavy and light chains (analogue to a lock), which is specific for one epitope (similarly 

analogue to a key) on the antigen. The second region is a constant region Fc (Fragment 

crystallization) which binds to a certain receptor to initiate antibody dependent cell 

cytotoxicity also being transported to a variety of places, such as tears86, 87 . Figure 1.8. 
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Figure 1.8. Structure of an antibody. The basic structure of an antibody, indicating 

where the Fab (fragment antigen binding) and Fc (Fragment crystallization) regions are 

which chains are heavy and light with the disulphide bond linkages, amine groups, and 

carbohydrates.  The variable region represents where the antigen can bind to the 

antibody, whereas the constant region is constant for all different antibodies 88. 

 

There are three ways that an antibody contributes to immunity. The first way is by 

coating the pathogen, the antibody stimulates removal of the pathogen by macrophages 

and other cells; in the second way they trigger destruction of pathogens by stimulating 

other immune response such as the complement pathway; and in the third way the 

antibodies bind to pathogens preventing them from entering or damaging cells 89. 

Antibodies can be obtained from hyper-immunized animals or hybridoma cells. 

Polyclonal antibodies (pAbs), are produced by animals (e.g. rabbits, chicken, etc.). The 

production of pAbs are inexpensive but may suffer from the cross-reactivity with 
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structurally similar compounds. While monoclonal antibodies (mAbs) are produced 

from mice; this antibody is more sensitive but more expensive. Recently, recombinant 

antibodies (rAbs) were produced from various animals by amplifying Ab gene using 

polymerase chain reaction and expressed in different formats such as fragment antigen 

binding and variable domain fragment, etc.  In addition, plants have the potential for 

antibody production 90.  

 Immunoassay classification 

Immunoassays can be categorized into four basic configurations, depending on the 

phase where the immunoreaction takes place (homogeneous and heterogeneous) and on 

the antibody-antigen measuring scheme (competitive and non-competitive). “Mix and 

measure” techniques is a popular term for homogeneous assay where no filtration, 

multiple washing, and incubation steps are required. Homogeneous assay usually takes 

place in the solution and the detection of the analyte is obtained by chemical or physical 

changes resulted from Ab-Ag complex formation. Despite the homogenous 

immunoassay mentioned advantages, it suffers from disadvantages such as reduction in 

sensitivity and specificity due to the presence of sample matrix 85, 91. 

On the other hand, heterogeneous immunoassay relies on the immobilization of the 

antibodies on a solid surface, the interaction of the Ab-Ag then occurs and the analyte 

is measured. A washing step is introduced to remove unused antigen or any 

contamination. A heterogeneous assay advantage is an increase in target sensitivity and 

specificity compared with the homogeneous assay 84, 92. 
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Homogeneous and heterogeneous can further subdivide into competitive and non-

competitive formats (figure 1.9 and 1.10). In this category, the classification is based 

on the order of reagents added and the effect of interaction between the reagents after 

addition. In the competitive format; there is a competition between unlabelled antigen 

and labeled antigen for a limited number of antibody binding sites. Whereas in non-

competitive format antigen forms a complex with an excessive amount of labelled 

antibody 93, 94.  

 

 

 

Figure 1.9. Shows competitive immunoassay where antibodies are immobilized on the 

solid surface and a competition between antigens (found in the sample) and added 

tagged antigen on limited binding sites available on the immobilized antibodies. The 

high sample concentration resulted in a lower signal due to the less tagged antigen 

binding to the antibodies. Therefore, an inversely proportional relationship between 

signal and antigen in the sample is found. 

 

 

 

 

Figure 1.10. Shows a non-competitive immunoassay where the antibodies are 

immobilised on a solid surface and antigens are added to form the antibody-antigen 

complex. Afterwards, a second labelled antibody is added and bind to the complex for 

a period of time well known as incubation time. The signal produced is proportional to 

the concentration of the antigen, which means the more antigen in the sample results in 

the larger signal. 
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The essential assay that is used in the health system and laboratories for measuring 

stress hormone levels is the enzyme-linked immunosorbent assay (ELISA). Typical 

methodology depends on the use of enzyme labelled antigen and antibody to observe 

the biological molecules such as protein, hormones, and peptides. Major enzymes used 

are alkaline phosphatase, horseradish peroxidase and glucose oxidase. In 96-well 

microliter plates, the antigen (in the liquid phase) is allowed to bind to the specific 

primary antibody. This can be detected by a secondary enzyme-coupled antibody. The 

chromogenic substrate for the enzyme produces a color change to qualitatively detect 

the antigen 95 (figure 1.11). 

 

Figure 1.11. Represent a schematic of an ELISA procedure 96.  
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Sesay et al. reported an approach for the determination of cortisol in human saliva based 

on (direct and indirect) competitive reaction. To achieve this goal, ovalbumin was 

conjugated to cortisol and used for developing an indirect competitive ELISA, while 

The linear range for both methods was (0.5 –70 ng ml-1) and (2 – 330 ng ml-1) and 

detection limits of 0.5 and 1.2 ng ml-1, respectively. Although ELISA is sensitive it is 

labor and time-consuming 97.  

 Immunoassay immobilization 

The aim of this work is to develop a sensitive detection system (biosensor), thus 

heterogeneous immunoassay will be used as it delivers more sensitivity than 

homogeneous immunoassay. Immobilization of functional molecules (biosensing 

elements) on the solid surface (transducers) to detect the analyte (cortisol and cortisone) 

is a fundamental point in heterogeneous immunoassay due to the influence of specificity 

and sensitivity that the immobilization step offers.  

The success of any immobilization methods is provided by the correct orientation (also 

known as site-specific immobilization) of the biomolecules (antibodies, DNA, etc) on 

the sensor surface, which allows their bioactivity and functionalities to be ideal for a 

definite binding of the analyte. To ensure the high reproducibility, reliability, low cost, 

and better sensitivity the reactive groups of the biomolecules have to be facing the 

analyte and must retain their biological functionality because this reduces the 

interferences caused by non-specific binding.  

There are two approaches for immobilization; these include covalent and non-covalent 

(entrapment, cross-linking, biological binding, and adsorption) as can be seen in figure 

1.12. A covalent bond is preferable due to specificity while non-covalent offers the 
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simplicity but lack of specificity 98. A short review on each immobilization approaches 

will be described in the next section.  

 

Figure 1.12. Illustrate generic antibodies immobilization methods 99. 

   

1.2.7.1  Covalent bond  

The covalent bond between the functional group of both surface and antibodies is a 

chemical bond and resulted in a non-reversible process and this gives the advantage of 

ultimate biomolecules orientation.  

A full comprehension of the antibody and surface functional groups are the substantial 

key for choosing the best method for immobilization. The targets functional groups on 

the antibody are an amine, hydroxyl, carboxylic acid and a thiol group. These functional 
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groups include : (i) amino group of N-terminal amino-acid and free amino group of 

lysines, (ii) sulfhydryl group of cysteine, (iii) thio ether group of methionine, (iv) 

carboxylate group of C-terminal amino acid and p and y-carboxylate group of aspartic 

acid and glutamic acid respectively, (v) phenolic group of tyrosine, (vi) imidazolyl 

group of histidine, (vii) guanidinyl group of arginine and (vii) indolyl group of 

tryptophan 100. 

A widely used form of covalent immobilization uses the amine group because of the 

easy access to these group. EDC (1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide) – 

NHS (N-hydroxysuccinimide) is a preferred method for immobilization through the 

coupling reaction between amino and carboxylic groups. Initially, carboxyl groups on 

the solid surface on which the antibody is to be immobilized are chemically activated 

with the EDC-NHS group to enable the linkage of the amino group forming stable amide 

linkages. The mechanism involves EDC binding to the carboxyl groups to form unstable 

O-acylisourea ester intermediate which stabilizes by the addition of sulfo-NHS by 

converting it to amine-reactive NHS-ester intermediate. This step allows the efficient 

conjugation to a primary amine 101. 

The main advantage of EDC coupling is water solubility, this permits direct 

bioconjugation without previous organic solvent dissolution. Another advantage is the 

excess of reagents and by-product can be easily removed by dialysis or gel filtration. 

Therefore, this protocol was used for diverse molecules such as enzyme, antibodies, 

peptides, DNA, etc.  attachment to surfaces 101. The reaction scheme is presented in 

figure 1.13. 
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Figure 1.13. EDC coupling reaction 101. 

 

Another example of an immobilization method using the linkage between carboxylic 

acid and amine groups was published by Yamaguchi et al. A dry-chemistry based on 

the fabrication of electrochemical biosensor to permit point-of-care assessment of 

salivary cortisol as stress biomarker was achieved. The synthesis of cortisol (CORT)-

glucose oxidase (GOD) conjugation was carried out using adipic acid dihydrazide 

(ADH) as a linker. Initially, GOD was modified to an aldehyde and formed a GOD-

ADH complex through a hydrazone bond. This complex was reacted with cortisol to 

form the GOD-(ADH)-CORT employing the reaction of the amine group of COD-ADH 

conjugated with the carboxylic group of CORT 102. 

Schiff’s base reactions are also used for linkage through the amino group reaction with 

an aldehyde group. This reactions attraction is it occurs efficiently at high and low pH 

and it proceeds in mild conditions. The chemistry behind Schiff’s base is the formation 

of unstable Schiff’s base, followed by a reduction to be stabilized resulting in the 
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formation of a stable secondary amine linkage. The most used reagents for this reaction 

are sodium borohydride and sodium cyanoborohydride 98. 

Aldehyde groups are generated by oxidation of hydroxyl group of carbohydrates 

presented in the antibody using potassium or sodium periodates. The activated diol 

group resulted can be covalently coupled the antibody to the amino-functionalized 

surface 103. Glutamic and Aspartic acids contain carboxyl groups which can be activated 

by carbodiimide (CDI), this enables the covalent coupling with the surface through the 

amines groups 104. 

The application of thiol chemistry ensures the stability in the three-dimensional fold due 

to its ability to form disulphide bridges. The traditional coupling approaches involving 

thiol side groups of proteins are maleimides, disulphide- or vinyl sulphone-derivatized 

surfaces. Another type of antibody immobilization using thiol group is chemisorption 

(thiol-adsorption) which can be defined as the strong interaction between thiolated 

molecules and a metal surface. With thiols, the reaction is assumed to occur as an 

oxidative addition to gold with the release of hydrogen, whereas in the case of 

disulphides, a cleavage of the S-S bond takes place 105. 

1.2.7.2  Non-covalent approaches to immobilisation  

 Entrapment (encapsulation) 

The principle of this approach is based on the entrapment of the active component 

physically into a coating or film. Silicone rubber, starch, sol-gel, polyvinyl chloride, 

polyvinyl alcohol, and polyacrylamide are examples of films/matrices 98.  

Fang et al. were able to present a protocol for the contribution of sol-gel sensing and 

immunoassay to detect cortisol in human serum based on sol-gel encapsulation. 

Competitive immunoassay experiments were carried out using sol–gel thin films 
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prepared by combining tetramethyl orthosilicate (TMOS), DI water, HCl, and methanol. 

Afterwards, a mixture of monoclonal antibody to cortisol and sodium phosphate buffer 

solution was added to sol/methanol mixture. Clean glass coverslips were dip coated 

with the prepared thin films. Fluorescence was detected from the labeled cortisol and 

could be correlated with the concentration of unlabeled cortisol from serum 106.   

The benefit of entrapment immobilization is its suitability for labile molecules that may 

degrade or lose activity under harsh immobilization conditions. However, it is not 

popular in biosensor industry and restricted to research field only due to weak bonding 

between bimolecular and the transducer or matrix which means the biomolecule can be 

easily leached out leading to restriction of regeneration opportunity 98.  

 Cross-linking 

Cross-linking reagents including difluorodinitrobenzene, hexamethylene, 

bismaleimidohexane, disuccinylsuberate, dimethyl suberimidate, diisocyanate, and 

glutaraldehyde are used for cross-linking immobilization. This approach is considered 

as a combination of entrapment and covalent bonding. The role of cross-linkers is to 

polymerise the surface and consequently to attach the entrapped biomolecules to the 

surface as a result of the formation of intermolecular 98.  Shrivasta was able to introduce 

different bridge length linkers incorporated with horseradish peroxidase (HPR) enzyme, 

this was coupled to a carboxylic derivative of cortisol for immunoassay 107. 

 Adsorption 

Another useful active biomolecule immobilization method on the sensor surface is 

adsorption. This method depends on intermolecular forces including van der Waals, 

hydrophobic, hydrogen bond and ionic bonds that allow protein adsorption to various 

surfaces. Merits of this method lie in its simplicity, while the demerits include its 
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dependence on a variety of environmental conditions including temperature, ionic 

strength, and pH which makes the method unreproducible 108. Leung et al. measured 

cortisol in plasma sample by applying adsorption technique to construct a quantitative 

plasma lateral flow assay,  the linearity of the calibration curve was up to 1280 ng ml-1 

with R2 = 0.9807 109. 

 Biological Binding (Matrix entrapment) 

Immobilization of biomolecules on sensor surface can be achieved by biological 

binding (bioaffinity) which offer an advantage in term of bond strength, flexibility, and 

specificity. One of the most widespread examples of this method is the use of the avidin-

biotin complexes, which depends on attachments of the avidin-biotin complex on the 

surface via a strong non-covalent bond, this overcomes the harsh conditions required 

for many biological assays 98.  Although this system has the advantage of simplicity, it 

does suffer from certain limitations. Avidin is positively charged at neutral pH due to 

the high isoelectric point, therefore, nonspecifically binding to negatively charged 

molecules may occur. In addition, avidin is a glycoprotein and reacts via the 

carbohydrate moiety with molecules such as lectins 110. 

As mentioned previously, the antibody/antigen interaction with sensor surface is 

achieved in different ways; the covalent, cross-linked and affinity attachment are 

recommended for biomolecules orientation because of surface high resistance to 

temperature, pH, and ionic strength, also in terms of high stability and reproducibility. 

The entrapment and adsorption attachment mostly lead to unfavorable orientation and 

reduction or loss of the biomolecules mobility.  
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    Detection 

Biosensors have been successfully used with wide range of transducers to recognize a 

physicochemical change caused by binding the complex with the biomolecules 

immobilized on the transducer. Coupling a detector to the biosensors is a crucial step, 

where most clinical diagnostic and environment monitoring require low power 

consumption, automation, high sensitivity and specificity of the target analyte. A range 

of transducers have been used to detect cortisol and cortisone in a variety of samples; 

these include electrochemical transducers which include current (amperometric) and 

potential (potentiometric). The second category is optical transducers which can be 

subdivided into label-free (surface plasmon resonance (SPR), thermal lens microscope 

(TLM), and wavelength-interrogated optical sensing (WIOS)) and labelled (absorbance, 

fluorescence, radioactive and chemiluminescence) 111. Chemiluminescence and 

voltammetry are the transducers used in the current project due to their simplicity and 

sensitivity, a detailed description will be described in this section. The other types will 

be given a short review.  

1.2.8.1  Electrochemical detection 

Quantitative analysis is evaluated using the electrochemical detection which relies on 

the interaction between the electrode (probes) and chemical species that result in a 

change in electrical signals such as potential or current.  

The electrochemical process began with a potential applied to an electrode surface 

immersed in a solution. The electrolytes are attracted towards the electrode surface 

forming an “electrical double layer”. As a result of this movement, a potential difference 

will occur (when two different phases or materials come in contact with each other a 

potential gradient is formed at the interfacial region). This means there will be electrons 

passing out through the external circuit seen as current 112. 
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There are two types of process in electrochemical phenomenon: 1) electrolytic process 

where chemical reactions occur on the passage of an electrical current, 2) galvanic or 

voltaic process where electrical current is produced due to chemical reactions. The 

electron transfer between the electrodes and the electrolyte (sample) are based on the 

oxidation/reduction reaction occurring at the electrode surface. Normal electrochemical 

cells consist of a three electrodes configuration, a working electrode (WE) which gives 

the electrons to the sample and where the reaction occurs to determine the analyte 

concentration. The reference electrode (RE) with a known potential enables the working 

electrode potential to be detected. In order to complete the cycle, a counter electrode 

(CE) is minimizing the electrical current flowing through the reference 111, 113.   

Voltammetry has attracted attention as a technique to study the chemical reaction from 

a kinetic data point of view, especially cyclic voltammetry, which is the ideal method 

to get a rapid system informatics. In cyclic voltammetry (CV); oxidation (scanning up) 

and reduction (scanning down) reactions which take place at the working electrode 

surface on varying the applied potential can be monitored as a measurable current. The 

current change on applying potential can be plotted with current (vertical axis) versus 

potential (horizontal axis) to give a voltammogram 114, 115, as shown in figure 1.14. 
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Figure 1.14. A typical cyclic voltammogram, where Epc = peak cathodic potential;      

ipc =peak cathodic current; Epa =peak anodic potential, and ipa =peak anodic current 116.  

 

Cyclic voltammetry is rarely used for quantitative determination because it lacks the 

ability to distinguish between faradic current (related to electron transfer) and 

capacitance current (related to charging and discharging of the electrochemical double 

layer). Therefore, another technique has attracted much attention which is square wave 

voltammetry analysis (SWV).  This method gives increased sensitivity which can be 

explained by the capability of faradic current and capacitance current differentiation. 

The current obtained in SWV is the result of the capacitance current being subtracted 

from the overall current measured, including the faradic current from the redox reaction, 

this leads to improved sensitivity. Another reason for preferring SWV on CV is the 

oxygen effect where SWV is unaffected due to the pulsing of the technique. Whereas, 

CV measurement is effected by the oxygen which has an effect on the analysis. An 

additional advantage of the SWV is the speed (just a few milliseconds) which allows 

experiments to be performed in milliseconds 116, 117. 
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The SWV technique involves the addition of a pulse of constant amplitude at the end of 

each potential step. The current is measured twice, at a point just before the pulse and 

at the end of the pulse, the difference is recorded as a net current. According to the 

followed equation: 

     Δi = IF – IR   ……………………………………………………………………………………          Equation 1.1 

Where IF is the forward current and IR is the reversed current. 

Since the differential current is measured during this type of experiments, regular waves 

are not observed and instead peaks superimposed on a staircase waveform will be 

obtained to form square wave voltammetry 112 as can be seen in figure 1.15. 

 

 

 

 

 

 

 

 

 

Figure 1.15. The diagram shows an overview of SWV parameters 118. 

 

Extensive academic proof-of-concept studies have demonstrated the use of 

electrochemical detection in cortisol and cortisone immunoassay biosensors 119-129, in 
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principle it is based on the measuring the alteration in the electrical merits of a 

conductive substrate as a result of analyte adsorption on a surface functionalized with 

antibody sensitive to the analyte. At the electrode, the electrical change is assigned to 

the concentration variation of the electro active redox species 130.  

In general, electrochemical method capital cost of batch fabrication is low, and owns 

the ability for miniaturization without loss of performance has elevated this method up 

to speed with diverse immunosensing. However, inherited limitation of sensitivity and 

selectivity figures incorporated with electrochemical detection has slightly restricted 

their use 113, 131.  

1.2.8.2  Optical detection 

 Label-free optical biosensor 

Due to the ubiquity of optical instruments in the laboratories, optical techniques 

provided a solid base for cortisol and cortisone detection. Both label-free and labelled 

optical sensors are used. The label-free biosensors include surface plasmon resonance 

(SPR) technology depends on the measurement of the refractive index (RI) changes 

near the biosensor surface as a response to biomolecules interactions 132. Stevens et al. 

described a portable SPR biosensor for cortisol estimation in saliva. A competition 

assay generated from cortisol-specific monoclonal antibodies were tested with a              

6-channel SPR biosensor. A detection limit of 0.36 ng ml-1 was obtained which is 

sufficiently sensitive for clinical tests, but because the SPR chip is expensive, it is not 

favourable as a commercial concept 133. Thermal lens microscope (TLM), is highly 

recommended for quantization of ultra-low trace amount of the analyte in small sample 

volumes. In this method, refractive index change due to heat released from sample 

molecules interaction is measured 134. In wavelength interrogated optical sensing 
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(WIOS) refractive index changes are measured by scanning the resonance         

conditions 135.  

Spectrophotometric techniques involve the detection of analyte concentrations by 

measuring the absorbance of a specific wavelength of incident light. A Conventional 

UV–visible spectrophotometer coupled with microfluidic chip suffers from the 

reduction in sample volumes which decrease the optical path length through the sample 

and impact on the sensitivity according to Beer-Lambert law. This is one of the 

disadvantages of this technique. In addition, the need for an external light source raises 

the cost 111. Despite these disadvantages, spectroscopic detectors incorporated with 

different techniques were used for stress hormone detection due to their             

availability 136, 137.    

The simplicity driving from label-free detection methods enables real-time monitoring 

of reactions. At the same time, the instrumentation associated with the label-free 

detection is expensive and prone to interference including nonspecific binding of 

biomolecules to the sensor surface and changes in measurement conditions 138. 

 Labelled optical biosensors 

Labelled optical sensors are introduced to overcome the drawbacks of the low 

sensitivity in addition to expensive label-free detection methods; these methods include 

radiolabels, fluorescence, and chemiluminescence labels. The latter will be addressed 

in more details.  

1. Radioactive 

Stress hormone was determined using radioimmunoassay (RIA) as a detection      

method 139, 140. Usually, in this method, an antigen is labelled with gamma-radioactive 

isotopes such as 125I, attached to tyrosine and a competitive immunoassay is then used. 

https://en.wikipedia.org/wiki/Tyrosine


   39 
  

The radioactivity of the antigen-antibody complex can then be measured using gamma 

counter to determine the amount of radiolabelled antigen bound to the antibody and 

subsequently the concentration of antigen in sample 90, 141. 

This method is considered fast, sensitive and specific. The method is not popular due to 

the radio label, which requires specially trained persons, special instruments, and labs 

need to have a license to handle these materials. Also, another issue is related to storage 

and disposal of radioactive material where special arrangements are needed that raises 

the cost 90, 141.   

2. Fluorescence 

Fluorescence is a form of luminescence that emitted light after light absorbance or other 

electromagnetic radiation by a substrate. This can be explained using Jablonski diagram 

as shown in figure 1.16. 

 

 

 

 

 

 

Figure 1.16. Jablonski diagram shows the luminescence process, where So represents 

the ground state, S1 first excited state, S2 second excited state and T1 triple state 142. 
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As can be seen from figure 1.16 the absorption of ultraviolet or visible light (photon) 

by species results in an electron excitation from the ground state to excited single state. 

At that point, the electron can return to the ground state (So) either from the single 

excited state (S1) emitting light through fluorescence or by undergoing intersystem 

crossing to a triple excited state (T1). At that point, the electron relaxes back to the 

ground state in a process called phosphorescence with light emission. 

Fluorescence is used in immunoassays where fluorophores or fluorescent dye are used 

to label the antibody or antigen. For example, the sandwich fluorescence immunoassay 

includes the following steps: the sample containing the target protein initially binds to 

captured protein immobilised on the solid surface. The next step is washing the 

unspecifically bound molecules by using a wash buffer. This was followed by the 

exposure of the captured target protein to a labelled antibody with a washing step to 

flush out the excess of labelled antibody. The complex is illuminated by specific 

wavelength to produce fluorescence intensity related to the target molecules in       

sample 143. 

Van Lenten et al. studied daily cortisol variations in relation to sleep duration in humans 

using solid phase time-resolved fluorescence immunoassay to measure cortisol    

samples 144. Due to the high sensitivity and high selectivity of fluorescence detection 

for immunoassays, it is widely used. Despite this advantage, fluorescence suffers from 

background signal resulting from autofluorescence (biological structures naturally 

absorb light and emitted light) of sample constituents such as protein containing 

aromatic acids, flavins, NAD(P)H and lipopigments 145. The other disadvantage is 

related to expensive fluorescent dye accompanied by limited shelf life 111. 
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1.3  Chemiluminescence (CL) 

There have been numerous investigations of chemiluminescence as an analytical tool 

for immunoassay detection for pharmaceutical analysis 146, forensic identification 147, 

environmental monitoring 148, food safety application 149 and clinical diagnosis 150.  In 

chemiluminescence immunoassays, the light used to determine the presence or 

concentration of an analyte is generated from a chemical reaction without the need for 

an external light source which can be an advantage. Furthermore, problems with 

photoluminescence such as source instability and light scattering are omitted as the 

excitation is not required for sample radiation. A high background resulting from 

unselective photoexcitation is omitted which has the advantage of high sensitivity due 

to the low background noise. Additional advantages of chemiluminescence include low 

reagent consumption, high stability of several reagents, the use of non-toxic reagents, 

light fast emission, short incubation time due to high sensitivity, and a large linear 

response (up to six digit magnitude) 151.  

A chemical reaction which produces a sufficient amount of energy (300 KJ mole-1 for 

blue light and 150 KJ mole-1 for red light emission) is needed for the promotion of an 

electron to an excited state since the excitation occurs from the chemiluminescence 

reaction itself not from light as in fluorescence. Therefore, the reaction must be 

sufficiently exothermic for this to happen 151, 152.  

The quantum efficiency (quantum yield ϕcl) is well characterist for chemiluminescence 

reactions and represents the fraction of molecules that emit light intensity on return to 

the ground state, it is obtained from three ratios as given in the equation below: 
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 ϕ cl = ϕ c× ϕ e× ϕ f ……………………………………………………………………………  Equation 1.2 

Where ϕ c is the fraction of reacting molecules giving excitable molecules and accounts 

for the yield of the chemical reaction, ϕ e reflects the fraction of these molecules that 

enter the excited state and ϕ f is the fraction of these molecules that return to the ground 

state by emitting a photon 151. 

 Chemiluminescence reagents  

For the development of a chemiluminescence immunoassay, reagents such as luminol, 

isoluminol (and its derivatives), hydrogen peroxide and acridinium dyes are required 

for chemiluminescence reaction. Luminol (3-aminophthalhydrazide) as seen in figure 

1.17, is well documented as a chemiluminescent compound since its discovery in 1928 

by Albrecht. The most common oxidizing reagent used with luminol is hydrogen 

peroxide which increases the luminescent intensity of luminol, it exhibits 

chemiluminescence at λmax 425 nm in alkaline solution. Proteins denature in strong 

alkaline conditions, therefore, peroxidases are chosen because luminol can be oxidized 

in mild condition. Luminol is usually used as it is widely available, is cost-effective and 

accepted to study biological systems 153. Figure 1.17 explains the mechanism for the 

luminol-H2O2 reaction in alkaline solution.  
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1.17. Mechanism for the chemiluminescent reaction of luminol with hydrogen peroxide 

in a basic aqueous environment which emits light at λmax= 425 nm154 . 

 

Under basic conditions, luminol loses protons from the nitrogen to form the resonance 

luminol dianion where the negative charge moves onto the carbonyl oxide. Hydrogen 

peroxide in the presence of cooxident such as HPR oxidase the luminol dianion into a 

3-aminopthalate ion with the loss of nitrogen in the excited state. As a final step, the    

3-aminopthalate return to the ground state and emitting the extra energy as a photon of 

light 155.  

The chemiluminescence reaction can be enhanced in the presence of a catalyst, such as 

enzymes i.e alkaline phosphatase 156, β-D-galactosidase 157 and horseradish peroxidase 

(HRP) 158. Also metals such as cobalt 159, copper 160, iron 161, and manganese 162. The 

intensity of light emitted is greater compared to that from traditional luminol-hydrogen 

peroxide reaction 163.  
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 Chemiluminescence detection 

Chemiluminescence signals can be analysed and detected by different methods; 

photomultiplier tubes and charge – coupled devices (CCD) are the main methods used.  

 Photomultiplier tubes 

Photomultiplier tubes are extensively used in chemiluminescence detection due to their 

high sensitivity, in terms of detecting a small number of photons. The photon interacts 

with the photocathode, then a photoelectron is released due to the photoelectric effect.  

The photoelectrons are accelerated and amplified through a series of dynodes where 

they are multiplied by means of secondary electron emission. This process is repeated 

at each dynode until it reaches finally to the anode to be collected. The generated current 

through the system is measured at the end. If more than one label is to be detected the 

photomultiplier tubes need to be coupled with a monochromator and individual analyses 

for each photon emitted by analyte at different wavelengths must be carried out which 

complicates the detection system 152 (figure 1.18). 

 

 

 

 

 

 

 

 

 

   

Figure 1.18. Mechanism of Photomultiplier tubes detector 164.  
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 Charge-coupled device (CCD) 

The CCD device overcomes the limitation of multiple analyte analysis that the 

photomultiplier device suffers from; by the integration of the device into a camera to 

analyse the images that are detected. This allows for spatial detection of immobilized 

antibodies. Figure1.19 shows the schematic of CCD operation, a rectangular array of 

individual pixels, which is built into a camera absorb photons to create photoelectrons, 

these are stored and integrated into the pixel. Afterward, the charge is transferred from 

each row to the lowest row then to the readout area.  The charge is then converted into 

a voltage using the charge to voltage convertor (CVC) to give an image which can then 

be analyzed. In the end, the pixel is reset for the next image. The CCD address the 

potential understanding of specific antibody by detecting the light signal even with the 

presences of different antibodies in multiple application which cannot be achieved with 

photomultiplier device 152.  

 

 

 

 

 

 

 

 

 

 

Figure 1.19.  Represent the steps for charge-coupled device (CCD) operation 152. 
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According to the chemiluminescence advantages from simplicity and sensitivity 

mentioned earlier in this section, chemiluminescence equipped with CCD device was 

selected to detect the concentration of cortisol and cortisone in Zebrafish and saliva 

samples in this thesis. 

1.4  Microfluidics 

Microfluidics can be best defined as "the science and technology of systems that process 

or manipulate small (10-9 to10-18 liters) amount of fluid, using channels with dimensions 

of tens to hundreds of micrometers". This method can be used to control the 

concentration of molecules in space and time 165. The microfluidics concepts go back 

to 1950s, originating in the inkjet printer manufacturing. In 1970 a miniaturized gas 

chromatograph system was demonstrated and this has been followed by a huge rise in 

the number of publications in this field 97. Microfluidic systems have been successfully 

used in the diverse area including chemistry 166, medicine 167, engineering 168,     

forensics 169 and bioanalytical researches 170, for example for DNA separation and 

analysis171, cell separation172 and manipulation173, enzyme kinetic studies 174, drug 

discovery 175, and immunoassay 176, etc. 

This diversity is related to major advantages of microfluidic systems: (i) the use of small 

sample and reagent volumes alongside the easier integration of multiple processes on a 

single device (ii) reduction of chemical waste and contamination (iii) construction of 

microfluidic device is relatively inexpensive and (v) improvement in sensitivity and 

resolution, such characteristics make this microfluidic system appropriate for dealing 

with limited or degraded samples. Finally, it can be said that due to its miniaturized 

design, microfluidic systems can be considered to be portable, compact and easy to     

use 177, 178 as shown in figure 1.20. 
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Figure 1.20. Lab-on-chip handheld microfluidic chip device as an example controller 

with smartphone app 179. 

 The prospects of microfluidic immunosensing device  

Due to the high selectivity and low sample consumption, immunoassays have been 

widely used in different applications. However, this technique suffers from some 

drawbacks involving multi-steps procedures (washing, mixing, and incubation), and the 

fact that they are time-consuming and relatively expensive. Therefore, researchers seek 

an analytical improvement, resulting in the automated and miniaturized microfluidic 

platform combination with the immunoassay to fulfil the important criteria of a simple, 

cheap, automated, and selective system 84. The following section will provide the basic 

requirements and principles of this promising technology.  

1.4.1.1  Materials 

A key factor in microfluidic immunosensing chip fabrication is the material substrate 

that is used.  Various substrate materials have been reported, such as silicon 180,          

glass 181, and polymers 182. Silicon is the most common surface due to extensive surface 

chemistry studies plus its high-temperature resistance and good thermal conductivity. 

However, silicon suffers from some disadvantages such as it is not optically transparent, 
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electrically conductive and it is expensive compared to other materials. On the other 

hand, glass has good optical transparency, and is not electrically conductive and is 

chemically resistant, which makes glass substrate good for practical application in a 

commercial immunoassay. Nonetheless, handling with glass is slightly complicated due 

to the fact that glass is fragile which add extra attention and it is less expensive than 

silicon but more expensive than other materials 183.  Polymers are popular for 

bioanalysis with desirable characteristics such as simple fabrication, biocompatibility 

and reduced cost 84. Suitable polymers include polymethylmethacrylate (PMMA) 184, 

polydimethylsulfoxide (PDMS) 185 and polystyrene(PS) 186, etc. Nevertheless, polymers 

have some disadvantages such as limited temperature range, and lower optical 

transparency compared to glass 187.  

Recently different modified electrodes have been used in microfluidic systems, 

including glassy carbon, gold (Au), carbon paste, screen-printed electrode and ITO 

electrode where they act as a support material for reagent immobilization, miniaturizing 

the microfluidic immunosensing device. The antibody or antigen localized 

immobilization on an electrode surface implementing an electrochemical method 117. 

The antibody-antigen interaction with the material surface is achieved by the 

modification of the surface or the antibody-antigen modification using the covalent and 

non-covalent binding as described in section 1.2.7. 

1.4.1.2  Sample/ Reagent transport 

Microfluidic immunoassays are directly affected by the performance of the fluid 

transport system. Therefore the fluid transfer plays an important role inside a 

microchannel. This can be categorized into three main fluid handling forces: 
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1. Electric forces where the fluid transport system depends on flow generated by the 

electrophoretic and electroosmotic interaction of ionic species with the applied 

electrical field, whereas electrowetting force depends on the manipulation of the fluid 

drop in the presence of program voltage applied to an electrode array. 

2. Pressure-driven flow, this can be achieved by the aid of a syringe pump or by applying 

vacuum at the outlet of the channel in order that the reagents can be delivered inside the 

microfluidic immunoassay system. 

3. Passive forces, this force does not need an external power source that transport fluid. 

Mainly gravity and capillary forces have been employed to drive fluid within 

microchannel 131. 

1.4.1.3  Reagents mixing 

In microfluidic channels, the fluid flow through the channel must be considered. The 

flow of a fluid through a microfluidic channel is characterized by the Reynolds number 

(Re), defined as 

𝑅𝑒 =
𝜌𝑈0𝐿0

𝜂
   …………………………………………………….……..    Equation 1.3       

Where ρ is the density of the fluid (kg m-3), Uo is the velocity of the flow (m s-1), Lo is 

the diameter of channel (m), and ƞ is the viscosity (N S m-2).  Where there is a Reynolds 

number of < 2000 the flow is seen as laminar where mixing then only occurs via viscous 

forces of the two fluid, if the Reynolds number is greater than 3000 then the flow is 

seen as turbulent flow where mixing relies on diffusion of the reagent across the 

channel, if the Reynolds number is between 2000 and 3000 it is termed to be a transition 

from laminar to turbulent flow 117, 188. As shown in figure 1.21. 
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Figure 1.21. A schematic of laminar flow where the smooth flow of fluid occurs in 

parallel layers with no breakage between them and turbulent flow where rough and 

random flow occurs. 

 

Coupling a detector to microfluidic immunosensing devices system is an important step, 

where it is required low power consumption, automation, and high sensitivity and 

specify to the target analyte detection. A variety of detection technologies has been 

demonstrated, including optical and electrochemical technologies. This was described 

in details in section 1.2.8. 

 Classification 

1.4.2.1  Closed microfluidics 

Over the past two-decades, the closed microfluidic concept has been growing due to 

minimization and integration of chemical and physical processes such as fluid transport, 

mixing, valving, separation, and detection. In order to perform the previous process, the 

closed microfluidic device consists of microfluidic unit operations including valves, 

pumps, actuators, switches, sensors, dispensers, mixers, filters, separators, heaters, etc. 
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A closed microfluidic system composed of glass, silicon or polymer-based material 

consists of tiny microchannels as networks, allowing fluid to flow 189, 190.  

Despite the advantages offered by the closed microfluidic system, the device 

development is hindered by the need of mechanical components which add complexity 

to the device. In addition, the fabrication process using a material such as silicon and 

glass requires a complex process such as chemical etching and thermal bonding which 

takes time and cost, while the polymer fabrication using hot embossing suffer from the 

bubbles trapped between the stamp and the substrate which requires a specialized 

vacuum and this can reduce the reproducibility 191, 192. Air bubble impacts significantly 

on the fluid flow behaviour within the microfluidic system which poses a challenge for 

the microfluidic platform operation 193. Handling biological samples such as blood 

through the microfluidic system adds more complexity to the system compared to pure 

water handling due to blockage issues 194. For these reasons closed microfluidic devices 

are not favoured from a commercial manufacturing perspective. 

1.5  Open microfluidics 

Since closed microfluidic systems were developed research into a related but distinct 

technology, open microfluidic systems have been carried out, primarily to overcome the 

inherited problems related to the closed microfluidic system. Open microfluidic system, 

have open boundaries where the biological, environmental, forensic samples, etc. 

should be able to interact with microfluidics in the open space.  The fluid moves mainly 

due to capillary forces 195.  

The advantage of this system lies in the simplicity of open microfluidic chip architecture 

design, resulting in lower fabrication costs, and this approach overcomes bubble 

trapping. Also, the easy accessibility of reagents and samples addition and optical 
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observations are facilitated. All these aspects have emerged open microfluidic system 

as a versatile approach for the development of an integrated microfluidic device for the 

lab-on-chip application 196, 197. Open microfluidic include droplet, and continuous open 

microfluidic systems that will be explained in the following section: 

 Droplet microfluidics 

Droplet microfluidic system includes both electrowetting-based droplet (well known as 

a digital droplet or discrete droplet) and continuous-flow emulsion-based droplet 

microfluidics. In digital microfluidics, the discrete droplet for both reagents and sample 

are manipulated by applying an electrical potential to an array of the electrode on an 

open surface. This technique is driven by surface tension or so-called electrowetting or 

electrowetting-on-dielectric (EWOD). While for the other technique droplet is formed 

as a result of an emulsion created using two immiscible liquids including gas/liquid and 

liquid/liquid systems. For the droplet generation control, various techniques are used 

such as dielectrophoresis and channel geometry (T-junction) 167, 198. As shown in 

figure1.22. 

  

 

 

 

 

 

 

Figure 1.22.  Two droplet open microfluidic configurations (A) continuous flow 

emulsion-based droplet (from T-junction and flow focusing) (B) electrowetting-based 

droplet 198. 
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Despite this field has been a prosperous research field for biomarkers analysis, but has 

many challenges to overcome, reaching to an easy-to-use and cost-effective devices that 

can be commercially and routinely used by the scientist as well as the doctors, farmers, 

etc., such as analyse of droplets content; where the dominant approach for the analysis 

is fluorescence technique because it is able to detect a few molecules in each droplet in 

a high-throughput manner. This restricts making benefit from other techniques that offer 

more chemical information and comparable sensitivity as fluorescence. Additionally, 

the generation of droplets is mainly driven by steady state methods which cannot adjust 

to make droplet streams with various contents 199.   

 Continuous flow open microfluidics 

A new promising generation of microfluidics has recently been investigated. The 

continuous open microfluidic technique includes devices that are designed using 

wettability pattern consisting of hydrophilic patterns on a hydrophobic substrate or 

conversely, by applying a hydrophobic pattern on a hydrophilic substrate. Once the 

surface is patterned, the aqueous sample flow will be along the hydrophilic channel 

fabricated on a hydrophobic substrate by capillary forces, provided the pressure is 

maintained below a critical value (thus this is called surface-directed fluid flow), since 

the fluid (aqueous solution) will only wet the hydrophilic patterns as the hydrophobic 

region acts as “curbs” 200 . 

Several parameters are involved in fluid flow on surface-patterned channels: the critical 

pressure that the virtual walls can withstand; the critical width of the hydrophilic 

pathways that can support spontaneous fluid flow; the smallest width of fluid streams 

required under external pressure without entering the hydrophobic regions; the critical 

radius of curvature of turns that can be introduced into hydrophilic pathway without 
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fluid crossing the hydrophilic-hydrophobic boundary and the minimum distance for two 

fluid streams to remain separated under the maximum pressure 201.  

One of the most famous examples of hydrophobic/hydrophilic surfaces used for 

building the microfluidic device is paper as so-called “paper-based microfluidic” or “lab 

on paper”. The fundamental principle that paper microfluidics lies on is the paper basic 

material which is cellulose, it is considered naturally hydrophilic and allows penetration 

of fluid within its fiber matrix 202. Patterns are fabricated on the paper sheet aiming to 

create micron-scale capillary channels on paper which enable fluid to be confined inside 

the patterns and therefore fluid flow can be guided in a controlled manner. 

The ubiquitous and cheap material of paper, comparability with a wide range of 

chemical/medical/biochemical applications and the omitting of external forces to enable 

fluid flow and depending on capillary forces, made paper becomes an attractive 

substrate for building microfluidic devices.  However, this material has its limitation 

related to sample retention. Once the fluid is transport through the patterns there is a 

risk of low efficiency of sample delivery due to evaporation, where the total volume 

which reaches the detection zone is less than 50% of the delivered sample. Also, the 

limit of detection is high for colorimetric method incorporated into the paper device, 

this limit the detection of very low concentration 203. Therefore, different materials have 

been investigated to construct microfluidic devices as will be explained in section 1.5.3.         

 Basic principles of open microfluidics 

 To understand the fluid flow in all microfluidic devices, it is important to explain the 

parameters and principles of the substrate surface from a physics point of view.  This is 

particularly important in open microfluidics. 
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1.5.1.1  Surface wettability 

Wetting is the ability of fluid droplet to maintain contact with a surface 204. The balance 

between adhesive and cohesive forces can be used to determine the degree of wetting 

(wettability). The fluid drop spreading across the surface is driven by the 

adhesive forces between the fluid and solid. Whereas, the cohesive forces within the 

fluid act to preserve the spherical shape of the drops thus reducing its contact with the 

solid surface. This phenomenon is applied in many areas as an example in self-cleaning 

textile, anti-icing / anti-fogging glass, corrosion control, coatings/painting, printing ink, 

dyeing, microfluidics, cosmetics/healthcare, agrochemicals, petrochemicals and 

medical devices, etc 205. To understand the surface wetting properties, two crucial 

factors: surface chemistry and topography (roughness and smoothness) of the surface 

will be discussed in detailed. 

Molecules in solid have balanced interactions in all directions, as a result, it remains in 

equilibrium. This is because of being closely packed to achieve minimum repulsion and 

maximum attraction. In a fluid, molecules at the surface are attracted inwards due to the 

lack of neighbouring molecules above them. This leads to surface tension development. 

As a result, fluid drops tend to have a sphere shape to minimize its surface free energy 

(sphere consider as the smallest surface area) 206, 207. 

To determine the fluid footprint on a solid surface and whether the fluid droplets rest 

on the solid surface or pull out into a film, three interfacial fluid-solid-vapour forces 

must be considered. The balance between these three interfacial forces can be measured 

by the contact angle (θ). The contact angle of fluid droplet at a three phase point is used 

to measure the degree of wetting. The droplet angle between the solid-fluid interface 

and a tangent to the fluid surface drawn to the boundary of the three phase where the 

fluid, solid and vapour meet is the contact angle of a fluid droplet on the solid surface. 

https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Solid
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If the contact angle of the water drop is less than 90 º, the surface is classified as 

hydrophilic. If the contact angle is 0º, the surface is called a super hydrophilic surface. 

Surfaces on which a water droplet has a contact angle bigger than 90º, but lower than 

150º, are called hydrophobic. The superhydrophobic surface is extremely water 

repellent; a water droplet shows an apparent contact angle higher than 150º and can 

easily move around on such surfaces even if very small forces are      applied 206. Wetting 

of different types of surfaces is illustrated in figure 1.23. 

 

 

 

 

Figure 1.23. Wetting conduct of a droplet on various solid surfaces.                                       

(a) superhydrophobic surfaces, (b) hydrophobic surfaces, (c) hydrophilic surfaces, and 

(d) superhydrophilic surfaces. 

 

The Young’s equation shown below describes the force balance at the contact line 

between the three interfaces (fluid-solid-vapour) in an ideal flat surface as in figure 1.24. 

                                     …………………………………………………   Equation 1.4                                                                 

Where ϒLV is the surface tension between the fluid and vapour, θ is the contact angle 

(CA), ϒSV is the surface tension between the solid and vapour and ϒSL is the surface 

tension between the solid and fluid. This equation is applied for flat and smooth   

surfaces 208. 

(a) (d) (c) (b) 

ϒLV cosθ = ϒsv - ϒsL  
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Figure 1.24. Diagram showing the forces in the three phases (solid, fluid, vapour) 

contact lines of a fluid drop on a perfect solid surface in the air. 

 

 For rough surfaces, the Wenzel and Cassie-Baxter equations are used for describing the 

contact angle. The Wenzel model is used when the fluid is in contact with the rough 

solid surface at every point of the wet area, the Cassie-Baxter is only valid when the air 

is trapped at some points between the surface and the fluid. Figure 1.25 illustrates both 

Wenzel and Cassie-Baxter models while equation 1.5 and 1.6 give the contact angle for 

both models 204, 209.  

COSθe = r COSθs ……………………………………………………    Equation 1.5 

Where r is the roughness factor, θe is the effective contact angle, θs is the static contact 

angle. 

COSθe = λ COS θs1 + (1-λ) COSθs2 …………………………………   Equation 1.6 

Where θs1, θs2 are the static contact angles and surface fraction λ, 1-λ of the component 

surface. 

Fluid 

Solid 

Vapour 
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Figure 1.25. The Wenzel and Cassie-Baxter type of wetting of a rough solid surface. In 

the Wenzel model, the fluid fully wets the grooves of the rough surface. In the Cassie-

Baxter model, the droplets sit on the solid surface without penetrating the solid surface 

grooves. 

 

1.5.1.2  Superhydrophobic surface 

Superhydrophobic surfaces have numerous profitable applications as these surfaces can 

be transferred to commercial products because of their self-cleaning, anti-sticking and 

anti-contamination properties. This remarkable phenomenon was first observed from 

natural plants self-cleaning after a simple rain shower as the natural environment get 

contaminated or polluted, also it is a self-defense against pathogenic organisms 210.  A 

famous example of natural superhydrophobic surfaces is lotus leaf which has a water 

contact angle of 161± 2.7ᵒ, this is attributed to epicuticular wax secreted by the lotus 

leaf itself forming a hierarchical micro- and nano-structure, the combination of 

roughness and wax contributed to the superhydrophobicity of this surface 211. In 

addition to a lotus leaf, there are various natural surfaces that present the 

superhydrophobic surfaces from the plant kingdom including red rose petal, scallion, 

and garlic, etc. 206. Examples of superhydrophobic surfaces are presented also in animals 

such as water strider legs, cicada orin’s wings and butterflies wings which are water 

repellent where water droplet roll-off their surfaces 212. Figure 1.26. 
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Figure 1.26. Examples of plants and animal kingdoms of superhydrophobic surfaces 

with SEM images which inspired researchers to fabricate artificial superhydrophobic 

surfaces in many commercial and scientific applications 213. 
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The knowledge from biomimetic (learning from the nature) inspired researchers to 

mimic superhydrophobic surfaces by producing artificial surfaces taking in 

consideration the principle connections related to water repellency and surface 

roughness using different techniques including lithography, etching, plasma treatment, 

electro-spinning, templating, layer by layer deposition, chemical vapour deposition and 

use of nanoparticles 212. 

 Open microfluidic application 

 There have been several papers published in this area, Zhao et al. studied the principles 

of fluid flow inside surface-patterned channels using ultraviolet (UV) photolithography 

for surface patterning for 2.5 hours. This was done using glass and cover glass masks 

at λmax=320 nm to fabricate hydrophilic channels on the self-assembled monolayers of 

the organotrichlorosilanes 201. West et al. used glass surface initially silanised with a 

monolayer of dichlorodimethylsilane (DCDMS) to offer a hydrophobic layer and 

consequently, hydrophilic patterns were created using dielectric barrier discharge 

(DBD) micro plasma jet. Samples of unilamellar lipid vesicles (as virus mimic) were 

decorated with biotin to give an antigen proxy, while the antibody was decorated with 

the avidin to provide antibody proxy for bio recognition. The virus mimics were 

directed through the hydrophilic path over the avidin sensor side to be captured by the 

avidin probs. This procedure had a disadvantage of non-specifically antibody deposition 

on the surface which limits the use of this procedure. In addition, the patterns fabricated 

by microplasma writing suffer from the ability to resist surface energy changes 214. 

Casavant et al. demonstrated an open and suspended microfluidic channels that use 

surface tension to fill and maintain a fluid in a microscale structures. The microsystem 

was used to extract cortisol secreted by cells in culture into an organic solvent (pentanol) 

to perform metabolic studies. Although microchannels were fabricated using cheap and 
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available PDMS coated with parylene C and plasma-treated to provide a contact angle 

ranging from 20º to 30º, the detection method using an integrated HPLC system coupled 

to a quadrupole-linear ion trap mass spectrometer restrict the portability and cost 

effective related to this method 197.  

Sousa et al. used commercially cartridge paper. It was soaked in poly (hydroxybutyrate) 

(PHB) to modify the surface. Inkjet printer was used to fabricate curved open lines. 

Pumping fluid for flow rate starting from 0.6 ml min-1 and up to 1.6 ml min-1 witness a 

confined flow in the wettable path, while for 2.5 ml min-1 there was no longer good 

spatial control on the fluid flow 196. Oliverira et al. Imprinted two-dimensional 

superhydrophilic channels on polystyrene (PS) surface using masks made of polymeric 

sheets. This surface was exposed to UV/ozone or plasma radiation where only the 

exposed channel-shaped features of the mask are exposed to the radiation 215. Small and 

large volumes of fluid transportation through hydrophilic patterns were investigated by 

Ghosh et al. The superhydrophobic surface was generated by mixing fluoroacrylic 

polymer matrix (serves as the primary constituent of the superhydrophobic surface) with 

a suspension of TiO2 nanoparticles and ethanol (to increase the roughness), the prepared 

solution was sprayed using airbrush to form intrinsically superhydrophobic surface on 

three different surfaces including mirror-finished aluminium, polyethylene 

terephthalate (PET) films and paper. These samples were dried in a preheated oven at 

60 ºC for four hours which consider a time and cost consuming. Superhydrophilic 

patterns were fabricated upon exposure to UV light (390 nm) using a transparency film 

printed with black negative patterns by the use of a commercial laser 216. The open 

microfluidic technique is relatively new and has space for development.  
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1.6  Cortisol and Cortisone detection in lab-on-chip (LOC) and 

point-of-care (POC) devices  

Owing to its merits of small samples and reagent consumption, a high degree of 

automation that eliminates error usually accompanying human handling, leading to false 

positive results percentage reduction, low-cost fabrication, the performance of 

multiplexed analyte detection, selectivity and sensitivity lab on a chip can have large 

advantages. Laboratory methods offer an accurate and sensitive protocol for the 

detection of hormones, pathogenic organisms, and another medical analyte, however, 

these protocols suffer from laborious sample preparation and expensive 

instrumentation. Lab-on-chip technology offers this advantage by integrating many 

laboratory functions on a single chip and developing a low-cost point of care system, 

that express the ideal diagnostic test according to the world human organization (WHO) 

definition which is ASSURED term This acronym is an abbreviation of “affordable, 

sensitive, specific, user-friendly, rapid, and equipment-free and deliverable 138.  

Vasudev et al presented an automated low temperature co-fired ceramic (LTCC) based 

microfluidic system integrated with an electrochemical immuno-sensor platform for 

cortisol detection. The sensor showed a linear range of 10 pM- 100 nM at a sensitivity 

of 0.2 µA M-1 using cyclic voltammetry. The authors designed a system that established 

the basis for the development of a POC cortisol sensor where the reaction chamber is 

designed for a volume of 10 µl, therefore the 3D microfluidic architecture required three 

layers of the bottom layer to provide the specific volume 217.  

Chemiluminescent (CL)-Lateral flow immunoassay (LFIA) method integrated into a 

smartphone was developed by Zangheri et al to detect cortisol. The detection limit was 

0.3 ng ml-1 and the quantitative analysis range was (0.3-60 ng ml-1). This method is 

based on competitive immunoassay using peroxidase-cortisol conjugate, illuminate by 
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luminol/enhancer/hydrogen peroxide 218.  A home-self-diagnostic device technology for 

biomarkers monitoring is a growing area that is able to compete for conventional 

technologies achieving the same sensitivity and selectivity.  

1.7  Aims and objectives of the study 

The aim of this work was to develop a low-cost portable method for the selective and 

sensitive detection of cortisol and cortisone. Two applications were investigated, firstly 

the quantitative determination of cortisol and cortisone in Zebrafish for low cost, rapid, 

environmental analysis. Secondly the detection of cortisol and cortisone in artificial 

saliva as an example of a point of care detection method. The specific objectives of the 

work were: 

1. Development of a selective and specific method for the quantitative detection of 

cortisol and cortisone using an immunoassay with square wave voltammetry.  

2. Development of a selective and specific analytical method for the quantitative 

detection of cortisol and cortisone using chemiluminescence immunoassay.  

3. Fabrication of superhydrophobic surfaces using chemical deposition method and 

further enhancement of superhydrophobicity by dip coating into fumed silica 

suspension to be applied to an open microfluidic platform. 

4. The preparation of superhydrophilic channels on the superhydrophobic surfaces 

using UV/Ozone lamp with masks made of different materials including coverslip, 

thick glass, and plastic. 

5. Control of fluid flow. Open microfluidic channels. 

6. Employment of an immunoassay procedure onto the open microfluidic platforms to 

construct a lab-on-chip (LOC) devices. 
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 Experimental 

 Within this chapter, the basic reagents, materials, instruments, and procedures for the 

development of the open microfluidic device are described for the work reported in this 

thesis.  In subsequent chapters, specific and detailed experimental procedures are 

reported for the development of the immunoassays and sample preparation. 

2.1  Chemicals and reagents used  

Table 2.1. Shows the chemicals and reagents that have been used.  

Chemicals and reagents Supplier Purity/Grade 

Cortisol & Cortisone Immunoassay detection 

Anti-cortisol antibody Abcam biochemicals, 

UK 

- 

Anti-cortisone antibody Abcam biochemicals, 

UK 

- 

Cortisol (hydrocortisone) Abcam biochemicals, 

UK 

 - 

Cortisone Sigma-Aldrich, UK ≥98% 

Phosphate buffer saline tablet 

(PBS) 

Sigma-Aldrich, UK  - 

Luminol Sigma-Aldrich, UK 97% 

Hydrogen peroxide (H2O2) Sigma-Aldrich, UK Analytical grade 

Ferrocenecarboxylaldehyde 

(FcCHO) 

Sigma-Aldrich, UK 98% 

Potassium carbonate (K2CO3) Sigma-Aldrich, UK ≥99% 

Sodium borohydride (NaBH4) Sigma-Aldrich, UK 98% 

Hydrochloric acid (HCl) Sigma-Aldrich, UK Analytical grade 

Tertrabutylammonium perchlorate 

(TBAP) 

Fluka, UK          ≥99% 

4-Nitrobenzene diazonium tetra-

fluoroborate 

Sigma-Aldrich, UK 97% 
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Potassium chloride (KCl) Sigma-Aldrich, UK ≥99% 

Sodium hydroxide (NaOH) Fisher scientific, UK Analytical grade 

N-(3-Dimethylaminopropyl)- N’-

ethylcarbodiimide hydrochloride 

(EDC) 

Fluka, UK ≥98% 

N-Hydroxysulfosuccinimide 

sodium salt (Sulfo-NHS) 

Sigma-Aldrich, UK ≥98% 

Tween 20  Sigma-Aldrich, UK      - 

Bovine serum albumin (BSA) Sigma-Aldrich, UK  ≥96% 

Ethanol (EtOH) Fisher scientific, UK       HPLC grade 

Acetonitrile (ACN) Fisher scientific, UK       HPLC grade 

N, N-dimethylformamide (DMF) Sigma-Aldrich, UK ≥99% 

Artificial saliva recipe and Zebrafish sample 

Ammonium nitrate Sigma-Aldrich, UK 97% 

Potassium phosphate Sigma-Aldrich, UK 99% 

Potassium citrate Sigma-Aldrich, UK 99% 

Uric acid sodium salt Sigma-Aldrich, UK 99% 

Urea Sigma-Aldrich, UK 99% 

Lactic acid sodium salt  Sigma-Aldrich, UK    - 

Bovine submaxillary gland mucin 

Type I-S 

Sigma-Aldrich, UK    - 

tricaine methane sulfonate 

(500 mg ml-1 MS-222) 

 

Sigma-Aldrich, UK 97.5%  

Interferences 

Prednisolone Sigma-Aldrich ≥99% 

Progesterone Sigma-Aldrich ≥99% 

Corticosterone Sigma-Aldrich ≥92% 

11-Deoxy cortisol Sigma-Aldrich     - 

Testosterone Sigma-Aldrich ≥98% 

Fabrication of superhydrophobic/hydrophilic surfaces 

Fumed silica particles Evonik     - 

Dichlorodimethylsilane 

(DCDMS) 

Sigma-Aldrich, UK 99.5% 
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2.2  Materials and instrumentation 

 Immunoassay electrochemical instrumentation 

 Electrochemical measurements took place with a standard three-electrode system using 

a Palm-sens Potentiostat (Palm Instruments, Netherlands) connected to the PSTrace 4.3 

software. The electrochemical cell comprised of a tin-doped indium oxide (ITO) coated 

glass electrode (Delta Technologies Limited, USA)  which was the working electrode, 

a nickel wire as the counter electrode, as this enables more versatility with respect to 

the experimental setup and silver/silver chloride (Ag/AgCl) (3M NaCl)(ALVATEK) as 

the reference electrode (BSA, UK). All potentials were reported versus the Ag/AgCl 

reference electrode at room temperature. When making the measurement the scan rate 

was 100 mV s-1. Figure 2.1. 
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Figure 2.1.  A schematic of an electrochemical cycle used for immunoassay procedures, 

with an Ag/AgCl electrode as a reference electrode, nickel wire as a counter electrode 

and the ITO electrode as a working electrode connected to Palm-sens potentiostat with 

the PSTrace 4.3 software designed by Auto Lab to measure the current. 

 

 Chemiluminescence instrumentation 

Studies of the analyte (cortisol and cortisone) optimization and determination in 

standards and samples (Zebrafish whole-body and artificial saliva samples) were made 

using chemiluminescence instrument figure 2.2. Chemiluminescence results were 

obtained using a charge-coupled device (QHY6CCD) camera fitted with a high-

resolution pixel lens (Randox Toxicology Headquarters, Crumlin, Co. Antrim, UK). 

Image J software was employed for analysis. 
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Figure 2.2. Chemiluminescence instrumentation shows an ITO electrode alignment 

under the CCD camera, the box is closed and images were recorded using Image J 

software and a laptop connected to the camera. 

 

 Preparation of superhydrophobic surfaces 

This can be done in two process steps: 

2.2.3.1  Hydrophobization of surfaces using dichlorodimethylsilane (DCDMS) 

Different substrates (glass and plastic slides) were fixed into a Teflon holder before their 

transfer into an airtight vessel as shown in figure 2.3. The vessel was fitted with gas 

inlet and outlet and was first flushed with nitrogen (Energas Ltd., High purity) to ensure 

negligible humidity, then dichlorodimethylsilane (DCDMS) (approximately 300μl) was 

injected into the bottom of the sealed container without touching the substrate surface 

using a micropipette to prepare homogeneous layer of hydrophobic surface onto the 

substrate. The airtight vessel was then left for one hour in a fume cupboard for 
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silanization. After silanization, substrates were removed from the container and left in 

a fume cupboard for 10 minutes to remove the excess DCDMS agent (ventilation). 

 

  

 

 

 

 

 

Figure 2.3.  Schematic of the setup used for the hydrophobization of different substrates 

in the vapour phase. O2 is removed by flushing N2 gas through the inlet. The silane 

agent is introduced through the outlet to the bottom of the vessel after flashing with N2 

to modify the substrates.  

 

2.2.3.2  Fabrication of porous silica substrate layer by dip-coating method 

The porous silica suspension was deposited on the substrate by a dip coating method 

using a mechanical pump syringe (model NE-1000 New Era Pump System Inc. USA). 

The substrate was first introduced into the fumed silica suspensions (Aerosil R2O2 

hydrophobic fumed silica, Evonic), this was done by fixing the substrate into a clip 

attached to the plunger of the pump. Operating the pump allows the slides to immerse 

vertically into a vessel containing the fumed silica dispersion, these slides remain in the 

suspension for one minute before being pulled out at a constant speed. Figure 2.4. 
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d 

r 

Fluid 

Following this procedure, the fumed silica dispersion adhered onto the substrate, while 

some of the adhered dispersion was drained by gravity to form a thin coated film. This 

occurred when the substrate is being withdrawn. Subsequently, these substrates were 

left in the natural air to ensure evaporation of the solvent219. Different suspension 

concentrations and withdrawal speeds were investigated for the ideal coating. 

Figure 2.4. Schematic of the self-constructed dip-coater used to coat different substrates 

with fumed silica suspension using different withdrawal velocity and varying the 

concentration of fumed silica suspension. 

The self-constructed dip-coater was programmed to measure flow rate through a 

cylindrical syringe for a fluid as shown in figure 2.5. 

 

 

Figure 2.5. Schematic explain the syringe pump flow rate conversion to dip coating 

speed. This can be calculated by the inner radius of the syringe (r) and distance of fluid 

flow (d).  
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To overcome this problem, a conversion from flow rate (ml min-1) to speed (cm min-1) 

was achieved using the following calculation to measure the speed instead of flow rate. 

  

Flow rate =
Volume

Time
=

Area × Distance

Time
= Area × Speed … … … Equation 2.1 

 

    Speed (S) =
Flow rate(FR)

Area(A)

=  
Flow rate

πr2
… … … … … … … … … … … … . . … … … … … … … … … … Equation 2.2           

S represents speed (cm min-1), FR is the flow rate (ml min-1) and r is the inner radius 

syringe used (cm). 

 Contact angle measurement 

 To investigate the wetting properties of the surfaces that were fabricated, contact angles 

of sessile water drops on different substrates at the different position were measured 

before and after hydrophobization of the substrates, also after coating with fumed silica 

suspension using drop shape analysis system (DSA10, Krüss) (sessile drop method). 

Droplets were initially dispensed on the sample surfaces and placed on the DSA 

instrument stage using a glass needle (Hamilton glass syringe) and the chamber was 

closed to prevent sample fluid evaporation, the stage was illuminated from the side and 

images of the droplets were captured using the camera fitted on the other side. It was 

difficult to image droplets on superhydrophobic surfaces by the above procedure due to 

the ease in which the droplets slide off the surfaces, therefore films were recorded to 

show the superhydrophobic surfaces characterization. All the measurements were an 

average of at least three different droplets made on three replicated samples. 
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 Coated substrates stability 

The stability of the coated layer and the patterns were investigated by dipping the coated 

slides into a beaker filled with water, stirred by a magnetic stirrer for five minutes, as 

shown in figure 2.6. Finally, images were taken using an optical microscope and digital 

camera. 

 

 

 

 

 

 

Figure 2.6.  Schematic of the experimental setup used for coating substrate stability. 

The coated substrate attached to holder was immersed in a beaker filled with water and 

by the use of a magnetic bar and magnetic stirrer, a harsh circumstance was provided 

for the coated substrate.   

 

 Preparation of superhydrophilic patterns on the superhydrophobic surface    

Superhydrophilic patterns on different substrates surfaces were fabricated by irradiating 

the superhydrophobic surfaces with UV/ozone pen ray lamp through different types of 

masks. The experimental setup is shown in Figure 2.7 coated superhydrophobic 

substrates were placed on a clean stepped like glass holder, and selected masks were 

placed on top of the superhydrophobic substrates. Then the glass holder was placed on 

the clean adjustable stainless steel platform in a clean UV/ozone lamp box, and the 
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position of this stage was adjusted and fixed to ensure the distance between the 

UV/ozone lamp and the coated substrate was approximately 0.5 mm. Once everything 

was set, the UV/ozone lamp box was closed and switched on for 30 minutes. Finally, 

the UV/ozone lamp was switched off after this burning process was finished, and the 

UV/ozone lamp box was kept open inside the fume cupboard for 10 minutes to ensure 

all reactive ozone and oxygen atoms were fully evacuated. Complex superhydrophilic 

patterns were obtained by repeating this burning technique with a suitably chosen mask 

for a number of times as required. 
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Figure 2.7. Self-constructed UV/ozone lamp box. The above schematic is the 

experimental arrangement used to fabricate superhydrophilic patterns on 

superhydrophobic surfaces by applying UV/ozone burning technique. The second 

image is an actual side view of burning setup. 
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2.2.6.1  Masks used to fabricate superhydrophilic patterns and heat tolerance 

Different types of photomasks with a variety of geometrical patterns were used 

including glass coverslips 170 μm thick glass slips (25 ×25 mm, Chance Propper LTD, 

UK), glass slides 1 mm thick plates of glass (7 × 50 mm Thermo Scientific, Menzel-

Glaser, UK) and plastic slides 0.5 mm thick plates of plastic (7 × 50 mm, Hurlbat 

company, UK). Different masks heat tolerances from exposure to the UV/ozone lamp 

was investigated using an HH 306A OMEGA (Data Logger Thermometer, UK) in a 

self-constructed setup shown in figure 2.8.  

 

 

 

 

 

 

Figure 2.8.  Experimental setup for investigating the tolerance of different masks to the 

heat introduced by the UV/ozone lamp during the burning process.  

 

2.3  Construction of open fluid lab-on-a-chip device 

 Microfluidic device design  

The lab-on-a-chip device design originated from a closed microfluidic design, but with 

the use of open microfluidic principles.  Figure 2.9 illustrates the initial design on a 

glass platform (3.5 mm x 2.5 mm x 0.3 mm length, width and thick) with a hole drilled 

through it to enable the microfluidic device to be connected to a mechanical syringe 

pump and this was done using Teflon tubing (PTFE microbore tubing (i.d 0.81 mm, o.d.  
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1.42 mm and gauge size 21) attached to a syringe pump from one side and the other side 

was glued to pre-drilled hole on the bottom glass platform using epoxy resin. The 

detection chamber consists of the superhydrophobic coated substrates with 

superhydrophilic patterns fabricated using different masks, was adjacent on the top of 

the glass platform. These two platforms were bonded to each other using double sided 

sellotape. The superhydrophilic patterns were wetted by pumping fluid at a constant 

speed through the superhydrophilic pattern by the use of the syringe pump to investigate 

the possibility of fluid flow, the channel was observed by using the DSA 10, Krüss 

camera and videos were recorded.  

 

 

 

 

 

 

 

 

 

Figure 2.9. The top schematic shows the experimental setup used for pumping fluid to 

the device consisting of top platform (open microfluidic chip), bottom glass platform 

(holder) and the bottom platform was attached to the syringe pump by PTFE microbore 

tubing (i.d 0.81 mm, o.d.  1.42 mm and gauge size 21). Hamilton glass syringe was used 

to pump fluid to the device. The bottom photograph is an image of the setup showing 

the aggregation of fluid after pumping. 
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Another design of the chip did not require drilling circle as an outlet or inlet where the 

fluid is delivered from a tube attached to the end of the pump syringe. The other end of 

the tube was attached to a needle covered with a plastic tube. The needle ended 

approximately 1 mm above the ITO electrode. The outlet was a reservoir and on the top 

of it, there was a stopper filled with cotton (Webril Handi Pads) to act as a sucker to 

suck waste fluid. Figure 2.10. 

 

  

 

Figure 2.10. Shows the open microfluidic chip where the tube was attached to a needle 

vertically align to the coated ITO electrode, this tube was attached to a mechanical 

syringe pump to pump fluid. The setup was built on a plastic platform (17 mm×7 mm 

length and width, 0.3 mm thick). Another advantage of this design is there was no need 

for an outlet, a stopper filled with cotton is placed on the end of the electrode to suck 

all waste fluid. 

 

2.3.1.1   Find the steady state flow  

To simplify the design of the chip, a reservoir was fabricated onto the ITO surface and 

the steady state time of fluid flow was then investigated. The following setup (figure 

2.11) was prepared where a chip was coated with fumed silica and the superhydrophilic 

pattern was fabricated using the outlined procedures in sections 2.2.3 and 2.2.6. The 

chip was placed on the DSA 10, Krüss instrument platform and on end, a needle was 
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attached to a syringe pump and was fitted on the top of this end. While the other end of 

this chip which contained the fabricated reservoir, cover filled with cotton was 

positioned on the top of the reservoir. Different flow rates were investigated (10, 20, 

30, 40, and 50 µl min-1) and videos were recorded. 

 

 

 

 

 

 

 

 

 

Figure 2.11. Steady state flow setup using a pre-weighted cotton cover on the top of the 

reservoir located on one edge of the chip and the other edge is positioned under a needle 

glued to a syringe attached to a syringe pump. 

 

2.3.1.2  Fluid flow visualization using a fluorescence microscope 

Moving forward to automated the procedure, a setup consisting of the microfluidic chip 

as described in figure 2.10 was placed on the fluorescence microscope stage which had 

a CCD camera (Nikon ECLIPSE TE2000-U) fixed on the top of the chip to capture 

images and videos of the fluorescence particles, those were recorded using image pro 

software. At the beginning, deionized water was filled into a syringe (Hamilton, Reno, 
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Nevada – 500 μl) which was attached to a mechanical syringe pump and deionized water 

was pumped through the open channels adopting a fixed needle above the inlet hole of 

the channel to ensure the wetting of the channel. Afterward, the microscope was covered 

with a black sheet and approximately 900 µl of fluorescence particles solution was 

withdrawn to fill the tube of the syringe pump followed by pumping fluorescence 

particles solution to the channel. 

The open channel was visualized and consequently, the microscope lamp was turned 

off and a blue-light filter cube with an excitation filter wavelength of (510-560 nm), 

was turned on to capture the particles movement. Waste fluorescence particles solution 

was sucked out by cotton placed on the top of the outlet hole of the chip.  

 Integrated open microfluidic device  

The major aim of the work was the fabrication a microfluidic chip with integrated 

antibodies to measure hormones. With this in mind, a device consists of mechanical 

syringe pump attached to a fixed setup needle placed on the top of the chip. The chip 

was designed where the modified ITO electrode previously immobilized with the 

antibody, coated with superhydrophobic layer and appropriate superhydrophilic 

channels patterns as mentioned in sections 2.2.3 and 2.2.6 was slotted into a hosting 

plastic slide and this was glutted to the plastic platform (used as a stand) to ensure the 

stability of the electrode onto the stand platform. A cover containing cotton was placed 

on the top of an inlet reservoir of the ITO electrode fabricated using UV/ozone lamp 

and a specific mask to reduce fabrication steps instead of drilling holes and tubing. The 

latter setup was placed in a black box fitted with CCD camera which was connected to 

the computer where images were analyzed by Image J software. The 

chemiluminescence reagents (luminol and hydrogen peroxide) were mixed and filled 

into a syringe covered with aluminum foil, placed onto the mechanical syringe pump 
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and connected to the vertical needle attached to the platform by a tube across the black 

box, the mixture was ready to be pumped into the reaction circle. As seen in figure 2.12. 

      

    

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12.  Shows the chemiluminescence immunoassay microfluidic setup. 
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 Anti-cortisol and anti-cortisone electrochemical 

immobilisation and stress hormones detection using 

electrochemical techniques 

The work described in this chapter concerns the immobilization procedure for             

anti-cortisol and anti-cortisone and their characterisation using cyclic voltammetry 

technique. An electrochemical-based assay was then developed and applied to real 

samples of Zebrafish whole-body and artificial saliva samples. 

3.1  Introduction 

In an effort to develop a reproducible process for an antibody immobilization on a solid 

surface, Dou et al. introduced an electrochemical immunoassay strategy to immobilize 

an antibody on a modified gold electrode in order to determine the cardiac biomarker 

creatinine kinase. This method was based on the synthesis of an Ab-Fc bioconjugate to 

chemically tag the antibody, followed by the immobilization of the ferrocene tagged 

antibody onto an electrode. To achieve this; the electrode was modified by an 

electrochemical deposition of 4-nitrobenzene diazonium tetrafluoroborate, followed by 

an electrochemical reduction of the nitrobenzene group to an amine group using cyclic 

voltammetry technique 220. Previous studies gave a mechanistic insights for diazonium 

salt coupling to different surfaces to improve the surface morphology knowledge. This 

was elucidated by different instruments such as time-of-flight secondary ion mass 

spectroscopy (ToFSIMS) that gave the length of time a potential which was applied 

during the electrografting, while atomic force microscopy (AFM) was used to analysis 

the depth of samples. The thickness of films on the surfaces was measured by 

ellipsometry and voltammograms acquired from cyclic voltammetry instrument 

confirmed sample electro grafting221. Figure 3.1 shows a scheme of the process. 
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Figure 3.1. A schematic of the electrochemical process for the immobilization of the 

ferrocene tagged antibody onto the modified electrode via an amide linkage. 

 

This was considered to provide “end-on” rather than “side-on” orientation of the 

antibodies as the antibody's carboxylic acid group exist at the base of the heavy chain 

and it is these that couple the amines groups of the modified surface. The specific 

antibody orientation is considered a crucial aspect because it determines the 

effectiveness of the biosensor as the Fab region must be available for binding with the 

antigen 220, 222, 223.  Figure 3.2 display the different antibodies orientation. 

 

 

 

 

 



   83 
  

 

 

 

 

 

 

 

Figure 3.2. The inclusion of different antibodies orientations (A) randomized with some 

side-on, (B) end-on, on a solid surface, where the side-on orientation leads to poor-to-

moderated sensitivity and on the other hand the end-on orientation results in high 

sensitivity that can be attributed to well-controlled modified surface that can specifically 

capture the antigen. 

 

Within this project, the above method was adapted to immobilize anti-cortisol and anti-

cortisone antibodies on the ITO electrode to determine cortisol and cortisone to carry 

out an electrochemical immunoassay to detect and monitor the analyte (Zebrafish 

whole- body and artificial saliva samples) by measuring the change in current using 

cyclic voltammetry and the more sensitive square wave techniques. 
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3.2  Experimental procedures 

This section includes the specific experimental procedures for immobilization of the 

antibodies, characterization of the antibodies, optimization, calibration studies and real 

samples determination. 

 Determination of cortisol and cortisone using electrochemical assay 

3.2.1.1  Antibody immobilization via the electrochemical process 

 ITO electrode modification with –NH2 group 

 The monoclonal anti-cortisol antibody (2 mg ml-1) was immobilized onto a modified 

ITO electrode. This step was achieved by the deposition of a nitro functional group onto 

the conductive surface of an ITO electrode and sequentially the reduction of the nitro 

group to amino group through an electrochemical reduction of the nitrobenzene, 

allowing the antibody binding to the modified electrode via an amine group on the ITO 

electrode surface. Therefore the electrode surface had to be modified electrochemically 

in advance using the following procedure: 

For all the experiments conducted in this chapter a copper tape was placed on one end 

edge of the conductive side of an ITO electrode as a connection point to the standard 

three electrodes setup including the Ag/AgCl (reference electrode) and nickel wire 

(counter electrode) to complete the electrochemical cycle (mentioned in section 2.2.1). 

Then the surface of the electrode was divided into three circles by a self-adhesive circle 

with holes, this was carried out to facilitate the addition of the antibody in spatially 

separated positions onto the electrode surface, this would allow the measurement of 

multiple analytes as depicted in figure 3.3. 
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Figure 3.3. Diagram of an ITO working electrode, attached with a copper tape placed 

on one edge of the conductive ITO electrode surface to work as a connection point. 

Three circles were placed on the ITO surface with 1.2 cm spacer from each center circle. 

  

 For the electrode modification, an aliquot of 30 µl of deposition solution consisting of 

0.1 M tertrabutylammonium perchloride (TBAP) and 2mM 4-nitrobenzene diazonium 

tetrafluoroborate in acetonitrile was spotted onto the circle on the ITO electrode. The 

nickel wire and silver/silver chloride (Ag/AgCl) electrode were in touch with the circle. 

A cyclic voltammeter was then used to scan from + 0.7 V down to - 0.5 V and back to 

+ 0.7 V at scan rate 100 mV s-1. Then the electrode was washed with acetonitrile and 

placed into aqueous ethanol solution (90:10, v/v) containing 0.1M potassium chloride, 

where the electro-formation of a phenyl amine was achieved during 3 reduction-

oxidation scans using cyclic voltammetry, starting at + 0.4 V with a sweep to - 1.25 V 

returning to + 0.4 V again.  

 Synthesis of antibody tagged with ferrocene  

 Bare antibodies do not give a measurable electrochemical response on the addition of 

an antigen and therefore, the antibodies were chemically labelled with a redox tag, using 

the methodology outlined by Dou et al.220. This was achieved by the addition of a 10 µl 

aliquot of  (2 mg ml-1) of anti-cortisol antibody to 190 µl of phosphate buffer saline 

(PBS)(10 mM) and the pH was adjusted to ~ 9 using 5% aqueous potassium carbonate 

(K2CO3) (5 % w/v). Then a solution of ferrocenecarboxaldehyde was dissolved in 
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dimethylformamide (DMF) (20 mg in 200µl) and added to the antibody solution. After 

an incubation of 30 minutes to permit the formation of an imine product Ab-N=CH-Fc; 

a reduction of the resulting imine to secondary amine was carried out by the addition of 

sodium borohydride (2 mg) to give Ab-NH-CH2-Fc. This solution was left for 10 

minutes, afterward, the solution was readjusted to pH ~ 7 using hydrochloric acid (HCl) 

(0.1M). Whatman universal indicator paper (1-11) was used to confirm all pH changes. 

 The antibody was purified to remove any ferrocene excess; by centrifugation (12,000 

rpm for 20 minutes), then the supernatant was transferred into a 2 × viva spin (500, GE 

Healthcare, Sweden); the solution was then re-centrifuged (12,000 rpm for 10 min) and 

the purified antibody on the top vial was topped up with 100µl PBS (10 mM) and 

centrifuge as a washing step. The final solution was stored in the fridge (4º C) until 

required. 

 Immobilization of ferrocene labeled antibody onto the ITO electrode  

This was achieved by mixing a 10µl aliquot of the ferrocene tagged antibody (prepared 

as in previous section) with an equal volume of an activation buffer consisting of 2mM 

(N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride) (EDC) and 5 mM 

(N-hydroxysulfosuccinimide sodium salt) (sulfo-NHS) in 2 ml PBS (10 mM) for 15 

minutes to activate the –COOH on the antibody to facilities the bonding to the electrode 

via an amide linkage. Subsequently, 30 µl of this solution was added to the modified 

ITO electrode and left covered for 18 hours in the fridge at 4º C. The activation buffer 

was freshly prepared when required. 

3.2.1.2  Confirmation and characterization of antibody immobilisation 

The electrode with the immobilized anti-cortisol antibody was washed with                 

0.1% Tween 20 (0.1 v/v) in PBS (10 mM) solution. Afterwards, the electrode was 
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treated with bovine serum albumin (BSA) (1 %, w/v) in PBS (10 mM) for 30 minutes 

to block unoccupied sites on the ITO electrode. The electrode was then washed with     

0.1% Tween 20 in PBS. Cyclic voltammetry was used to confirm the immobilization of 

the antibody by comparing voltammograms before and after immobilization onto the 

ITO electrode. Cyclic voltammetry was carried out using PBS (10 mM) and different 

scan rates were investigated, ranging from (10 – 1000 mV s-1).  

3.2.1.3  Optimization of the antigen incubation time 

To determine the optimum time for the antigen to be incubated with immobilized 

antibody, 50 ng ml-1 of cortisol (hydrocortisone) standard solution was selected for the 

study with a range of incubation times (10, 15, 20, 30, 45 and 60 minutes). For the 

procedure, a 30 µl of the antigen was added to the immobilized antibody and incubated. 

The electrode was then washed with Tween 20 and cyclic voltammetry was carried out 

as previously. 

3.2.1.4  Electrochemical immunoassay 

A stock solution of cortisol was prepared by dissolving 5 mg of cortisol (cortisol) in 

ethanol and making the volume up to 50 ml in PBS (10 mM) to give a concentration of 

100 ppm. Then increasing volumes of stock solution were transferred into a series of     

5 ml volumetric flask and made up the mark with PBS (10 mM) to prepare set of 

working standard from (0.001-50 ng ml-1). 

The electrodes with the immobilized antibody (section 3.2.1.1) were washed with PBS 

(10 mM) and the calibration standards (antigen) were added to each electrode 

individually starting from the lowest (0.001 ng ml-1) concentration to the highest 

concentration (50 ng ml-1). After an incubation period of 30 minutes the electrode with 

the spotted antigen was re-washed with PBS (10 mM) and a measurement was made 
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using cyclic voltammetry in PBS (10 mM) over 3 scans followed by square wave 

voltammetry also in PBS (10 mM) where the frequency was 25 Hz with an amplitude 

of 1 mV, the scan was between 0 V and + 0.5 V.  This procedure was repeated for 

cortisone. 

3.2.1.5  Determination of cortisol and cortisone in Zebrafish whole-body sample and 

artificial saliva samples using electrochemical immunoassay 

Two biological samples were tested; Zebrafish whole-body and artificial saliva samples 

to investigate the concentration of cortisol and cortisone.  

 Zebrafish whole-body sample 

All experiments in this study were ethically approved and followed the HO schedule 1 

methods prepared by HO licence holders. Zebrafish were purchased from Ings lane 

Garden Centre, Dunswell, UK. The samples were maintained in an aquarium (in the 

Biological Sciences Department at the University of Hull) before the experiments. 

Fluctuations in cortisol occur due to the natural circadian rhythms and to overcome this 

all samples were taken at approximately the same time of the day. Zebrafish were 

captured, euthanized with tricaine methane sulfonate (500 mg ml-1 MS-222) and to 

remove the excess of water the Zebrafish samples were blotted on paper towel. Whole-

body cortisol extraction was performed according to Canavello et al. method 42, where 

the samples were individually weighed, dissected into smaller parts and placed into a 

10 ml screw top disposable test tube, then 1 ml of PBS and 5 ml diethyl ether were put 

into the test tube which was then vortexed for 1 minute before centrifugation for                

5 minutes at 3500 rpm. To separate the aqueous and organic layer, the test tube was 

placed into liquid nitrogen and the unfrozen layer ( organic layer containing cortisol ) 

was poured into a new test tube and kept overnight in the fume hood to allow the diethyl 

ether evaporation. 



   89 
  

The yellowish lipid extract obtained was reconstituted with 1 ml of cortisol standard 

dissolved in phosphate buffer saline (PBS) and stored at 4º C for 24 hours. An 

alternative method was tested by repeating all above processes except the extraction 

method was omitted.   

 Artificial Saliva 

A recipe outlined by West et al.  224 was used to prepare an artificial  human saliva 

sample which  include sodium chloride (1.954 g L-1), ammonium nitrate (0.328 g L-1), 

potassium phosphate (0.639 g L-1), potassium chloride (0.202 g L-1), potassium citrate 

(0.308 g L-1), uric acid sodium salt (0.021 g L-1), urea (0.198 g L-1), lactic acid sodium 

salt (0.146 g L-1) and bovine submaxillary gland mucin Type I-S (30 g L-1), the solution 

was completed with deionised water. The stock solution of cortisol was prepared as in 

section 3.2.1.4, but for all standard, there was a slight difference where they were made 

up in artificial saliva instead of PBS (10 mM). The electrochemical immunoassay 

described in section 3.2.1.4 was repeated using the above biological sample. All the 

above procedure were repeated for cortisone. 
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3.3  Results and discussion 

 Tin-doped indium oxide (ITO) electrode modification 

The immobilization protocol was investigated and characterized using cyclic 

voltammetry. Tin-doped indium oxide (ITO) was selected as the electrode for various 

reasons including its high optical transmittance and the ease in which a thin layer can 

be deposited 225.  In addition to its electrical conductivity properties that occur due to 

the doping ions (i.e tin) that acts as cationic dopant in the In2O3 lattice, where for the 

Sn atoms substitute the In atoms and the difference between both atoms valence resulted 

in the free electron donation to the lattice also the introduction of tin into the lattice 

facilitate the interstitial oxygen atoms migration within the anionic sub-lattice 226. 

3.3.1.1  Nitrobenzene diazonium reduction 

An electrochemical reduction was used to modify the ITO electrode surface. This was 

carried out in two steps using cyclic voltammetry, as mentioned in section 3.2.1.1. The 

first step included electrochemical deposition of a nitrobenzene group using 0.1 M 

tetrabutylammonium perchlorate (TBAP) and 2 mM of 4-nitrobenzene diazonium 

tetrafluoroborate solution dissolved in acetonitrile. This is explained by the attachment 

of nitrobenzene radical to the surface of the ITO electrode as illustrate in figure 3.4.  

Figure 3.4. A schematic of the nitrobenzene group immobilization involving a one 

electron reduction where the nitrobenzene diazonium tetrafluoroborate cation is cleaved 

off to give nitrogen gas and leaves free radical in the para position on the benzene ring 

which covalently bonds to the electrode surface 227. 
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Figure 3.5. Cyclic voltammogram of the deposition of nitrobenzene on the ITO 

electrode using a solution of 2 mM 4-nitrobenzene diazonium tetrafluoroborate and    

0.1 M tetrabutylammonium perchlorate in acetonitrile. The cyclic voltammetry run 

started at + 0.7 V scanning down to - 0.5 V and with a return sweep to + 0.7 V performed 

over four scans with a scan rate of 0.1 V s-1 at room temperature. The reduction peak of 

+ 0.19 V refers to nitrobenzene deposition onto the electrode. 

 

Figure 3.5 shows the cyclic voltammograms for reduction. It can be seen that the first 

cycle there is a peak relating to an irreversible reduction at + 0.19 V. This can be 

attributed to the nitrobenzene deposition. It is assumed that after the first scan a 

monolayer is formed. The reduction of peaks after scan 2, 3 and 4 is due to the formation 

of a multilayer through the addition of nitrobenzene to the ortho position of the pre-

deposited layer which blocks the electron transfer from the ITO electrode into the 

solution 117. As can be seen in figure 3.6. 
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Figure 3.6. Schematic displaying the formation of nitrobenzene mono and multilayer.  

 

The second step in the ITO electrode modification process consists of the reduction of 

nitrobenzene to aniline in protic solution using cyclic voltammetry. Ethanol was used 

to carry out the reduction process as a protons donor. This can be explained regarding 

the following mechanism mentioned in figure 3.7, which is a 6 proton and 6 electrons 

process. In the first step, a nitroso group is formed with a two proton and two electron 

reduction. Afterwards, this group forms a hydroxylamine with a two proton and two 

electron reduction, this reversely step where a nitroso group is formed. This causes the 

appearance of a peak at - 0.3 V. The final step includes another two protons, two-

electron reduction to give the end product of this reaction which is aniline 228.  

Scan 2 Scan 1 

Electrode 
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Figure 3.7. The proposed mechanism of the reduction of the nitro group to the amine 

group. Nitrobenzene undergoes an irreversible two electron, two proton reduction to 

give nitrosobenzene, two electrons, two proton reduction to give hydroxylamine group 

and two electrons, two proton reduction to give phenyl amine group 228. 

 

The voltammograms in figure 3.8 shows that for the first scan an irreversible reduction 

peak is obtained at - 0.87 V, which is attributed to the conversion of nitrobenzene to 

aniline after immersing the electrode into a solution of 0.1 M KCl: ethanol.  Towards 

the completion of scan 1, there was an oxidation peak at - 0.3 V which can be attributed 

to the reverse step through a two electrons oxidation/reduction mechanism which is step 

2 in figure 3.7 228. For subsequent (2, 3, and 4) voltammograms there was a reduction 

due to self-inhibition through blockage of the electrode surface. 
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Figure 3.8. Voltammogram of the reduction of nitrobenzene to aniline. The cyclic 

voltammetry was run starting at + 0.4 V scanning down to - 1.25 V and with a return 

sweep to + 0.4 V performed over three oxidation-reduction voltammetry cycle scans 

with a scan rate of 0.1 V s-1 at room temperature. The reduction peak at - 0.87 V 

represents the conversion of nitrobenzene to aniline onto the ITO electrode surface in 

90:10 0.1M KCl: ethanol solution 228. 

 

 Ferrocene tagged antibody immobilization onto ITO electrode 

As described previously for electrochemical detection the antibody had to be labelled 

with an electroactive tag. Ferrocenecarboxaldehyde (Fc-CHO) was utilized in a two 

stage process (see section 3.2.1.1.); the first stage (synthesis) involved the synthesis of 

Ab-Fc. This was achieved by the reaction between the Fc-CHO and the antibody free 

amino group to form an unstable Schiff base compound. This compound was further 

reduced by adding sodium borohydride to form a Schiff base 229. The second stage 

(immobilization) involved the addition of activation solution consisting of EDC and 
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Sulfo-NHS prepared in PBS, which was used as a linker to bind the antibody to the ITO 

electrode surface via an amide linkage. The EDC compound activates the acid group by 

forming o-acylisourea, then by using the NHS-Sulfo, a fast transformation of the NHS-

ester occurs, which interacts with the amino group on the electrode to form the amide 

linkage 220,  as shown in figure 3.1. This enables the acid groups residing at the base of 

the antibody heavy chain to bind to the electrode end up, i.e. in the desired position to 

interact with the antigen. 

 Characterization of ferrocene tagged anti-cortisol immobilized onto 

ITO electrode surface 

To confirm the success of the immobilization process, cyclic voltammetry 

measurements were conducted for the modified ITO electrode surface without the 

antibody (blank) and with the tagged ferrocene antibody as described in section 3.2.1.2. 

Figure 3.9 shows the comparison between blank ITO electrode surface and modified 

ITO electrode surface with the tagged ferrocene antibody using cyclic voltammetry. 

 

 

 

 

 

 

 

Figure 3.9. Cyclic voltammogram of the modified ITO electrode surface with and 

without the tagged ferrocene antibody. Scan rate 100 mV s-1. 10 mM PBS was the 

solution used to conduct all the experiments. 
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An oxidation peak at + 0.25 V was seen for the ITO electrode with the tagged ferrocene 

antibody. This confirms the oxidation of the ferrocene to the ferrocenium cation on the 

ITO electrode surface with a reduction peak at + 0.15 V. As would expect no peak was 

seen for the blank ITO electrode.  

In the next step, a range of different scan rates was investigated for the immobilization 

of the tagged antibody on the ITO electrode as shown in figure 3.10 from                             

10 mV s-1 raising to 1000 mV s-1. 

 

   

 

 

 

 

 

Figure 3.10. Cyclic voltammogram of ferrocene labelled anti-cortisol on the ITO 

electrode surface with various scan rates ranging from 10 mV s-1 to 1000 mV s-1.  

 

As can be seen from figure 3.10 an increase in the scan rate leads to an increase in 

current and an obvious oxidation peak at + 0.25 V confirm the ferrocenium cation 

oxidation from ferrocene on the ITO electrode with a reduction peak at + 0.15 V that is 

not clearly visible compared to the oxidation peak. Slower scan rate causes slower 

analysis time and small signals while faster scan rate effects the electrode kinetic where 
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ITO electrode resistance will contribute to the signal, therefore 100 mV s-1 was selected 

for all electrochemical immunoassay experiments.  

 Optimization of incubation time  

To optimize the immunoassay protocol, the incubation time for the antigen needed to 

be studied (10, 15, 20, 30, 45 and 60 minutes) were chosen to keep a realistic time for 

lab-on-a-chip measurements, section 3.2.1.3. 

 

 

 

 

 

 

 

Figure 3.11. The graph indicates the change in current for 10, 15, 20, 30, 45 and 60 

minutes incubation time for cortisol of 50 ng ml-1 respectively from cyclic voltammetry 

measurements. Scan rate 100 mV s-1. 

 

Figure 3.11 gives the effect of incubation time on the current signal by adding a fixed 

amount of cortisol 50 ng ml-1 to the ferrocene tagged cortisol immobilized onto the ITO 

electrode for the different time. It can be concluded that there was an increase in the 

current signal until 30 minutes after which the current signal began to plateau. Therefore 

30 minutes was selected as the optimum incubation time to carry out the electrochemical 

immunoassay.  
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 Electrochemical immunoassay using cyclic voltammetry (CV) and 

square wave (SWV) techniques  

The addition of different concentrations of the antigens was then investigated to prepare 

calibrations using both CV and SWV techniques (mentioned in section 3.2.1.4.). 

 

 

 

 

 

 

 

Figure 3.12. Cyclic voltammograms of the cortisol standard solutions ranging from 

(0.001 to 50 ng ml-1) on the ferrocene tagged anti-cortisol antibody modified ITO 

electrode for an incubation time of 30 minutes, with the orange line correspond to the 

blank. Scan rate 100 mV s-1 and the measurements were conducted in 10 mM PBS. 

 

Figure 3.12 represents the change in current for cyclic voltammetry which corresponds 

to the various addition of cortisol solutions to the ferrocene tagged anti-cortisol antibody 

immobilized on the modified ITO electrode. This figure shows the orange line 

representing the blank (without the addition of standard cortisol), which appears clearly 

to have an oxidation and reduction peaks at + 0.25 V and + 0.15 V respectively. A 

significant decrease in oxidation and reduction peaks were observed after the addition 

of cortisol and this continues as the cortisol concentrations increase. This is because of 

antibody paratop region bind to antigen epitope region with the association of primarily 
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electrostatic and hydrophobic interaction. In addition, van der Waals interaction and 

hydrogen bonding are involved in the antigen-antibody bound system. This lead to 

blocking out ferrocene moieties attached to the paratope where this causes an alteration 

in the ferrocene environment i.e. the ferrocene cannot further participate in potential 

voltammetry 220. 

 

 

 

 

 

 

 

Figure 3.13. Square wave voltammograms presenting the effect of cortisol standard 

solutions with concentrations ranging from (0.001 to 50 ng ml-1) on the current signal 

after the addition to the ferrocene tagged anti-cortisol antibody attached to the modified 

ITO electrode. These waves represent the current signal before subtracting from the 

blank. Measurements were carried out in 10 mM PBS. The orange line represents the 

blank prior to the addition of cortisol, frequency 25 Hz, amplitude 1 mV. 

 

Figure 3.13 shows the change in current for the standards using square wave 

voltammetry. It is noticeable that there is a clear peak at + 0.22 V with a drop in the 

current signal as the cortisol concentrations increase. The signal change was more 

noticeable with square wave voltammetry compared to cyclic voltammetry, and 

although the CV technique offers a full information about the system behavior the SWV 
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technique has the advantage of high sensitivity as described in section 1.2.8.1. Therefore 

SWV technique was chosen for the construction of the calibration curves.  

 Electrochemical calibration for cortisol and cortisone  

In order to determine the concentration of cortisol and cortisone in biological samples 

(Zebrafish whole-body and artificial saliva samples), calibrations curves were 

constructed using the following concentrations (0.001, 0.005, 0.01, 0.1, 1, 10, 25, and 

50 ng ml-1) , using the procedure as described in section 3.2.1.4. The calibration was 

plotted using the signal change after the addition of antigen from the equation              

ΔIp= IAb- IAg , where IAb is the current before the addition of the antigen and IAg is the 

current after the addition of antigen. 

 

 

 

 

 

 

Figure 3.14. Calibration curve of cortisol standard solutions with ΔIp current peak 

plotted against their concentrations. The error bar indicates standard deviation. (n = 3). 

The measurements were done using the square wave technique. The frequency of 25 Hz 

and amplitude of 1 mV. 

 

Figure 3.14 shows the standard cortisol calibration curve using square wave 

voltammetry, where the Δ peak current (ΔIp) is plotted against the log of concentrations 
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of cortisol The plot shows a linear correlation between (0.001-50 ng ml-1) which are 

within the standard range for cortisol and cortisone in both Zebrafish whole-body 

sample47 and artificial saliva sample230 with a correlation coefficient 0.9852. The limit 

of detection (LOD) was calculated and found to be 1.03 pg ml-1. 

 

 

 

 

 

 

Figure 3.15. Calibration curve of cortisone standard solutions with ΔIp current peak 

plotted against their concentrations. The error bar indicates standard deviation (n = 3). 

The measurements were done using square wave technique. The frequency of 25 Hz 

and amplitude of 1 mV. 

 

A series of cortisone standards were prepared and measured as described in section 

3.2.1.4 with figure 3.15 showing the calibration curve for cortisone. A linear trend was 

observed over the range that would be expected for cortisone levels in Zebrafish whole- 

body sample and artificial saliva sample. The R2 was slightly lower than for cortisol at 

0.9841. The limit of detection was calculated and was found to be 0.68 pg ml-1.   
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 Determination of biological samples using electrochemical 

immunoassay 

Having established the system applicability to carry out an electrochemical 

immunoassay, the next step was to investigate this system in a biologically related 

matrix, the aim of this work was to determine the cortisol and cortisone in Zebrafish 

whole-body and artificial saliva samples as prepared in section 3.2.1.5.  

 Zebrafish whole-body sample 

The level of Zebrafish in the whole-body sample was investigated to determine stress 

hormones. Researchers often use diethyl ether as an extraction solvent in preparation 

for detection by HPLC, GC, and LC to overcome the problems related to matrix 

interference. A comparison was made between measurements with and without the 

extraction procedure (see section 3.2.1.5). The results obtained are shown in figure 3.16. 

 

 

 

 

 

 

 

Figure 3.16. Square wave voltammogram showing the difference in current between 

Zebrafish whole-body sample before and after extraction with diethyl ether.    

As can be seen from the above figure the two square wave voltammograms differ from 
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both square wave voltammograms which shows the sensitivity and selectivity of the 

used procedure and allows the uses of the sample without the extraction. Also, there 

was a shift in the peak current to + 0.26 V from the observed from the buffer 

voltammogram at + 0.22 V, this can be attributed to the matrix used but the same trend 

is observed by decreasing the signal. Therefore and to minimize the number of steps 

which is one of targets aim of this thesis, the following experiments were done without 

the extraction.   

Recovery and RSD values were calculated and summarized in table 3.1 for both cortisol 

and cortisone using single point standard addition method. 

Table 3.1. The Recovery and RSD values of cortisol and cortisone standard solution 

spiked in the Zebrafish whole-body sample (n = 3).  

 

 

 

 

From table 3.1 cortisol recovery was 87.7 % and cortisone was 82.6 %. Also, the values 

of the RSD was 1.12 % for cortisol and 2.22 % for cortisone respectively. The data were 

obtained from figures 3.14, 3.15 and 3.16. These results show the applicability of the 

immunoassay protocol followed by square wave detection for the determination of 

stress hormones in Zebrafish whole-body sample. 

 Artificial saliva  

The second biological sample to be investigated was artificial saliva. The artificial 

saliva recipe was prepared as described in section 3.2.1.5 and spiked with cortisol          

Analyte  Concentration 

added(ng ml-1) 

Recovery % RSD % 

Cortisol 50 ng ml-1 87.7 % 1.12 % 

Cortisone 10 ng ml-1 82.6 % 2.22 % 
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(10 ng ml-1) and cortisone (25 ng ml-1) and incubated for 30 minutes. These 

concentrations were chosen as they represent the maximum clinical concentration in 

artificial saliva to analyze the resulting data clearly. 

 

 

 

 

 

 

 

Figure 3.17. Shows square wave voltammogram for the artificial saliva spiked with     

10 ng ml-1 cortisol standard solution and compared it with 10 ng ml-1 cortisol standard 

prepared in PBS. The comparison shows the shift in the peak from + 0.22 V to                     

+ 0.33 V. 

 

A comparison was carried out between the standard cortisol solution10 ng ml-1 and 

artificial saliva spiked with 10 ng ml-1 standard cortisol solution. It can be seen from 

figure 3.17 that there was a shift in the peak from + 0.22 V to + 0.33 V resulted from 

the matrix effect.  

The possibility of stress hormones detection in a real sample using electrochemical 

immunoassay was achieved with the decrease in the current signal compared with the 

current related to the standard solution. A shift in the current voltammogram was 

observed which may attribute to the matrix effect. Table 3.2 summarize the data 

obtained from cortisol and cortisone. 
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Table 3.2. The recovery and RSD values of cortisol and cortisone standard solution 

spiked in the artificial saliva sample for three different electrodes. 

 

 

 

 

Calculation for both recovery and RSD were done using data from figures 3.14, 3.15 

and 3.17. The data gave a recovery of 89.00 % and 88.49 % for cortisol and cortisone 

respectively. For the RSD % values, it was 1.25 % for cortisol and more value for 

cortisone giving a value of 1.70 %.  

For the comparison of the new method with the published method using electro- 

immunoassay, the new method offers a low-cost due to the anti-cortisol antibody 

immobilization process took place on the ITO electrode which considers less expensive 

from the gold electrode used in literature. In addition the newly developed biosensor 

was built on an ITO electrode while the published device was built on Whatman filter 

paper (which suffer from several disadvantages mentioned in section 1.5), this paper 

was coated with poly (styrene)-block-poly(acrylic acid) (PS67-b-PAA27) polymer and 

graphene nanoplatelets (GP) suspension to increase the sensitivity of the immune 

response while the proposed method gives the simplicity in building the device as same 

as sensitivity, with a LOD of 1.03 pg ml-1 showing  that the proposed method is more 

sensitive from the published work where the obtained LOD was 3 pg ml-1 231.  

Further studies were not carried out because of the complexity of incorporating of the 

electrochemical setup consisting of three electrodes (counter, reference, and working) 

with the open microfluidic setup.  

Analyte  Concentration 

added(ng ml-1) 

Recovery % RSD % 

Cortisol 10 ng ml-1 89.00 % 1.25 % 

Cortisone 25 ng ml-1 88.49 % 1.70 % 
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3.4  Conclusions 

Within this chapter, a successful new electrochemical immunoassay method was 

developed to detect and measure stress hormones (cortisol and cortisone) in two 

biological samples (Zebrafish whole-body and artificial saliva samples). This method 

depended on the reliable immobilization of the antibody onto an ITO electrode. The flat 

ITO electrode allows a uniform layer of nitro groups to be deposited leading to the 

antibodies being arranged in a uniform layer. In addition, the controllability of the 

antibody orientation by the attaching from the Fc region via an amide linkage resulted 

in high sensitivity. 

The limit of detection (LOD) obtained for this procedure was 1.03 pg ml-1 for cortisol 

and 0.68 pg ml-1 for cortisone respectively. The correlation coefficient were 0.9852 and 

0.9841 for cortisol and cortisone respectively with a linear concentration from                 

(0-50 ng ml-1) which covers the standard levels of stress hormones in both selected 

biological samples, Zebrafish whole-body and artificial saliva. 

The incubation time was investigated and 30 minutes was found to be the optimum 

incubation time. This time would be acceptable for the LOC system as total process 

time can be determined within 35 minutes.  

Although a sensitive and selective electrochemical assay has been developed, the 

incorporation of this assay with an open LOC system (which is the aim of this research) 

would be challenging. This can be explained from two point-of-view aspects. The first 

aspect is the open architectural design of the chip where the working electrode (ITO 

electrode) is used as the chip platform and the dichlorodimethysilane and fumed silica 

suspension is deposited onto the electrode to fabricate the superhydrophobic surface 

with superhydrophilic patterns. This needs the elimination of reference and counter 
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electrodes which are connected to Potentiostat from the chip to facilitate the 

construction of an open microfluidic chip.  

The second aspect is related to the reproducibility and accuracy of the assay 

incorporated onto an open chip where the coverage of the surface with 

superhydrophobic layer will significantly affect the electron transfer (as it will be 

explained in chapter 6). 

 Therefore an alternative protocol was investigated using chemiluminescence which is 

well known for its simplicity and sensitivity. Nevertheless, the electrochemical protocol 

could be used off-chip to determine the stress hormones without the need for complex 

sample preparation.  
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  Determination of cortisol and cortisone using 

chemiluminescence (CL) assay 

In this chapter, the electrochemically based antibody immobilization was used to 

perform environmentally and clinically relevant immunoassays for stress hormones 

biomarkers (cortisol and cortisone) using chemiluminescence detection.  

4.1  Introduction  

The antibody electrochemical immobilization on the ITO electrode was found to 

provide reproducible and reliable results, hence this procedure was amended for 

chemiluminescence detection to meet the requirements of the lab-on-a-chip system.  

Chemiluminescence is widely used in different fields due to its simplicity, sensitivity 

and low-cost optical requirements. A conventional chemiluminescence reaction is a 

luminol: hydrogen peroxide system, that can promote to give higher light emission by 

the use of catalysts which include either enzymes such as horseradish peroxidase232 or 

metal catalysts such as ferrocenecarboxaldehyde233  that contain iron (figure 4.1).  

The higher signal is obtained as a result of the possibility of amplifying the analyte 

signal via analyte regeneration at the electrode, such that many photons are generated 

per analyte species. This strategy should yield an enhancement in the signal without 

increasing the background, thereby yield an improvement in detection limits233. 
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Figure 4.1. Schematic of redox reaction for ferrocene that can be oxidised to 

ferrocenium ion and thereby catalyze the luminol: hydrogen peroxide 

chemiluminescence reaction.  

 

The mechanism include electrocatalysis of the luminol:hydrogen peroxide 

chemiluminescence reaction via ferrocene moiety at the ITO electrode where luminol 

oxidation was inhibited due to the coating onto the electrode that acts as barrier layers 

on electrodes, such that redox reactions that are inherently slow and: or that need close 

interaction of a redox molecule with an electrode surface are selectively inhibited (e.g. 

direct luminol electrooxidation reaction). In contrast, the electrochemical oxidation of 

ferrocene is allowed owing to ferrocene group hydrophobicity nature, which promotes 

interaction with a hydrophobic surface, also the overall rapid kinetics of the ferrocene-

ferrocenium redox reaction233.  In this way, it was possible to generate 

chemiluminescence emission via the ferrocene catalyst. 

 

Light 

emission 

H2O2 
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4.2  Experimental Procedures 

 Preliminary investigations for signal change  

The first experiment was conducted by using the modified ITO electrode prepared in 

section 3.2.1.1 and immobilized anti-cortisol antibody was determine following the 

same protocol mention in section 3.2.1.2. The difference in the procedure for 

chemiluminescence was the need to convert the ferrocene attached to the antibody 

immobilized onto the modified ITO electrode to the ferrocenium cation. This was 

achieved in an electrochemical oxidation process, in which a cyclic voltammetry scan 

was carried out using PBS (10 mM) spotted onto the immobilized antibody circles 

(isolated by the adhesive stickers as described previously in chapter 2) starting from      

- 0.05 V up to + 0.6 V at scan rate 10 mV s-1, this involved one scan.  

A mixture of luminol (20 mM) and hydrogen peroxide (10 mM) was spotted onto the 

electrode (30 µl) and images were taken at selected times using the CCD camera, and 

an image of a blank ITO electrode (immobilized anti-cortisol antibody without the 

antigen) was also taken to subtract the blank from the sample. To investigate the 

antibody-antigen interaction, 30 µl of 50 ng ml-1 of antigen was added to the circle 

containing ferrocenium cation attached to the antibody immobilized onto the modified 

ITO electrode for one hour incubation time this was to provide the chance for the 

antibody and antigen interaction to occur in which any extent of signal change would 

observe. Then it was washed 0.1% Tween 20 (0.1 v/v) in PBS (10 mM) solution to 

effectively remove excess material from the electrode , the electrode was treated with 

bovine serum albumin (BSA) (1 %, w/v) in PBS (10 mM) for 30 minutes as it 

considered sufficient time for blocking unoccupied sites on the ITO electrode. Then it 

was washed with 0.1% Tween 20 in PBS, afterwards a mixture of 30 µl of 20 mM 

luminol and 10 mM hydrogen peroxide is added. Light intensity was calculated using 
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Image J software after the image was taken by a CCD camera and subtract from the 

blank. 

 Stability 

The stability of the modified ITO electrode tagged with ferrocene was tested. 

Chemiluminescence measurements were taken immediately, after one day and after one 

week after oxidation to compare the results. The ITO electrodes were stored in the PBS 

until it was needed at 4º C.  

 Optimization of Chemiluminescence variables  

Chemiluminescence experiments were conducted to evaluate the influence of luminol 

concentration, hydrogen peroxide concentration, incubation time and exposure time in 

order to achieve the maximum chemiluminescence immunoassay emission signal. 

Various concentrations (1, 5, 10, 20, 30 and 40 mM) of luminol were added to a fixed 

concentration 10 mM of hydrogen peroxide and the mixture was spotted onto the circle 

on the ITO electrode to determine the highest signal. After fixing the luminol 

concentration that gives the maximum signal, an alteration in hydrogen peroxide 

concentrations (1, 5, 10, 20, 30, and 40 mM) was tested with the optimum concentration 

of luminol. The incubation time for the antigen was done varying incubation times        

(5, 10, 15, 20, 30, 45, and 60 minutes) and the chemiluminescence signal was taken 

after the addition of the luminol and hydrogen peroxide mixture to the circles to choose 

the optimum. The optimization of exposure time was done by mixing the optimum 

concentrations of luminol and hydrogen peroxide for a time interval from                       

(50-700 seconds). The luminol and hydrogen peroxide mixture volume for all 

conducted experiments was 30 µl. 
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 Chemiluminescence immunoassay protocol 

Cortisol stock solution was prepared as in section 3.2.1.4 to give a solution of 100 ppm, 

from which the standards were prepared in PBS (10 mM) to give working standards 

(0.001-50 ng ml-1). For the chemiluminescence immunoassay protocol, the procedure 

mentioned in 4.2.1 was done to each concentration. The same above procedure was used 

but with the addition of sequence standards (0.001-50 ng ml-1) for cortisone. 

 Stress hormones determination in real sample 

In order to determine stress hormones in a real sample including Zebrafish whole-body 

and artificial saliva samples prepared in section 3.2.1.5, the procedure in section 4.2.1 

was repeated for both samples individually and for both hormones (cortisol and 

cortisone). 

 Interferences 

The samples selected for analysis were Zebrafish whole-body and artificial saliva 

samples, these have complex matrices which despite the high selectivity of the 

antibody-antigen reaction may have constituents that would interfere with the results. 

The species selected to investigate were cortisol, cortisone, prednisolone,                         

11-deoxycortisol, progesterone, corticosterone, and testosterone with a standard 

concentration of 50 ng ml-1 which was chosen be greater than the higher concentration 

of each compound expected to exist naturally within these samples47, 230 and the 

procedure outlined in section 4.2.1 was done with the addition of different antigen. 

Each compound stock solution was prepared by dissolving 5 mg in ethanol and making 

the volume up to 50 ml in PBS (10 mM) to give a concentration of 100 ppm, then serial 

dilutions were made to prepare 50 ng ml-1 working solution using volumetric              

flasks (5 ml). 



   113 
  

 Comparison study with standard Enzyme-Linked Immunosorbent 

Assay (ELISA) 

To evaluate the new method, an ELISA standard method was performed using a human 

salivary cortisol assay kit (ab 154996- cortisol ELISA kit, Abcam, UK). The ELISA 

assay was carried out as per the instructions provided within the ELISA kit supplied by 

the company, where 25 µl of the standards and samples were added to the wells, then 

200 µl of 1X cortisol-HPR was added and incubated for one hour at 37º C. After the 

incubation, the wells were washed three times with 300 µl of deionized water and then 

a 100 µl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate was added and left for 

exactly 15 minutes at room temperature in the dark in order to be catalysed by HRP to 

produce blue coloration. The final addition was 100 µl of stop solution to terminate the 

color development and produces a color change from blue to yellow. The absorbance 

of the sample was measured at 450 nm within 30 minutes of stop solution addition using 

a labtech international plate reader and the manufacturer’s software supplied with the 

instrument was used to analysis the data. A non-competitive immunoassay was carried 

out to determine the analyte (see section 1.2.6).   
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4.3  Results and discussion  

 Oxidation of Ab-Fc on the surface 

The first step to carry the chemiluminescence procedure was the oxidation of the 

ferrocene to ferrocenium cation using cyclic voltammetry. This was carried out as 

described in section 4.2.1, the scan started at - 0.05 V with a sweep to + 0.7 V without 

a return sweep to cover one scan using 10 mM PBS solution as can be seen in figure 

4.2. The scan rate was 10 mV s-1 to enable more time at a set potential which would 

kinetically favour the ferrocene oxidation. 

 

 

 

 

 

 

 

Figure 4.2. Cyclic voltammogram for the oxidation of ferrocene tagged antibody to 

ferrocenium cation that catalyses luminol/hydrogen peroxide showing an oxidation 

peak at + 0.25 V. Scan rate 10  mV s-1. 

 

The oxidation peak at + 0.25 V shown in figure 4.2 represents the ferrocene oxidation 

to ferrocenium cation. This which is essential for the chemiluminescence reaction to 

occur with the iron located in the ferrocenecarboxldehyde acting as a catalyst for 

luminol/hydrogen peroxide234. 
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 Investigation of Chemiluminescence Signal  

In this work, the chemiluminescence signal was measured using charge coupled device 

(CCD) camera fitted with an 8 mm high-resolution pixel lens and image J was used for 

analysis of the data. The entire experimental setup can be seen in figure 4.3.  To 

investigate the chemiluminescence signal effect before and after the addition of an 

antigen, a preliminary experiment was conducted by adding 30 µl of luminol and 

hydrogen peroxide mixture to the ferrocene tagged antibody before and after the 

incubation of 50 ng ml-1 cortisol hormone which was chosen because it is the highest 

concentration it will give a clear chemiluminescence signal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.  (a) Image of an ITO electrode taken by digital camera showing the three 

separated circle containing immobilized ferrocene tagged anti-cortisol antibody,           

(b) chemiluminescence images of blank (immobilized ferrocene tagged antibody) after 

the addition of luminol/hydrogen peroxide mixture, (c) chemiluminescence image of 

the blank after the incubation of 50 ng ml-1 cortisol hormone. Scale bar for image A is 

5 cm, B and C are 0.5 cm. 

a

Copper foil                                              Antibodies circles 

(b)

(c)

A
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Figure 4.3 demonstrated the applicability of ferrocene to be used as catalyst in the  

luminol/hydrogen peroxide reaction, where figure 4.3 (a) is a photograph of the ITO 

electrode with the immobilised antibody , (b) shows the chemiluminescence image 

taken by CCD camera for the oxidised ferrocene tagged anti-cortisol antibody after the 

addition of luminol/hydrogen peroxide mixture and before the addition of antigen,         

(c) shows the chemiluminescence image taken by CCD camera for  oxidised ferrocene 

tagged antibody after the addition of antigen ( 50 ng ml-1). As can be seen, a decrease 

in the chemiluminescence signal from 227.3 RLU for the blank to 21.5 RLU after the 

addition of the antigen (50 ng ml-1 cortisol standard solution) was observed. The analyte 

chemiluminescence signal was obtained from subtracting the blank chemiluminescence 

signal from the analyte chemiluminescence signal to enables the detection of an analyte 

using this method.   

The chemiluminescence emission signal is highest without the addition of the antigen 

as the oxidized ferrocene is reduced and luminol is oxidized emitting the 

chemiluminescence light. The signal will then decrease when the antigen binds to the 

antibody by affecting the electron transfer at the surface ( blocking effect) that reduces 

the efficiency of the ferrocenium catalyst 220 yielding a lower chemiluminescence 

signal. 

Experiments were carried out to investigate the reproducibility and effectiveness of the 

ferrocene tagged antibody immobilization on the ITO electrode surface. The previously 

described experiment was repeated on three circles within the same electrode           

(intra-assay) and different circles on different electrodes (inter-assay) individually for 

four electrodes. The results are summarized in Table 4.1.  
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Table 4.1. The precision of immobilisation ferrocene tagged antibody on the ITO 

electrode surface. 

 

 The data shown in table 4.1 for the RSD % for three circles within the same electrode 

was between 0.75 - 4.76 %, whereas the RSD% between different circles of different 

electrodes was 2.38 %. This shows that there is no significant difference in 

chemiluminescence signal between circles on the same electrode and circles on different 

electrodes.  

 The stability of ferrocenium cation  

One key factor needs to be tested in order to apply this procedure to lab-on-a-chip 

system, is the stability of the ferrocene oxidation which was tested by capturing images 

for the three circles containing the ferrocene tagged anti-cortisol antibody before 

oxidation, directly after the ferrocene oxidation by luminol/hydrogen peroxide mixture, 

one day and one week after the ferrocene oxidation and it was kept in 10 mM PBS 

solution during for the whole period of experiment at 4º C.  

Within electrode Circle 1 

 RLU 

 

Circle 2 

RLU 

 

Circle 3 

RLU 

 

Average ± 

STD 

RSD% 

Electrode 1 253.04 252.97 249.69 251.90 ± 1.91 0.75 

Electrode 2 237.33 218.81 233.49 237.30 ± 3.79 1.61 

Electrode 3 213.02 199.19 191.11 200.13±  9.52 4.76 

Electrode 4  225.69 219.34 215.08 220.03 ± 5.33 2.42 

Final results     227.34 ± 5.14 2.38 
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Figure 4.4. Images of chemiluminescence signal related to ferrocene tagged 

antibody,(a) characterise  the ferrocene tagged antibody before ferrocene oxidation,    

(b) immediately after  the oxidation using the mixture of luminol/hydrogen peroxide, 

(c) characterise the ferrocene tagged antibody after one day of ferrocene tagged 

antibody oxidase, (d) after one week of ferrocene oxidation. The scale bar is 0.5 cm. 

 

Simplicity is the key point in constructing a lab-on-a-chip system, therefore, the stability 

of ferrocene tagged antibody after oxidation for the long term of time is necessary to 

ensure the applicability of the ITO electrode containing the ferrocene without the need 

of oxidising the ferrocene before every chemiluminescence measurements. Figure 4.4 

shows good and promising results for ferrocene stability, where (a) no light emission 

was observed because the ferrocene in its neutral form does not catalyse the 

luminol/hydrogen peroxide reaction (b) immediately after oxidation which shows an 

increase in the signal up to 224.01 RLU as expected because of ferrocenium cation 

action as a catalyst following the below reaction scheme (figure 4.5)235. 

 

Figure 4.5. Reaction scheme for the catalytic effect of ferrocene on the 

luminol/hydrogen peroxide reaction. 

 

Fc + 
(surf) +  H2O2 (aq)                          .OH + Fc(surf)Glass slide 

      (a)                                   (b)                                (c)                                    (d) 
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Where the ferrocenium cation breaks down the hydrogen peroxide creating hydrogen 

radical which reacts with luminol and emitting the chemiluminescence signal, (c) and 

(d) shows a minor decrease in the chemiluminescence measurement giving an RLU of 

220.12 and 196.65 for the ferrocene tagged antibody after oxidation and storage in         

10 mM PBS for one day and one week respectively which does not impact the analysis.   

 Optimization of operating variables  

The effect of different operating conditions (luminol concentration, hydrogen peroxide 

concentration, incubation time and exposure time) on the chemiluminescence emission 

signal were investigated to achieve the maximum chemiluminescence signal. The latter 

variables optimization studies were illustrated graphically in figures 4.6, 4.7, 4.8 and 

4.9 which showed their chemiluminescence signals were strongly affected by these 

different operating conditions. 

 Influence of luminol concentration 

Experiments were conducted by the procedure outlined in section 4.2.3 and were carried 

out to evaluate the influence of different luminol concentrations ranging from                   

(1 - 40 mM) on the chemiluminescence signal. The amount of chemiluminescence 

emission signal during the series of investigations were determined by subtracting the 

blank (the oxidised ferrocene tagged anti-cortisol antibody immobilized onto the 

modified ITO without the addition of luminol/hydrogen peroxide mixture) from the 

samples (the ferrocene tagged anti-cortisol antibody immobilized onto the modified 

ITO electrode after the addition of luminol/hydrogen peroxide mixture). 
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Figure 4.6. A calibration curve showing the influence of luminol concentrations while 

keeping the concentration of hydrogen peroxide constant (10 mM) on the 

chemiluminescence emission signal. 

 

Chemiluminescence experiments were carried out at different luminol concentrations 

ranging from (1- 40 mM) as cited in figure 4.6, where increasing the concentration of 

luminol lead to the increase of chemiluminescence signal between (1- 20 mM) where 

20 mM luminol concentration reaches the optimum signal of 205.4 RLU. Subsequent 

reading shows a decrease in the curve to 203.7 RLU for 30 mM reaching 202.1 RLU 

for 40 mM because luminol produced self-absorption of the emitted radiation236. 

Therefore 20 mM luminol was conducted for all experiments within this chapter.  

 Influence of hydrogen peroxide concentration 

To study the effect of hydrogen peroxide concentrations on chemiluminescence 

emission signal different concentrations in the range of (1- 40 mM) were tested.  
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Figure 4.7. Graph showing the influence of hydrogen peroxide concentration while 

keeping the concentration of luminol constant (20 mM) on the chemiluminescence 

emission signal. 

 

A similar trend to luminol changing concentrations was observed for hydrogen peroxide 

changing concentrations (as shown in figure 4.7). It was observed as a general trend that 

there was an increase in chemiluminescence emission signal with the increase in 

concentrations up to 10 mM. Above that concentration the chemiluminescence emission 

signal was seen to stabilise up to 40 mM, therefore 10 mM hydrogen peroxide was 

chosen as an optimum concentration. 

 Influence of incubation time 

The incubation time of antibody-antigen interaction was tested according to the 

procedure mentioned in section 3.2.1.3 with chemiluminescence as a detector following 

the procedure of chemiluminescence detection outlined in section 4.2.1. 
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Figure 4.8. The graph shows the effect of different incubation time on the 

chemiluminescence signal after the addition of 30 µl of 50 ng ml-1 of cortisol standard 

solution. 

 

As expected the incubation time of antibody-antigen interaction was 30 minutes as same 

as for electrochemical immunoassay as shown in figure 4.8 where the 

chemiluminescence RLU increased to 168 RLU at 5 minutes, this may be due to 

insufficient time to complete the interaction between the antibody and the antigen. Then 

the signal reached the lowest signal between 30 and 60 minutes with no significant 

difference, therefore 30 minutes was chosen for further experiments.  

 Influence of exposure time 

Exposure time is a fundamental parameter for an economical lab-on-a-chip system. It 

can be defined as the length of time that an image required to be exposed to the CCD 

camera to acquire the highest chemiluminescence signal. Consequently, it is important 

to study its influence on the chemiluminescence signal of over time intervals from       

(50 to 700 seconds). 

0

20

40

60

80

100

120

140

160

180

200

0 10 20 30 40 50 60 70

C
h
em

il
u

m
in

es
ce

n
ce

 i
n
te

n
si

ty
 Δ

R
L

U

Incubation time minutes



   123 
  

 

 

 

 

 

 

 

Figure 4.9. The graph for exposure time optimisation after the addition of luminol        

(20 mM) and hydrogen peroxide (10 mM) mixture over the time interval from              

(50- 700 seconds) showing the highest chemiluminescence signal at 200 seconds, 

therefore, it was adopted for chemiluminescence experiments. 

 

Figure 4.9 shows that the chemiluminescence emission signal initially increased with 

exposure time up to 200 seconds and after this time the chemiluminescence signal 

decreases this is because while the image is still taken, the chemical reaction is 

established at the same time. Therefore, 200 seconds was deemed more than sufficient 

to establish the optimum chemiluminescence signal and used in all subsequent studies. 

 Calibration curve 

To determine cortisol and cortisone calibration curves were obtained by preparing a set 

of standards solutions at concentrations ranging from (0 - 50 ng ml-1) and the 

chemiluminescence immunoassay was performed as described in section 4.2.4. 
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Figure 4.10. Calibration curve of cortisol standard solutions with concentrations from 

(0 - 50 ng ml-1). Standards plotted against the ΔRLU emission response, insert in the 

figure chemiluminescence image of each standard cortisol solution. 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Calibration curve of cortisone standard solutions with concentrations from 

(0 - 50 ng ml-1). The standards RLU signal was plotted against the concentrations of the 

cortisone standard solutions. 
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As expected the Δ RLU (resulted from subtract the RLU values of the blank without the 

addition of the antigen from the RLU values after the addition of an antigen) increased 

with the increase of standard solutions concentrations (figure 4.10 and 4.11) giving a 

linearity over the range required to analyse the target analyte in real sample and with 

correlation coefficient of 0.9912 and 0.9902 for cortisol and cortisone respectively. 

Table 4.2 present the figure of merit calculated for both cortisol and cortisone.  

Table 4.2. Analytical figures of merit for cortisol and cortisone using 

chemiluminescence immunoassay. 

 

 

 

 

The limit of detection for cortisol and cortisone were 0.47 and 0.34 pg ml-1 and the 

results were found to better compared to that obtained from electrochemical 

immunoassay described in chapter 3 where a limit of detection of 1.03 pg ml-1 and                       

0.68 pg ml-1 were obtained for cortisol and cortisone respectively.    

 Determination of target analyte in Zebrafish whole-body and 

artificial saliva samples  

Further experiments were carried out to determine the concentration of stress hormones 

in a real sample including Zebrafish whole-body and artificial saliva samples, this was 

done by the addition of 1 ml of cortisol standard solution (50 ng ml-1) to both samples 

individually. 

 

Analyte Correlation 

coefficient 

Linearity LOD 

(pg ml-1) 

Cortisol 0.9912 34.703 x + 138.55 0.47 

Cortisone 0.9902 31.533 x + 152.14 0.34 
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 Zebrafish whole-body sample 

Zebrafish whole-body sample was prepared according to the procedure mentioned in 

section 3.2.1.5 taking in consideration the extraction method. Measurements were done 

with and without the extraction procedure as shown in figure 4.12 that shows 

chemiluminescence emission of (a) real sample spiked with 1 ml of 50 ng ml-1 of cortisol 

standard solution and the extraction method was done giving an RLU of 22.4, (b) real 

sample spiked with 1 ml of 50 ng ml-1 without extraction with RLU of 29.0. A clear 

observation is that was a decrease in the light intensity for real sample with extraction 

and without extraction compared with the standard solution of cortisol that gave an RLU 

of 21.5.  As was shown from chapter 3 that the use of the sample without the extraction 

is acceptable due to the minor change in the chemiluminescence signal as in the 

electrochemical signal decrease. 

An observation of white round edge for the reaction cycle which can be explained by 

“coffee ring effect” because of solution evaporate more quickly at the edges than at the 

center. Therefore the remaining solution at the center will move outward in an attempt 

to fill the caps, this movement creates concentrated layers forming a dense ring237. 
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Figure 4.12. Chemiluminescence image of Zebrafish whole-body sample spiked 

standard cortisol solution (50 ng ml-1) added to ferrocene anti-cortisol antibody 

immobilized onto modified ITO electrode (a) without extraction, (b) with extraction and 

(c) fish sample without the addition of standard and without extraction. Scale bar is 0.5 

cm. 

 

As a result, the single point standard addition method was done using two samples; one 

spiked with 50 ng ml-1 standard solution (without extraction) (figure 4.12 (b)) and the 

other was the real sample without the addition of a standard solution (without 

extraction) (figure 4.12 (c)), the data obtained was used to calculate the recovery and 

RSD for both cortisol and cortisone as summarized in table 4.3. 

 

(a) 

(b) 

(c) 
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Table 4.3. The Recovery and RSD values of cortisol and cortisone standard solution 

spiked in the Zebrafish whole-body sample (n = 3).  

 

 

 

 

The data obtained from table 4.3 indicates the good recovery for both hormones where 

cortisol recovery was 91.0 % and cortisone was 90.0 %. Also the values of the RSD 

ranging between 1.25 % and 2.0 % for cortisol and cortisone respectively. These results 

show the applicability of the immunoassay protocol followed by chemiluminescence 

detection for the determination of stress hormones in Zebrafish whole-body sample. 

Comparing and interpreting Zebrafish whole-body sample cortisol values from diverse 

researches should be done considering different environmental conditions and 

procedures that can easily effect on the cortisol values. The new procedure was 

compared with ELISA technique obtaining an LOD of 0.27 ng ml-1and R2 = 0.9947, 

while using the capillary electrophoresis and UV-visible absorbance with plasma 

Zebrafish samplethe obtained LOD was (0.2 – 2 ng ml-1) and the recovery was (81 – 

109 %)238.  As mentioned in chapter one, both methods provide high sensitivity but high 

cost materials and sophisticated instruments restrict their use in biosensor fabrication 

compared with the new method which require a portable CCD camera and black box 

for measurements and an ITO electrode to perform the immunoassay which simplify 

the method and reduce cost to approximately 9 or 10 pounds for the immunoassay and 

approximately (100-120 pounds) for the entire chemiluminescence device including the 

CCD camera, black box and image J requirements for the detection and analysis.  

Analyte  Concentration 

added(ng ml-1) 

Recovery % RSD % 

Cortisol 50  91.0 % 1.25 

Cortisone 10 90.0 % 2.00 
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 Artificial saliva 

Artificial saliva recipe preparation mentioned in 3.2.1.5 was used to prepare the saliva 

which was spiked with 10 ng ml-1 cortisol and 25 ng ml-1 cortisone standard solutions 

and the resulted solutions were incubated for 30 minutes to be measured using 

chemiluminescence as a detector. Figure 4.13.  

 

 

 

 

 

Figure 4.13. Represent the signal after the addition of artificial saliva spiked with 

cortisol standard solution 10 ng ml-1. The signal was decreased due to the reaction 

between the antibody and antigen that restrict the Fc moiety from its role as an oxidising 

agent for luminol and hydrogen peroxide reaction. The scale bar is 0.5 cm.  

The data obtained from cortisol and cortisone were summarized in table 4.4. 

Table 4.4. The Recovery and RSD values of cortisol and cortisone standard solution 

spiked in the artificial saliva sample for three different electrodes. 

 

 

 

 

From figure 4.13 and table 4.4 the recovery was calculated giving a recovery of         

92.59 % and 90.73 % for cortisol and cortisone respectively. Another statistical 

parameter was calculated which was the RSD % which was 2.04 % of cortisol and less 

Analyte  Concentration 

added(ng ml-1) 

Recovery % RSD % 

Cortisol 10  92.59 % 2.04 % 

Cortisone 25  90.73% 1.98% 
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value for cortisone giving a value of 1.98 %. The obtained results from the immunoassay 

using as a chemiluminescence detector present a good applicability to be used in open 

microfluidic system. To be compared with other literature researchers which show an 

R2 = 0.92 (compared with the new method which gave an R2 of 0.9912) and a range 

between (0.4 - 11.3 ng ml-1). The proposed method in this thesis shows a reduction in 

cost and time compared to literature method which  uses alkaline phosphatase-labeled 

anti-cortisol antibody (ALP-labeled antibody) by using a special kit (alkaline 

phosphatase labelling kit) while for the new method the attached ferrocene which is 

cheaper than ALP catalyze the luminol/hydrogen peroxide reaction to give the 

chemiluminescence signal 37. 

 Interferences  

To investigate the effect of any compounds in the Zebrafish whole-body sample and 

human saliva sample on the chemiluminescence measurements, interference 

experiments were conducted. As the antibody-antigen interaction is very selective the 

main interferences are likely to have similar structures (table 4.5) which could interact 

with the anti-cortisol and anti-cortisone antibodies immobilized onto the modified ITO 

electrode resulting in false results. 50 ng ml-1 of cortisol, cortisone, 11- deoxycortisol, 

prednisolone, corticosterone, progesterone, and testosterone standard solutions were 

prepared as mentioned in section 4.2.6. 

Three ITO modified electrode were prepared as previously and were spotted with 30 µl 

of each compound with incubation time of 15 minutes and the chemiluminescence 

signal was measured after the addition of a mixture of 20 mM luminol and 10 mM 

hydrogen peroxide and kept for 200 seconds as for the analysis of the species of interest 

using optimum conditions to acquire the chemiluminescence images as these are the 

optimum conditions for cortisol and cortisone chemiluminescence measurements. 
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Table 4.5. Compounds have a similar structure to the cortisol and cortisone. 
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Figure 4.14. A column chart specifies the similar structure compounds potential 

interference with (a) ferrocene tagged anti-cortisol antibody and (b) ferrocene tagged 

anti-cortisone antibody after the addition of 50 ng ml-1 of these compounds (cortisol, 

cortisone, prednisolone, 11-deoxycortisol, corticosterone, progesterone, and 

testosterone), the incubation time was 30 minutes and the luminol and hydrogen 

peroxide concentrations were 20 and 10 mM respectively to mimic the cortisol and 

cortisone optimum conditions.  
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As can be seen from figure 4.14 (a) cortisone, prednisolone, 11-deoxycortisol, 

corticosterone, progesterone, and testosterone have very little inference with the anti-

cortisol antibody where the RLU for these compounds ranging from (12 - 38) except 

for cortisone the RLU was 43 but with the consideration to cortisol RLU which was 

205. It can be said that the presence of these compounds does not impact on the adopted 

immunoassay in this thesis. Figure 4.14 (b) shows also the effect of the similar 

compounds on the ferrocene tagged anti-cortisone and as expected there was a minor 

interference effect from these compounds with slightly more effect from cortisol with 

37 but this inference can be considered negotiable compared to cortisone RLU of 

206.42. These experiments were done according to 50 ng ml-1 for each compound which 

exceeds normal levels found in Zebrafish whole-body and saliva samples. 

The results obtained show good selectivity respecting the idea of the interaction of 

cortisol and cortisone to the anti-cortisol and anti-cortisone antibodies respectively 

without the possibility of incorrect results from the compounds that exist in the samples 

and may interfere. 

 Commercial ELISA kit 

To evaluate the immunoassay protocol used in this thesis, a comparison with a reference 

method must be done. Stress hormone is usually tested with a traditional ELISA assay 

which is performed in the majority of hospital service laboratories. Therefore, it was 

decided to test the stress hormones using a commercial ELISA and compare the results 

with the immunoassay protocol using the procedure mentioned in the section 4.2.7. 
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Figure 4.15. Calibration curves showing (a) the change in the optical density with the 

increase of cortisol concentration where the red points indicate the cortisol 

concentrations and the green points are the error bar for each concentration, (b) the 

increase in optical density with a linear trend after subtracting the blank signal from the 

sample signal. 

 

Figure 4.15 (a) and (b) gives the relationship between the optical intensity signal and 

the standardized concentrations of cortisol. It can be observed that the optical intensity 

signal increase with the increase of the concentration of the cortisol to give a linear 
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calibration curve with R2 of 0.995. The Zebrafish whole-body sample was tested giving 

a concentration of 44.56 ng ml-1 (with extraction) and 46.78 ng ml-1 (without extraction) 

which confirm the results obtained by electrochemical immunoassay and 

chemiluminescence immunoassay to omit the extraction procedure and the use of 

sample only without any additional steps.  

There was a good agreement with the proposed method where R2 for cortisol was 0.991 

compared with R2 for cortisol using ELISA kit was 0.995 with an LOD of                       

0.12 ng ml-1 ( from the data sheet provided by the Abcam company). This applied also 

for the concentration obtained by the standard method (ELISA) mentioned above 

compared with the chemiluminescence immunoassay concentration (47.86 ng ml-1). As 

a result, it can be concluded from the results obtained from the conventional tests that 

the development of a sensitive chemiluminescence immunoassay for stress hormone 

was achieved.  

4.4  Conclusion 

A new inexpensiveve rapid chemiluminescence method has been developed by the 

applicability of the ferrocene to be used as a catalyst through a chemiluminescence 

approach, where the ferrocene converts to ferrocenium cation immobilized onto the 

modified ITO electrode using cyclic voltammetry technique. The stability of the oxidase 

antibody on the electrode was investigated and the results showed high stability after 

oxidation over one week which simplify the proposed protocol. Also, optimum 

conditions including luminol concentration, hydrogen peroxide concentration, 

incubation time and exposure time were found to be 20 mM, 10 mM, 30 minutes and 

200 seconds respectively. 
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Calibration curves for both cortisol and cortisol were constructed and give LOD at 0.47 

and 0.34 pg ml-1 for cortisol and cortisone with 0.9912 and 0.9902 correlation 

coefficient which indicates a high sensitivity of this method compared with the square 

wave used a detection which gave a LOD at 1.03 and 0.68 pg ml-1 with correlation 

coefficient of 0.9869 and 0.9841 for cortisol and cortisone respectively. The device 

constructed during this research has shown to outstanding the ELISA test for detection 

of cortisol by more than two order of magnitude. These figures can be compared to the 

LOD for ELISA of 0.12 ng ml-1. 

Potential interferences were examined and the obtained results confirmed the selectivity 

of this protocol. A comparison with commercial ELISA kit was performed to make a 

clear assessment of the chemiluminescence immunoassay where the limit of detection 

was lower than the ELISA kit, in addition, the chemiluminescence instrumentation 

decreased the cost for the determination of stress hormones.  

The promising results obtained from the chemiluminescence immunoassay protocol 

encourage the construction of a device that combines between sensitivity, simplicity, 

and selectivity of chemiluminescence immunoassay with the automated, cost and time 

reduction advantages of microfluidics. Open microfluidics using wettability properties 

was chosen due to the advantages that this technique provide over the closed 

microfluidics. This includes the easy delivery and optical observation of reagents and 

samples added to the chip. Omission the need of mechanical components such as 

mixers, valves, etc because fluid flow is mainly due to capillary or gravity forces. Also, 

reduction in device fabrication is achieved by applying the ITO electrode as an open 

microfluidic platform without the need for complex and cost consuming process for 

closed microfluidic fabrication as it will be detailed in next chapter.  
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 Fabrication of open microfluidic chip using 

wettability 

In this chapter, experiments into the application of an open microfluidic platform for 

the determination of stress hormones were performed. ITO glass solid substrates were 

made superhydrophobic by depositing hydrophobic fumed silica particles on them using 

the dip coating method (see section 2.2.3). The wetting properties, quality, and stability 

of the coatings were investigated and the dip coating conditions optimised. Microfluidic 

chips of different designs were fabricated by making superhydrophilic patterns on 

superhydrophobic substrates by using UV/ozone lamp irradiation.   Through the use of 

appropriate photo-masks water flow was confined in the superhydrophilic pattern and 

this was investigated by direct and fluorescent microscopy observations. 

5.1  Introduction 

The different aspect of solid wetting and its importance for open microfluidics have 

already been discussed in chapter 1.  The continuous open microfluidic approach 

adopted in the present study relies on the aqueous solution flow being confined in a 

superhydophilic pattern on a superhydrophobic surface. In this work, superhydrophobic 

substrates were prepared by depositing hydrophobic fumed silica particles on smooth 

ITO glass electrodes. 

Fumed silica, also known as pyrogenic silica as it produced from flame pyrolysis of 

silicon tetrachloride or quartz sand. The resulted compound have chainlike, branched, 

three-dimensional secondary particles which agglomerate into tertiary particles239. 

Fumed silica particles were selected because they have excellent mechanical and 

thermal stability and are commercially available. In addition, they are inexpensive and 

their wetting properties can be tuned by chemical or other means. The particles were 

deposited on the ITO electrode by dip coating to benefit from the simplicity of this 
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method which is capable of producing a uniform thin layer on solid surfaces240. The 

fabrication of superhydrophilic patterns was achieved using different photo-masks with 

the aid of a UV/ozone lamp (figure 5.1) in an attempt to construct an open microfluidic 

chip for lab-on-a-chip analysis.  
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Figure 5.1. Diagram illustrating (a) the principle of the hydrophobisation of the ITO 

electrode surface using dichlorodimethylsilane (hydrophobic surface), (b) and the 

fabrication of hydrophilic patterns on the surface of ITO electrode coated with a 

hydrophobic fumed silica layer (superhydrophobic surface) using a UV/ozone lamp.  
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5.2  Experimental procedures 

 Fumed silica suspension preparation 

Fumed silica suspensions were prepared by dispersing dry fumed silica particles powder 

in ethanol. This was achieved by weighing (2, 4, and 5 g) of the powder and dispersing 

it in 100 ml of ethanol in a volumetric flask to give (2, 4, and 5 wt. %) concentrations. 

The particles-ethanol mixture was sonicated by an ultrasonic vibracell processor 

(Sonics & Materials) at 60 W for 10 minutes. The vessel was placed in an ice-water 

bath during the sonication process to avoid the process overheating. 

 Investigation of ITO electrode wettability  

Preliminary experiments were conducted to investigate the wettability of the ITO 

electrode before and after its hydrophobisation. Afterwards, the hydrophobised ITO 

electrode was coated with hydrophobic fumed silica suspensions using the method 

outlined in section 2.2.3.The suspensions that have been used in the dip coating method 

are described in section 5.2.1. The contact angles of the bare, hydrophobised, and coated 

ITO electrode were measured by using a drop shape analysis system (DSA 10, Krüss) 

to determine the changes in the electrode wettability due to its surface modification (see 

section 2.2.4). 

 Optimisation of superhydrophobic coating quality 

The effect of the sonication time (5, 10, 15, and 20 minutes) of the particle suspension 

preparation and dip coating speed (0.159, 1.59, 3.18 and 4.77 cm min-1) on the coating 

quality at three different fumed silica suspension concentrations (2, 4 and 5 wt.%) were 

investigated and the conditions optimised to achieve a homogeneous coating. Optical 

microscope images of the coatings were used for assessing their quality. 
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 Stability of the coatings 

The stability of the coating on the ITO electrode was assessed using a setup constructed 

in-house as described in section 2.2.5. In the stability tests, the electrode was dipped 

into a beaker filled with water and stirred on a magnetic stirrer at high speed for five 

minutes (figure 2.6). The images of the coating were taken by an optical microscope 

and a digital camera before and after stirring was compared. 

 Fabrication of superhydrophilic patterns on the superhydrophobic 

coatings 

A home built UV/ozone lamp setup was used to prepare superhydrophilic patterns as 

described in section 2.2.6. Different types of masks were fabricated at the University of 

Hull from glass coverslips, glass and plastic slides were tested in order to find a cost-

efficient method for making open microfluidic system.  

 Absorption capacity of the cotton waste collector  

 In the open microfluidic setup, a cotton collector was placed on the outlet port and was 

used to absorb the waste water flowing out of the system in the experimental procedure 

described in the previous section. The absorption capacity of the cotton collector was 

an important parameter in building the open microfluidic chip because it sets the upper 

limit of continuous water pumping. That was determined in a set of experiments by the 

change of the cotton weight before and after pumping the water at different flow rates 

(10, 30, 60, and 90 µl min-1). 

 Water flow in the fabricated open microfluidic chip 

The flow of water confined in the hydrophilic pattern of the microfluidic chip was 

generated by using a syringe pump through a needle located at the inlet of the pattern. 

The water flowing out at the other end of the pattern was absorbed by a cotton collector. 

The distribution of water flowing in the hydrophilic pattern was monitored over time 
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by side imaging using the camera of the DSA 10, Krüss until a steady flow was reached 

at different flow rates in the range (10 – 50 μl min-1).  

 Investigation of fluid flow using fluorescence microscopy 

To visualise the fluid movement across the superhydrophilic patterns on the 

superhydrophobic ITO electrode surface, 10 µm Carboxylate YG fluorescent particles 

(Fluoresbrite TM) and a fluorescence microscope were used.  A fluorescent particle 

suspension was used in the flow experiments, this was prepared by adding a 50 µl 

aliquot of a concentrated particle suspension (2.38 × 105 particles ml-1) to 9950 µl of 

phosphate buffered saline-Tween 20 (PBS-T) (1:200). The vessel containing that 

mixture was wrapped with aluminum foil and mixed for 30 seconds. The PBS-T was 

prepared by dissolving one tablet of PBS in 199 ml deionised water. One gram of Tween 

20 was diluted in 10 ml of deionized water. Afterwards, 1 ml of the prepared Tween 20 

solution was added to 199 ml of PBS to prepare (1:200) PBS-T. 

The syringe attached to the syringe pump was filled with the prepared fluorescent 

particle suspension which was pumped through the open microfluidic chip as described 

in section 2.3.1.2.  
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5.3  Results and discussion 

 Preparation of ITO electrodes with superhydrophobic surfaces  

The ITO electrode surface was made superhydrophobic by a two-step process. First, the 

electrode surface was made hydrophobic by chemical modification using DCDMS in a 

vapour phase. Then, a thin layer of hydrophobic fumed silica particles was deposited 

on the hydrophobic electrode surface by a dip coating process to impart 

superhydrophobicity. The first step was needed to improve the adhesion of fumed silica 

coating to the substrate by van der Waals forces. 

5.3.1.1  Hydrophobisation of the ITO electrode by DCDMS and fumed silica coverage  

The wetting properties of the ITO electrode before hydrophobisation were investigated 

by measuring the contact angle of water drops sitting on the electrode in the air (figure 

5.2).   

 

 

 

 

 

 

 

 

 

Figure 5.2. Side image of a water droplet on an ITO electrode surface in air. The 

average contact angle, was found to be 42.0 ± 0.7o. The scale bar is 1 mm. 
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The ITO electrodes were hydrophobised using DCDMS in a vapour phase, as described 

in section 2.2.3.1.  

 

 

 

 

 

 

 

Figure 5.3. Side image of a water drop on the ITO electrode surface after its 

hydrophobisation with DCDMS. The average contact angle of 101.4 ± 0.5o confirms 

the hydrophobicity of the surface has increased after treating it with DCDMS. The scale 

bar is 1 mm. 

 

The contact angle of the unhydrophobised and hydrophobised ITO electrode substrate 

was measured using the DSA 10, Krüss. It was found that the DCDMS was able to 

hydrophobise the ITO electrode surface and increase the contact angle from 42.0 ± 0.7º 

to a much higher contact angle of 101.4 ± 0.5º, as can be seen in figures 5.3. 

The increase in the contact angle can be explained according to the scheme illustrated 

in figure 5.1. The surface of an ITO electrode contains hydroxyl groups, while the 

DCDMS contains hydrolysable reactive – Cl and non-polar – CH3 groups. The 

hydrolysable -Cl reacts with the hydroxyl group thus replacing the hydroxyl group 

available on the ITO glass surface with a non-polar methyl group responsible for 

hydrophobisation. The increase in the concentration of DCDMS leads to the 
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replacement of the more (-OH) groups by non-polar groups. The effect of 

hydrophobisation gradually levels off at higher concentrations due to the steric 

hindrance between the alkoxy groups already grafted to the surface 206. 

The final step in the ITO electrode modification process was to make its surface 

superhydrophobic (the contact angle is greater than 150º). This was carried out by 

depositing hydrophobic fumed silica particle layer on the ITO electrode surface by a 

dip coating process241 explained in section 2.2.3.2. The hydrophobic fumed silica 

coating leads to superhydrophobicity of the electrode surface due to its roughness thus 

causing water repellence similar to the so-called Lotus effect 211.  Indeed, it can be seen 

from the SEM image of the fumed silica coating (shown in figure 5.4) that the actual 

surface is rough and consist of many peaks and valleys at microscopic and nanoscopic 

level. It is expected that a water droplet would sit at the top of the surface protrusions 

while air is trapped underneath the droplet corresponding to the Cassie-Baxter (CB) 

model of wetting described in the introduction (section 1.5.2.1).  

 

 

 

 

 

 

Figure 5.4. A SEM image of a fumed silica coating showing that its surface is rough at 

micro-and nanoscopic level. Scale bar is 1µm. 
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To confirm the ITO electrode superhydrophobicity, a small water droplet was placed 

on the ITO electrode surface in air.  As can be seen from figure 5.5 that the water droplet 

rolls off the surface so the actual contact angle could not determine by the                      

DSA 10, Krüss. Therefore, videos were recorded to capture images of this process and 

it is expected the contact angle was bigger than 150º. 

 

Figure 5.5. Images (a-e) show the process of a water droplet rolling over a 

superhydrophobic surface which is coated with fumed silica. The water droplet easily 

rolls off the surface even on a horizontal substrate thus confirming its 

superhydrophobicity. The scale bar is 0.5 mm for all images. 
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Images that were taken from the videos confirm the effectiveness of fumed silica layer 

in creating water repellency and the results indicate clearly that after deposition of 

fumed silica layer the surface becomes superhydrophobic.  

 Factors affecting the preparation of superhydrophobic ITO electrode 

surfaces using the dip coating method 

Various factors which may affect the stability and quality of the superhydrophobic 

coating were investigated. Those included the sonication time for dispersing the fumed 

silica when making the suspensions, the withdrawal speed of the substrate from the 

particle suspension in the dip coating process as well as the fumed silica particle 

concentration.  It was found that a sonication time of 10 minutes and withdrawal 

velocity of 3.18 cm min-1 gave the best results. The particle concentration of the 

suspensions was further investigated and optimised as described below.    

5.3.2.1  Coating morphology affected by fumed silica suspension concentration 

Fumed silica suspension at different concentrations (2, 4 and 5 wt.%) were prepared as 

described in section 5.2.1. Figure 5.6 shows images of the coating taken by optical 

microscopy at approximately the same location on all the ITO electrode substrates to 

compare the coating quality. It can be seen that the substrate was only partially coated 

at 2% silica concentration because of insufficient silica particles in the suspension 

which led to the limited continuous formation of silica layer. While that produced at 5% 

silica concentration suffered from defects and cracks due to high silica particles loading 

(thicker coating) which resulted in cracks due to stresses induced by the drying. The 

best surfaces were produced at a concentration of 4% fumed silica suspension242.  
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Figure 5.6. Optical microscopy images of fumed silica coatings produced by dip 

coating at a withdrawal speed of 3.18 cm min-1. At three different concentrations of 

fumed silica suspensions (2, 4, and 5 wt.%) in ethanol prepared at 10 minutes sonication 

time. Cracks and defects are seen on the coating obtained at 5% silica suspension. The 

decrease of the silica concentration to 4% improves the coating quality by reducing the 

size and number of cracks. Partial inhomogeneous coatings are obtained at an even 

lower concentration of 2 %. The scale bar on all images is 200 µm. 
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 Stability of superhydrophobic surface coating  

Having determined the optimum condition for a homogenous coating, experiments were 

performed to investigate the surface coating stability using the procedure described in 

section 2.2.5. Images of the superhydrophobic coating before and after being stirred in 

water are shown in figure 5.7. It can be concluded from the images taken by both the 

optical microscope and a digital camera, that the coating has not been affected by the 

washing which makes it suitable for microfluidic applications.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Images of a superhydrophobic coating deposited on an ITO electrode 

surface from 4 wt% fumed silica suspension by dip coating at a withdrawal speed of 

3.18 cm min-1 and sonication time 10 minutes, taken by a digital camera (a, b) and an 

optical microscope (c, d) before (a, c) and after (b, d) stirring in water for 5 min (see 

section 2.2.5). The coating was stable and not damaged by the water flow during the 

stirring.  
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5.4  Fabrication of superhydrophilic patterns on superhydrophobic 

substrates by UV/ozone burning 

Having proved the stability of the surface coating, an important investigation was 

performed to fabricate patterns on the coated surface. Superhydrophilic patterns were 

obtained by exposing the superhydrophobic coating to UV/ozone light irradiation from 

a UV/ozone lamp through a photo-mask for a certain period of time (as described in 

section 2.2.6). Three different masks were used including a microscope coverslip mask 

fabricated by a laser ablation technique in the Physics section (Hull University), 1 mm 

thick glass and plastic masks were fabricated using a CNC instrument in the Chemistry 

section (Hull University).  The superhydrophilic patterns were made visible by wetting 

them with water and images were taken using a digital camera and an optical 

microscope.  

 Microscope coverslip masks 

These masks were made by laser ablation and their shape and dimensions are shown in 

figure 5.8. They were successfully used to fabricate superhydrophilic patterns (figure 

5.9) but their main disadvantages were they could easily break and their small sizes 

made them unsuitable for fabrication of large and more complex patterns.   

 

 

 

 

 

 

Figure 5.8. Left sketch of a mask prepared by laser ablation with a channel in the middle 

of the coverslip. The right sketch is the shape and size of this laser prepared channel 

with a dimension of 1mm for D1 and D2, 0.5 mm for b and 7 mm of L. 
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Figure 5.9. Images of superhydrophilic patterns fabricated using a UV/ozone light 

irradiation through a coverslip mask with the following specifications: a dimension of 

1 mm diameter for sides, 7 mm length and 0.5 mm width (see Figure 5.8) on the 

superhydrophobic substrate obtained by dip coating method from a 4 wt% fumed silica 

suspension, withdrawal speed 3.18 cm min-1 and sonication time 10 minutes. 

 

 Thick glass and plastic masks 

To overcome the small size of the cover slide masks, 1 mm thick microscope glass slides 

were used to fabricate the superhydrophilic patterns. It was found that the masks with 

different shapes could be made and used for the preparation of superhydrophilic patterns 

(as seen in figure 5.10), but their fabrication was difficult because the glass is a hard 

and fragile material. 

Channel hole diameter 1 mm 

Channel length 7 mm and width 0.5 mm 
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Figure 5.10. Shows the fabrication of superhydrophilic patterns on a glass substrate 

covered with fumed silica 4% wt, withdrawal speed 3.18 cm min-1, and sonication time 

10 minutes using dip coating method and using UV/ozone lamp. The channel 

fabrication can be seen as the edges would appear in microscope images at the cross 

point of superhydrophilic and superhydrophobic layers. Scale bar is 200µm. 

 

 An alternative choice to coverslip and 1 mm thick glass slide masks were to make 

plastic slide masks. Polymethylmethacrylate (PMMA) slides were used for that 

purpose. PMMA is cheap and available material on the market. It is less fragile material 

than glass and large plastic slides can be obtained which does not restrict the mask size. 

Preliminary experiments were carried out to test the plastic slide resistance to the heat 

produced by the UV/ozone lamp using the setup described in section 2.2.6.1. The 

temperature on the plastic mask surface under the UV/ozone lamp was measured over 

a period of time as shown in Figure 5.11. It was seen that the plastic slide was able to 

sustain the heat for 2000 seconds since the temperature did not exceed 65oC. This makes 

the PMMA masks suitable for the purpose of creating the superhydrophilic patterns 

needed for the open microfluidic system. Therefore, PMMA plastic masks were chosen 

to carry on all further experiments. 

Superhydrophobic surface Superhydrophilic surface 
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Figure 5.11. The temperature of the PMMA mask surface subjected to continuous 

irradiation from the UV/ozone lamp versus time.  

 

The complete process of fabrication of an open microfluidic pattern is illustrated in 

figure 5.12 where image (a) represents the bare ITO electrode before hydrophobisation 

process, (b) represents the plastic masks used for the fabrication of superhydrophilic 

patterns, and (c) shows the pattern produced after irradiation using a UV/ozone lamp. 
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Figure 5.12. Shows the hydrophobisation process: image (a) shows the ITO electrode 

before coating. Image (b) shows the plastic mask that is used for the fabrication of a 

superhydrophilic channel. Image (c) shows ITO electrode covered with 4% wt 

concentration of fumed silica suspension withdrawal speed 3.18 cm min-1 and 

sonication time of 10 minutes after the fabrication of a superhydrophilic channel using 

UV/ozone lamp. Scale bar for image 1 and 3 are 0.5 cm. The scale bar for image (a) and 

(c) are 0.5 cm, and for image (b) is 1 cm. 

 

 Investigation of the fluid flow over superhydrophilic patterns 

After preparing the superhydrophilic pattern on superhydrophobic surfaces, 

experiments were carried out to demonstrate the possibility of fluid flow over the 

patterns surrounded by the superhydrophobic fumed silica layer. The patterns should 

act as “wall-less channels” in which the flow should occur. The water was spotted onto 

these patterns using an Eppendorf micropipette. It was observed that the water rapidly 

spread over and took the shape of the pattern. This is illustrated in figure 5.13 which 

confirms the possibility of fluid flow through these “wall-less channels”.  

0.5 cm 0.5 cm (a) (b) (c) 1 cm 
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Figure 5.13. Series of images (a - f) showing the possibility of fluid flow through the 

superhydrophilic open microfluidic ‘channels’ fabricated onto an ITO electrode with 

superhydrophobic fumed silica coating. The scale bar for all images is 0.5 cm. 

(a) 
0.5 cm 0.5 cm (b) 

0.5 cm 0.5 cm (c) (d) 

(f) (e) 0.5 cm 0.5 cm 
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 Construction of a lab-on-a-chip device 

After the successful experiments to make fluid flow off-chip through the patterned 

channels, a method was designed to pump fluid through the channels using a syringe 

pump as described in section 2.3.1 and using two different chip design that differs in 

the introduction of the fluid to the chip as it will be detailed in the next sections.  

5.4.2.1  Pumping water through open microfluidic channels 

After preparing the superhydrophilic pattern on the superhydrophobic surface and 

proving the possibility of fluid flow on-chip using only a micropipette, methods to allow 

automation of this procedure were investigated to eliminate the errors and improve 

reproducibility. A microfluidic chip was designed where the tube which delivers the 

fluid was attached from the bottom to a drilled hole in a glass slide to ensure a fixed 

delivery of fluid and to allow replacement of the desired chip on the top of as detailed 

in section 2.3.1 and shown in figure 2.9. It was found that this design had several 

drawbacks including the lack of flow over the superhydrophilic pattern with overspill 

over the surrounding superhydrophobic surface. Drilling circle and attaching ports to 

the substrate were additional difficulties associated with this design.  

A modification to the original setup was carried out  (design 2) by altering the tube 

position that delivers the fluid and this was achieved by building a plastic stand that was 

attached from one end of the tube which was attached to the syringe pump located above 

the inlet of the ITO electrode. While the other end represented the exit of fluid out of 

the pattern as described in section 2.3.1 and illustrated in figure 2.10. To collect the 

waste, a plastic cap containing cotton was placed at the exit of the superhydrophilic 

pattern. The new design effectively delivered fluid and overcame the problems 

associated with the previous design by omitting the drill circle and attached tubes to the 
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inlet and outlet. Figure 5.14 illustrates the improved design of the open microfluidic 

chip setup. 

 

 

 

 

 

 

 

Figure 5.14. Shows the image of the design 2 of the set up where the fluid is delivered 

from a plastic tube attached to the syringe. While the exit is covered with cotton placed 

in a plastic cap as a waste container. 

 Absorption capacity of the cotton waste water collector 

To simplify the design and operation of the open microfluidic chip, it was decided to 

use cotton as a waste collector placed on the outlet of the superhydrophilic pattern 

instead of drilling circle and tubes to remove the waste. The absorption capacity of the 

cotton collector was measured when water was pumped at different flow rates. The data 

obtained using the setup described in section 2.3.1.1 are summarized in table 5.1. 

Needle 

Plastic 

cap 

Cotton 

 Chip 

Water droplet 
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Table 5.1. The measured and expected mass of water absorbed by the cotton collector 

attached to the outlet of the open microfluidic system after continuous pumping of water 

at different flow rates for 900 seconds. 

 

 

 

 

 

Table 5.1 shows the measured and expected mass of water absorbed by the cotton 

collector attached to the outlet of the open microfluidic system. The expected mass, m, 

was calculated using the following equation  

m = d × FR × t ………………………………………………………      Equation 5.1 

Where d is the density of water (g cm-3), FR is the flow rate (µl min-1), t is the time 

(minutes). It can be concluded from the above results that as a waste outlet the used 

cotton can absorb approximately 0.15 g of sample to be pumped by using 10 µl min-1, 

0.45 g when using 30 µl min-1, 0.90 g at flow rate of 60 µl min-1 and 1.35 g at                     

90 µl min-1. The 30 µl min-1 seems to be the optimum flow rate with respect to the 

sample volume and pumping time. 

 Investigation of steady state times for water flowing at different rates 

The accurate and stable fluid flow in the lab-on-a-chip system is a crucial factor 

allowing samples to be manipulated precisely and reproducibly. The steady state in our 

open microfluidic system can be defined as the state in which the fluid amount that is 

pumped is equal to that absorbed by the cotton waste water collector. Once the steady 

Flow rate 

µl min-1 

Cotton mass / g Absorbed water mass /g 

Initial after pumping measured Expected 

10 1.57 1.70 0.13 0.15 

30 1.46 1.83 0.37 0.45 

60 1.54 2.32 0.78 0.90 

90 1.45 2.80 1.35 1.35 
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state is reached the amount of fluid and its distribution over the superhydrophilic pattern 

should remain the same with time. This was studied by taking side images of the pattern 

and measuring the droplet height over time. Different flow rates including 10, 20, 30, 

40 and 50 µl min-1 were tested. Figure 5.15 shows a sequence of images taken by the 

DSA 10, Krüss instrument. The change of the droplet height with time until it reaches 

the steady state is seen. Figure 5.16 shows different steady state times for different flow 

rates.  For 10, 20, 30, 40 and 50 µl min-1 flow rate, the pattern was approximately similar 

where the fluid droplet grows with time until it plateau which means the 

accomplishment of the steady state with different time to reach it.   
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Figure 5.15.Consecutive images showing the growth of water droplet at different times 

(a) 0 seconds insert in (a) a top view of the ITO electrode width of (0.5 cm) with a 

superhydrophilic pattern, (b) 20 seconds, (c) 60 seconds, (d) 120 seconds,                           

(e) 240 seconds and (f) 300 seconds during pumping at a flow rate of 30 µl min-1. The 

scale bar is 1mm.  

(a) 

(f) (e) 

(d) (c) 

(b) 

ITO electrode 

Air 

Outlet Inlet 
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The droplet height started increasing as the pumping continued (Figure 5.15 a-c). After 

around 60 seconds, the droplet height reached a constant value as illustrated in Figure 

5.15 (d - f). The measurements with the same pattern were repeated at different flow 

rates and the results are shown in figure 5.16 where the height of the droplet is plotted 

against time. The time required to reach steady state (tss) at flow rate 10 µl min-1 was 

40 seconds where the droplet height started to plateau at a height of 800µm. At                 

20 µl min-1 time slightly reduced to 35 seconds with an increase of droplet height to 

1100 µm. The flow rate at 30 µl min-1 showed a similar pattern where the droplet height 

was stable at 25 seconds and the height was 1201µm. moving to flow rate of                       

40 µl min-1 and as expected the time reduced to 20 seconds and the height increased to 

1520µm. For 50 µl min-1 flow rate the time required to reach steady state was 15 seconds 

and the height was 2120 µm. With higher flow rate, the boundary between hydrophilic 

and hydrophobic surface, virtual wall, cannot withstand leading to water to leave the 

channel. Steady state time was determined by drawing a line that crosses initial linear 

region and another line crosses the plateau region. The intersection point represents the 

time required to reach the steady state (tss). 
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Figure 5.16. Droplet height versus time during pumping water in an open microfluidic 

channel at flow rates of (10, 20, 30, 40 and 50 µl min-1). 

0

200

400

600

800

1000

0 200 400 600

D
ro

p
 h

ei
g
h
t 

(µ
m

)

Time (seconds)

10 µl min-1

tss
0

200

400

600

800

1000

1200

0 200 400 600

D
ro

p
 h

ei
g
h
t 

(µ
m

)

Time ( seconds)

20 µl min-1

0

200

400

600

800

1000

1200

1400

0 200 400 600

D
ro

p
 h

ei
g
h
t 

(µ
m

)

Time (seconds)

30 µl min-1

0

500

1000

1500

2000

0 200 400 600

D
ro

p
 h

ei
g
h
t 

(µ
m

)

Time (seconds)

40 µl min-1

0

500

1000

1500

2000

2500

0 500 1000

D
ro

p
 h

ei
g
h
t 

(µ
m

)

Time (seconds)

50 µl min-1

tss 



   163 
  

 Investigation of fluorescence particle movement along a hydrophilic 

channel 

In order to investigate the movement of fluid along the superhydrophilic patterns 

surrounded by the superhydrophobic surfaces, a fluorescence particle suspension was 

pumped at different flow rates as explained in section 2.3.1.2. As can be seen from 

figure 5.17 that the particles move through the whole area of the circle suggesting the 

reagents will also fill the reaction circle in the immunoassay experiments. This is 

important for precision and reproducible data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   164 
  

Figure 5.17. Consecutive microscope images showing the movement of fluorescence 

particles starting from the inlet (a), moving through the ‘channel’ (b) to the reaction 

circle (c) towards the outlet with the cotton waste water collector (f). (b), (d) and (e) 

represents the path between the inlet, reaction circle, and outlet. This was done using a 

syringe pump at 30 µl min-1 flow rate. The scale bar is 1 mm. 

(a) 

(f) (e) 

(d) (c) 

(b) 

cotton waste water 

collector 
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 Effect of evaporation 

Evaporation can cause problems in open microfluidic systems as it reduces the total 

volume of fluid reaching the reaction zone through the open channels. As a result, a 

decrease in the sample reliability and reproducibility is obtained. Therefore, 

experiments were done using a superhydrophilic circle surrounded by 

superhydrophobic surface (ITO electrode) which was fabricated using the method 

outlined in section 5.2.2 and was put inside the box attached to DSA 10, Krüss system 

to test the effect of the box presence to reduce or prevent fluid evaporation. As 

demonstrated in figure 5.18 the effect of evaporation was reduced as the contact angle 

values of the superhydrophilic circle over a period of time reaching 60 minutes gives 

slightly decrease in the contact angle. This can improve the setup for the open 

microfluidic system. Other traditional methods used to solve the evaporation issue 

include the use of superabsorbent such as sodium alginate 243 or Peltier element244 but 

these solutions consider an additional step that raises the cost and time consumed; in 

addition, there may be an effect of interference. 

  

 

 

 

 

Figure 5.18. Shows the contact angle measured using DSA 10, Krüss instrument for 

superhydrophilic circle surrounded by a superhydrophobic surface after the coverage of 

the box attached to the DSA 10, Krüss instrument to reduce or prevent evaporation of 

the solvent and the there was a slight decrease in the contact angle after the immediate 

addition of solvent until one hour after the addition of the solvent. 
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5.5  Conclusions 

In this chapter, a new open microfluidic device had been developed for fluid transport. 

A robust method of making superhydrophilic patterns on a superhydrophobic substrate 

was successfully developed that opens up possibilities towards the construction of a lab-

on-a-chip device for cortisol and cortisone determination. This was achieved by 

hydrophobisation of an ITO electrode using DCDMS and coating the electrode with 

hydrophobic fumed silica particles using a simple and cost effective dip coating 

technique followed by UV/ozone exposure of the superhydrophobic coating through 

appropriate photo-masks. 

The ability of superhydrophilic patterns to a guide water flow thus acting as a ‘wall-less 

channel’ was investigated by visual and fluorescent microscopy observations. It was 

revealed that fluorescence particles moved across the ‘channel’ in a laminar type flow 

generated by an external syringe pump. These results suggest that the adopted approach 

is viable and could be used in open microfluidic devices.  

A new open microfluidic chip in which the aqueous solution was delivered from above 

at one end of a superhydrophilic pattern using a needle connected to a syringe pump 

while the fluid flowing out of the system was absorbed by a cotton waste collector 

mounted at the other end of the pattern was designed. It was found that the flow reached 

a steady-state regime for less than a minute and the flow could be continuously 

maintained at a constant flow rate in the range (10 – 90 µl/min) for more than 15 

minutes. Our results suggest that such design of an open microfluidic device could be 

used in a lab-on-chip platform for stress hormone determination or other analytical 

applications exploiting the continuous open microfluidic principles. 

 



   167 
  

   Open microfluidic applications in quantitative 

measurement system for stress hormones 

 

In this chapter proof-of-principle experiments were carried out in which the 

immunoassay that had been developed was performed on the new open microfluidic 

platform. The aim was to build a device that combines the immunoassay procedure with 

an open microfluidic platform to determine stress hormones using chemiluminescence 

procedure. 

6.1  Introduction 

Earlier this century, stress become a major threatening to health according to the world 

health organization (WHO) and because it follows a circadian rhythm which makes it 

difficult to follow its changes245. Therefore, attempts to construct different devices 

designs for LOC, POC, µTAS, etc. for stress hormone determination that are 

incorporated into the microfluidic system to be in consistency with the ASSURED 

term246-248. Recently, open microfluidic gives the advantage upon closed microfluidic 

to build such devices as the open systems allows simpler sample and reagent delivery 

using either a micropipette or more automated instrument such as syringe pump with 

additional control due to visual observation. The used open microfluidic in chapter 5 

provides a simple and inexpensive automated microfluidic system. The developed 

immunoassay introduced in this thesis (chapter 3 and 4) offers another addition to stress 

hormones detection making benefit from its selectivity and specify, which was achieved 

by the lock and a key mechanism.    
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6.2  Experimental 

 Ab –Fc immobilization procedures  

To immobilize the Ab-Fc onto the newly designed open microfluidic chip two 

procedures were followed;  

 The first procedure used the ITO electrode treated initially with DCDMS and dip 

coated with fumed silica suspension to enable the fabrication of the superhydrophilic 

patterns using UV/ozone lamp and plastic masks mentioned in section 2.2.3. Then 

the electrochemical procedure was used to immobilize the       Ab-Fc onto the ITO 

electrode following the procedure in section 3.2.1.1. The cyclic voltammetry 

measurements were taken according to section 3.2.1.4. 

 In the second procedure, the immobilization of the Ab-Fc onto the ITO electrode 

was carried out first as described in section 3.2.1.1. The immobilized antibody was 

then covered with a small circle of adhesive tape (0.5 cm) to protect it and then it 

was put into an airtight vessel in order to deposit DCDMS. The ITO electrode was 

then immersed into fumed silica suspension as prepared in section 2.2.3. 

 Determination of cortisol by chemiluminescence detection integrated 

on an open microfluidic system 

Preliminary experiments were carried out using the open microfluidic chip as shown in 

figure 2.12.  The Ab-Fc was immobilized and open microfluidic channel was fabricated 

using the procedure in section 6.2.1 (second procedure), then 20 mM luminol and           

10 mM hydrogen peroxide mixture was initially pipetted into the reaction circle, then 

the next step was to pump the mixture through the channel. The chemiluminescence 

signal was measured after 200 seconds at a flow rate of 30 µl min-1 (as cited in chapter 

5 for best flow rate that gives less time to reach steady state with a reduced volume of 

reagent for the new design).  
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6.3  Results and discussion 

 Immobilization of Ab-Fc onto the open microfluidic chip 

In the first procedure, the Ab-Fc was immobilised onto the ITO electrode after it had 

been treated to prepare the open channels. This initial procedure was not successful as 

the superhydrophobic surface was damaged after the addition of deposition solution 

consisting of 0.1 M tetrabutylammonium perchloride (TBAP) and 2mM 4-nitrobenzene 

diazonium tetrafluoroborate in acetonitrile which can be attributed to the fact that the 

superhydrophobic surface contains the organic group (methyl groups) which interrupted 

with the organic groups in the acetonitrile (CH3CN) “like dissolves like”, as can be seen 

in figure 6.1. 

 

 

 

Figure 6.1. A serial addition (a-e) of deposition solution (0.1 M tetrabutylammonium 

perchloride (TBAP) and 2mM 4-nitrobenzene diazonium tetrafluoroborate) dissolved 

in acetonitrile onto the superhydrophobic surface showing fumed silica surface damage. 

(a) 

 (e) 

 (d)  (c) 

 (b) 
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 Different factors were therefore investigated to reach the best results without damaging 

the fumed silica texture including:  

1. Solvent change. Although different non-polar solvents can be used to dissolve the 

deposition solution among these solvents methanol, ethanol, acetone, and DMF which 

were tried, although these solvents solubilized the deposition reagents, they still 

damaged the fumed silica texture. Polar solvents such as deionized water could not be 

used as it did not solubilize the deposition solution reagents. 

2. Reducing the acetonitrile content of the solvent solution (deposition solution). 

Another approach to solving the problem was to change the deposition solution ratio, 

instead of using pure acetonitrile to dissolve tetrabutylammonium perchloride and           

4-nitrobenzene diazonium tetrafluoroborate, a compensation of acetonitrile (ACN) and 

deionized water (DI) were used in different ratio. Varying the ratio of acetonitrile in 

deionized water were investigated as can be seen in figure 6.2, the use of 50:50 % gives 

better results by minimizing the surface damage.  

 

 

 

 

 

 

 

Figure 6.2. Shows the change in the acetonitrile ratio to dissolve the deposition 

chemical components (tetrabutylammonium perchloride (TBAP) and 4-nitrobenzene 

diazonium tetrafluoroborate) where (a) represent 0.5 ACN: 4.5 DI, (b)1.5 ACN: 3.5 DI, 

and (c) 2.5 ACN: 2.5 DI. 

(a) (c) (b) 
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The use of 0.5: 4.5 ratio of acetonitrile: deionized water yields a white emulsion (figure 

6.2 (a)), with increasing volume of acetonitrile to 1.5 ml two separated layers are 

produced; the organic acetonitrile sited above the inorganic layer which is deionized 

water (figure 6.2 (b)). The 2.5: 2.5 ratio of acetonitrile and deionized water (figure 6.2 

(c)) gives the best ratio to dissolve the deposition reagents at the same time it minimizes 

the superhydrophobic surface damage. Further, increase up from 2.5 ml will dissolve 

the deposition chemical components alongside the superhydrophobic surface damage. 

 Cyclic voltammetry measurement 

     Electrochemical measurements were then carried out using the new deposition solution 

consisting of 0.1 M tetrabutylammonium perchloride and 2mM 4-nitrobenzene 

diazonium tetrafluoroborate dissolved in 50:50 acetonitrile to deionized water, 

following the procedure in section 3.2.1.1. Figure 6.3 shows the cyclic voltammogram 

obtained, where the reduction peak appears at - 0.17 V compared with the ITO electrode 

prepared in section 3.2.1.1 with a reduction peak at + 0.19 V (figure 3.5).  Consequently, 

the shift in the deposition cycle voltammogram leads to the disappearance of the 

reduction peak seen at - 0.87 V for the original procedure (figure 3.8) using 

voltammetric reduction in aqueous ethanol containing potassium chloride and this is 

seen from the figure 6.4. The peak shift can be attributed to the partially blocked 

electrodes (PBEs), which can explain; due to the partial coverage of the electrode 

surface by fumed silica particles. A partial blocking of the electron transfer between the 

solution-phase redox species and the electrode occurs, and this causes a decrease in 
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current peak and a modification of the voltammetry wave shape249. As illustrated in 

figures 6.3 and 6.4. 

 

 

 

 

 

 

Figure 6.3. Voltammogram of the deposition of nitrobenzene on the ITO electrode 

using a solution of 0.1 M tetrabutylammonium perchlorate and 2 mM 4-nitrobenzene 

diazonium tetrafluoroborate in 50:50% acetonitrile and deionized water. The cyclic 

voltammetry was run starting at + 0.7 V scanning down to - 0.6 V and with a return 

sweep to + 0.7 V performed over four scans with a scan rate of 0.1 V s-1 at room 

temperature. The reduction peak of - 0.17 V refers to partially blocked electrodes 

because the electrode is covered with fumed silica layer249.  
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Figure 6.4. Cyclic voltammetry of deposition solution dissolved by 50:50 ratio of 

acetonitrile and deionized water on the ITO electrode using 0.1 M KCl in aqueous 

ethanol  solutio (90:10, v: v) as a reduction solution. Scan rate 0.1 V s-1. 

 

 Chemiluminescence detection of Stress hormones 

A substitute procedure for the integration of the immunoassay procedure on the 

superhydrophobic ITO electrode surface was done taking advantage of the rigid 

structure formed from the amide linkage between the amine (exist on the ITO electrode 

surface from the modification process mentioned in chapter 3) and the carboxyl group 

(exist on the antibody). This was explained in details in chapter three. As described in 

section 6.2.1 second procedure the immobilized Ab-Fc was covered with an adhesive 

tape and then a superhydrophilic channels were fabricated. Afterwards, a mixture of     

20 mM luminol and 10 mM hydrogen peroxide was introduced to the reaction circle by 

the use of:  

1. Eppendorf micropipette: chemiluminescence reagents were pipetted into the reaction 

circle and images were taken using CCD camera, figure 6.5 shows the obtained results. 
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Figure 6.5. Shows the chemiluminescence signal of anti-cortisol antibody immobilized 

onto an ITO electrode, where the immobilization of the Ab-Fc onto the reaction circle 

was done and afterwards the circle was covered. The fabrication of the open 

microfluidic was done by depositing DCDMS on it and then the electrode was immersed 

in fumed silica suspension to fabricate superhydrophobic surface. Then 

superhydrophilic channel was made using UV/ozone lamp. The chip was placed in the 

chemiluminescence box under the CCD camera, and the mixture of luminol and 

hydrogen peroxide was pipetted using Eppendorf micropipette. The scale bar is 0.5 cm. 

 

The initial chemiluminescence signal (figure 6.5) after the use of new procedure gave a 

well-thought-of the chemiluminescence signal by observing a light of 42.15 RLU value 

(on chip). Although the chemiluminescence signal observed from the original procedure 

gave a higher RLU value of 227.3 compared to the developed method, the latter 

procedure was promising for building an LOC system with further optimization. The 
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reduced signal could be explained by the fact of using an adhesive tape which may peel 

off the immobilized antibody.    

2. Syringe pump: The second technique involved pumping the mixture of luminol and 

hydrogen peroxide to automate the procedure which is the aim of this thesis. Initially, 

the mixture was placed into a syringe attached to a syringe pump and this was pumped 

for 200 seconds at flow rate 30 µl min-1 using the setup in figure 2.12. Figure 6.6 shows 

the chemiluminescence RLU after pumping the chemiluminescence reagents.   

  

 

 

 

 

 

 

 

 

Figure 6.6. Shows the chemiluminescence signal of anti-cortisol antibody immobilized 

onto an ITO electrode, where a mixture of luminol and hydrogen peroxide is pumped 

for 200 seconds at flow rate of 30 µl min-1 using a hydrodynamic syringe pump to fill 

the reaction circle that had been done by immobilizing the Ab-Fc and then it was 

covered by an adhesive tape to be immersed into fumed silica, this was done after 

depositing DCDMS and fumed silica suspension to yield a superhydrophobic surface.  

The chemiluminescence signal was captured using CCD camera. The scale bar is 0.5 

cm. 
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As can be seen from figure 6.6 the signal chemiluminescence was approximately as 

same as for pipetting (figure 6.5) with an RLU value of 48.85 compared with              

42.15 RLU value for a static procedure which gave an advantage for the microfluidics 

pumping procedure as it provides the automation over the pipetting. 

To determine the reproducibility of chemiluminescence signal using both pipetting and 

pumping procedures, the previous step was further studied with four electrodes, and the 

results are cited in table 6.1.      

Table 6.1. Shows the reproducibility of the chemiluminescence signal using pipetting 

and pumping procedures of luminol and hydrogen peroxide mixture. 

 

 

 

 

 

 

 

 

The data obtained from table 6.1 indicates that the use of pipetting or pumping shows 

good reproducibility using four different electrodes, the RSD % for the pipetting was 

12.94 % while the RSD % for pumping procedure was 15.09 %. There was no 

significant difference in the intensity of light. Having succeeded in automation the 

newly method combing the immunoassay method with the open microfluidic system. 

Between electrode Pipetting  

RLU signal 

 

Pumping  

RLU signal 

 

Electrode 1 37.15 35.22 

Electrode 2 32.86 37.01 

Electrode 3 42.15 48.85 

Electrode 4  44.06 43.01 

Average ± STD   39.05 ± 5.05 41.02 ± 6.19 

RSD % 12.94 15.09 
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This needs more optimizations of the parameters to reach the optimum 

chemiluminescence signal, to improve the precision and enable the detection of the real 

sample using chemiluminescence reaction but time ran out before this could be 

completed.  

6.4  Conclusion 

Due to the selectivity and sensitivity of the immunoassay procedure developed in 

chapters 3 and 4 and the simplicity of the open microfluidic described in chapter 5, it 

was decided to try and combine the two procedures. The aim was to use the ITO 

electrode both as an electrode and also as the substrate for the open microfluidic 

channels.  Two approaches were taken to enable the integration of the different steps.  

Initially, the electrochemical immobilization of the Ab-Fc was carried out on the ITO 

electrode after the deposition of the DCDMS for open microfluidic patterning.  

In order that an antibody can be immobilized on the ITO electrode, the ITO electrode 

must be modified electrochemically by the existence of an amine group onto the surface 

of the electrode using deposition solution. However, the immobilization procedure 

required the addition of a deposition solution dissolved in acetonitrile which caused 

damage to the prepared surface.  

Different factors were investigated to reduce or prevent the damage to the surface 

treatment, this included changing the deposition solvent, and the ratio of the deposition 

solution (0.1 M tetrabutylammonium perchloride and 2mM 4-nitrobenzene diazonium 

tetrafluoroborate dissolved in acetonitrile) to deionized water. However, most of these 

factors did not succeed in Ab-Fc immobilization. 

An alternative procedure was then tried in which the Ab-Fc was immobilized on the 

untreated ITO electrode and then this was covered by a self-adhesive tape. The next 
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step was the deposition of fumed silica layer and fabrication of superhydrophilic 

patterns. Experiments were performed using chemiluminescence reaction. Promising 

results were obtained from pipetting the chemiluminescence reagent that gives an RLU 

average value of 39.05 ± 5.05 and RSD of 12.94 %, while pumping the 

chemiluminescence gives an RLU average value of 41.02 ± 6.19 and RSD of 15.09 % 

which shows a close results from both methods, this would upgrade the new 

immunoassay integrated with open microfluidic system developed in this thesis to 

automation leading to improvement of stress hormone detection and high throughput 

results. Lack of time did not permit further investigation and optimization for the new 

method.    
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 Conclusion  

Lab-on-a-chip devices have had significantly increased attention due to their ability to 

provide accurate, and rapid information, which allows clinicians and scientist to achieve 

better outcomes. This thesis focused on the development of an analysis device that 

integrates a chemiluminescence heterogeneous immunoassay onto an open microfluidic 

platform as a route to detect stress hormone biomarkers including cortisol and cortisone 

in biological samples covering Zebrafish whole-body and artificial saliva samples. To 

achieve this target, the research work was subdivided into the following sections: 

 Development of a robust immunoassay for the quantitative determination of 

stress hormones using electrochemical antibody immobilisation. 

 Application of the immunoassay developed to the analysis of stress hormones 

in Zebrafish and artificial saliva using both square wave voltammetry and 

chemiluminescence as detectors. 

 Development of an open microfluidic system based on the wetting properties of 

the substrate. 

 The combination of the immunoassay methodology with the open microfluidic 

chip to detect the stress hormones. The results of these chapters are summarized 

in the next sections. 

7.1  Stress hormones antibodies electrochemical immobilization 

The selectivity and sensitivity offered by the immunoassay technique due to the 

antibody/antigen interaction were the reason for choosing this approach. The inherited 

problems associated with antibody immobilization represented by reproducibility and 

orientation were overcome by the application of an electrochemical immobilization 

protocol. 



   180 
  

An ITO electrode was chosen as a solid support surface due to its transparency and the 

intention to use chemiluminescence detection.  The immobilization of the cortisol and 

cortisone antibodies was achieved by modification of the electrode surface utilising 

cyclic voltammetry.  This was achieved by deposition of a nitrobenzene moieties on the 

substrate which was subsequently converted to phenylamine by electrochemical 

reduction to introduce the NH2 group needed to form the amide linkage with the 

antibody. The latter was modified to contain ferrocene tags and the activation buffer 

(EDC and sulfo-NHS) was used to immobilize the Ab-Fc onto the ITO modified 

electrode. 

Characterization of the immobilisation procedure was carried using CV with different 

scan rates.  Cyclic voltammograms with and without the antibody demonstrated the 

effective immobilization of the antibodies. A constant current was seen without the 

addition of the antibody while a peak at + 0.19 V appeared after the immobilization of 

the antibody.  

The stability of the Ab-Fc tagged ITO modified electrode was tested and it was shown 

that the electrode could be used after the oxidation of the Fc tag for up to one week. A 

PBS solution was used to preserve the electrodes. 

7.2  Detection of stress hormones in real sample and off-chip 

To determine the stress hormones in real samples, initially, square wave voltammetry 

was chosen and was followed by chemiluminescence techniques due to the latter 

simplicity and sensitivity. 

 Square wave voltammetry (SWV) detection 

After the successful development of Ab-Fc immobilization onto a solid surface, the 

application of this protocol to real sample required an optimum incubation time. 
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Therefore, various incubation time (15, 30, 45 and 60 minutes) were tested and 30 

minutes was the optimum time. An electrochemical technique (square wave 

voltammetry) was first used to analysis the target hormones due to the rapid analysis, 

simple instrument and high sensitivity. The resulting calibration curve between current 

and log concentration of cortisol and cortisone respectively were in the required range 

of stress hormones in Zebrafish and saliva samples which were (0 - 50 ng ml-1). The 

LOD obtained for cortisol was 1.03 pg ml-1, while for cortisone the LOD was                 

0.68 pg ml-1.  

 An investigation was done to compare the use of the traditional method for Zebrafish 

whole-body sample detection using a time consuming procedure and an alternative 

method which uses the sample without an extraction procedure and because of the used 

protocol which is selective, the sample was determined using the sample only without 

the extraction which reduces time and cost. 

However, the target of the work was to combine the sensitivity and selectivity of 

immunoassay within the microfluidic system. This was difficult to achieve using 

electrochemical instrument because of the need of reference electrode and the counter 

electrode and a potentiostat. Nevertheless, this protocol can be used to determine stress 

hormones in static experiments. 

 Chemiluminescence(CL) detection  

The presence of Fc on the antibody allows for chemiluminescence detection as in the 

oxidised format it can catalyse the chemiluminescence reagents (luminol and hydrogen 

peroxide) to give the chemiluminescence signal. A simple detection system was then 

required with a dark environment and camera and gives the possibility for the 

construction of a portable or automated device that could be used in different fields.  
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The optimum condition for the chemiluminescence reaction was found to be a luminol 

concentration of 20 mM, hydrogen peroxide concentration of 10 mM, and exposure 

time for detection of 200 seconds and incubation time of 30 minutes. Interference 

studies were conducted and showed the minor effect on the analyte. 

 A comparison between the developed procedure with standard ELISA procedure gave 

approximately the same R2 where developed procedure gave R2 = 0.9912 for cortisol 

while ELISA procedure gave R2 = 0.9956.  

Initially, off-chip stress hormones detection were done giving a better LOD (cortisol 

was 0.47 pg ml-1 and cortisone was 0.34 pg ml-1) compared to the electrochemical 

method. For biological samples, Zebrafish whole-body sample was of recovery (91.0 % 

and 90.0 %) and artificial saliva was (92.59 % and 90.73 %) for cortisol and cortisone 

respectively. 

7.3  Wetting properties investigations towards open microfluidic 

platform  

In order to build a microfluidic platform, a continuous open microfluidic system was 

developed making use of the wetting properties. Initially, the contact angle for the bare 

deposited and coated ITO electrode was measured giving increased contact angles to 

reach the superhydrophobicity that mimics the lotus superhydrophobicity where 

originally scientist have the idea of fabrication superhydrophobic surfaces.  

The ITO electrode surface was first treated with DCDMS to form a hydrophobic layer 

deposited onto the surface, then the surface was coated with 4% fumed silica suspension 

using an optimised dip coating method to obtain a homogenous superhydrophobic 

surface. Also, the optimization included sonication time which was 10 minutes and 

withdrawal speed that showed optimum coating at 3.18 cm min-1. The next step was to 
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fabricate superhydrophilic patterns onto the superhydrophobic surface and this was 

achieved using different masks made from the cover slide, glass slide, and plastic slides.  

Plastic slides were found to be the cheapest and easiest to use. A UV/ozone lamp was 

used to irradiate the desired pattern to fabricate the open microfluidic channel.  

To investigate the movement of fluid inside the pattern, a solution with fluorescent 

particles was pumped over the device showing that the fluid flowed in the patterned 

area towards the outlet port, this would allow reagents and samples to be manipulated. 

The outlet port has a different design from the traditional outlet port where a hole is 

drilled and tubes are attached to remove fluid. The design was to put a cotton on the end 

of the outlet port and the latter worked as a waste container reducing any additional 

steps of drilling and gluing tubes. Therefore experiments were done to investigate the 

steady state showing an inversely proportional relationship between flow rate and time 

whenever the flow rate increases the steady state reached faster and visa verse. 

7.4  Combination of immunoassay methodology with open 

microfluidic system 

The combination of biosensing protocols with microfluidics could provide great 

opportunities for wider applications of the methods. Experiments were therefore carried 

out to incorporate the chemiluminescence immunoassay with the open microfluidics. 

The pre-prepared slide with the immobilised antibody could be inserted into the device 

for insitu analysis for use by clinicians and scientists.   

Combining the two systems has proved challenging.  Chemical compatibility was a 

major issue and a crucial point in the immunoassay immobilisation procedure requires 

the addition of tetrabutylammonium perchloride and 4-nitrobenzene diazonium 
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tetrafluoroborate dissolved in acetonitrile. The acetonitrile which is an organic solution 

interfere with the fumed silica resulting in the damage of the superhydrophobic layer.   

Experiments were carried out to ensure the Ab-Fc immobilization onto the 

superhydrophobic surface including changing the ratio of the deposition solution but 

weak results were obtained. A promising approach to overcome the problems involved 

covering the electrode surface with an adhesive tape before the deposition of DCDMS 

and fumed silica suspension. The adhesive tape was removed and the electrode was 

slotted inside a fixed holder and the mixture of luminol and hydrogen peroxide was 

pumped over. The results obtained was promising but due to time restraints, further 

experiments were not possible. 

To our knowledge, there are no previous reports on an open microfluidic immunosensor 

for stress hormones (cortisol and cortisone) quantification in Zebrafish whole-body and 

saliva samples that integrates the immunoassay on an ITO electrode surface and 

chemiluminescence as the detection technique. The immunoassay is based on a 

competitive assay, and the data obtained is proportional to the stress hormones 

concentrations. The newly designed open microfluidic chip is based on the chemical 

reaction with DCDMS and deposition of fumed silica suspension to increase the 

hydrophobicity, the used mask was from PMMA while other researchers use glass or 

metal masks which add advantages to the proposed procedure. The combination 

between the immunoassay and open microfluidic chip renders this immunosensor an 

actual device for cortisol and cortisone concentrations measurements in both Zebrafish 

whole-body and saliva samples. 
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7.5  Future work 

Future work will consist of improving the biosensor incorporated with an open 

microfluidic device that enables optimum chemiluminescence signal. This can be done 

by punching a plastic plaster that contains the pad (0.5 cm) and then to punch the sticky 

antibody plaster (0.6 cm). Towards the end of designing this cover, the two parts 

adhered together (as seen in figure 7.1) to prevent the removal of the antibodies that 

may cause by the addition of adhesive tape as this new design was tested with old 

antibody and improve the chemiluminescence intensity but due to the lack of materials 

and time, further experiments were not possible.  

 

 

 

 

Figure 7.1. An actual image for the improved cover that omitted the use of adhesive tap  

Optimization of fluid flow for the luminol and hydrogen peroxide mixture, optimization 

of luminol and hydrogen peroxide concentration, exposure time and incubation time 

using the syringe pump with immobilized Ab-Fc on the ITO electrode with the new 

cover. 

Also investigations on designing masks that contain more complex designs by making 

two parallel circles with superhydrophilic channels connecting them rather than the 

perpendicular circle which could lead to circle contamination with chemiluminescence 

mixture, this facile the measurement of cortisol and cortisone possible on the same 

platform, see figure 7.2.  
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Figure 7.2. Preliminary design that enables multi-determination of stress hormones on 

the same chip. 

Another approach to improve the immunoassay integrated open microfluidic system is 

the waste collector as cotton was used in the preliminary design. A fixed holder 

containing the disposable cotton collector attached to the end of the system is an attempt 

for a rigid collection of the solution to be commercially in use. 
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