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Abstract 
	

This thesis mainly focuses on development of suitable films and immobilisation 

methods for bio conjugation of the biomolecules to solid supports with future 

application as biosensors for early breast cancer (BC) detection. Point-of-care (POC) 

device in biosensor format are recognised as a valuable tool in diagnostics field. 

However there are number of limitations such as non-specific binding, sensitivity, cost, 

and fabrication challenges. Hence, new formats of POC platforms are required to 

improve overall performance of the devices. The fabrication and evaluation of surfaces 

including carboxylic acid and amino deposition by both wet chemistry and Plasma 

Enhanced Chemical Vapour Depositions (PECVD) are discussed in detail in this thesis. 

The recipes and production methods as well as morphological, structural and functional 

characterisation of deposited films are investigated using a panel of different 

techniques.  

 This thesis presents that through appropriate surface treatment, poly(methyl 

methacrylate) (PMMA) can be oxidised using simple methods to form a carboxylic acid 

surface to enable the covalent attachment of biomolecules for bioassay development. 

Although spin coating PMMA is a relatively well-known process, to date there has been 

no direct comparison of the different oxidation methods to activate the surface, nor has 

oxidised spin coated PMMA been used as a platform for DNA hybridisation or 

immunoassays. Here, a comparison of the stability, functionality and fabrication process 

of spin coating and surface activating a thin film of PMMA on a variety of underlying 

substrates is described.  

This research reports on the conditions under which amino-modified ssDNA 

immobilisation onto carboxylic acid surfaces using 1-ethyl-3-(3 dimethylamino-

propyl) carbodiimide hydrochloride (EDC) linkers leads to binding at multiple 

anchoring sites, i.e. back bone (BB) binding; the effects of such binding on overall 

hybridisation efficiency are described. An alternative conjugation method, click 

chemistry (CC), is shown to improve the quantity and quality of target binding by 

enabling direct covalent attachment of probe oligonucleotides to the surface without BB 

binding. EDC and CC approaches are compared in terms of hybridisation efficiency in a 

direct and sandwich DNA hybridisation experiments.  

This thesis includes the investigation of the orientation of miR16 DNA probe 

upon hybridisation with miR16 DNA target and miR195 DNA target on various 

substrates
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Chapter 1 

1 Thesis introduction 
 

1.1 Motivation 
 

Breast cancer (BC) occurs in both men and women, however it is more common in 

females and accounts as second the most common tumour in woman worldwide [1,2]. 

The main reason of such a high degree of mortality is limitations in early diagnosis of 

the disease. Currently diagnosis of BC involves: integration of clinical and physical 

examination, which may not be sensitive enough to detect early stages of the disease.  

There is a great need for a non-invasive and cost effective test in aid to decrease 

mortality. A specific biomarker of panel of biomarkers obtainable from body fluids, 

such as blood, would be highly desirable and better than current methods such as 

mammography. MiRNA expression is frequently deregulated in cancer; hence they have 

a great potential as novel biomarkers and therapeutic targets in cancer. Researchers have 

been working on exploiting the unique characteristics of these molecules in order to 

achieve the goal of individualised cancer treatment [1,2]. MiRNAs are a class of very 

short, non coding RNAs that control gene expression by targeting messenger RNA 

[1,2]. MiRNA-195 was observed to be significantly overexpressed in blood from BC 

patients, as reported by research in H. Heneghan et al [1,2].  

In this work DNA analogues of this particular miRNA were used, due to its robustness 

while compared to miRNA. During this study the aim was to develop and optimise a 

novel surface for DNA bio-conjugation, which can be applied in biosensor development 

for breast cancer diagnosis. Followed the development of a novel surface design, an 

investigation of improving DNA immobilisation will be carried out. Furthermore, a full 

DNA assay with combination of the surface and immobilisation technique will be 

investigated and tested to detect low levels (less than µM) of BC specific biomarker 

(DNA - MiRNA 195). Additionally a label free method for detection of DNA target will 

be suggested and tested.  

 

Future work would involve substituting DNA analogues for miRNA and applying the 

DNA assay into a biosensor and use of clinical samples.  
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1.2 Breast cancer and current diagnosis techniques 
 

Early diagnosis of cancer remains a compelling challenge for clinicians; it is the 

ultimate goal in order to minimize treatment-associated morbidity and mortality and 

achieve maximal long-term survival [4]. 

BC forms in tissues of the breast, see figure 1.1. Ductal carcinoma is the most common 

type of BC, which begins in the lining of the milk ducts, which are thin tubes that carry 

milk from the lobules of the breast to the nipple. Lobular carcinoma is another type of 

BC, which begins in the lobules (milk glands) of the breast. Invasive BC refers to a 

cancer that has spread from where it began in the breast ducts or lobules to surrounding 

normal tissue [5].  

 

	
Figure 1.1 Female breast cross-section. The ducts and lobules are primary location of BC 

Image taken from http://latebloomer1945.blog.com/files/2013/01/ei_0385.gif 

 

BC occurs in both men and women, although male BC is rare [2]. It is the most 

common tumour diagnosed in women and it is the second leading cause of cancer death. 

It is estimated that worldwide over 500 000 women died in 2011 due to BC, which is 

equivalent to population of whole Co. Cork [1]. In Ireland, BC accounts for 16 % of 

female cancer deaths during the period 2007‐2009 as reported in the most recent report 

released by the National Cancer Registry of Ireland [5].   
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There are number of risk factors for BC which have been well described and 

documented, see figure 1.2. However, for the majority of women presenting with BC it 

is not possible to identify specific risk factors [6,7]. A familial history of BC increases 

the risk by a factor of two or three. A very high risk for BC is caused by some 

mutations, particularly in BRCA1, BRCA2 and p53. However, these mutations are rare 

and account for a small portion of the total BC causes [1].  

Reproductive factors associated with prolonged exposure to endogenous estrogens, such 

as, late menopause and late age for first childbirth is among the most important risk 

factors for BC. Exogenous hormones also exert a higher risk. Oral contraceptive and 

hormone replacement therapy users are at higher risk than non-users [1,6,7]. Danaei et 

al. calculated the contribution of various modifiable risk factors, excluding reproductive 

factors, to the overall BC burden. They conclude that 21 % of all BC deaths worldwide 

are attributable to alcohol use, overweight and obesity, and physical inactivity [8].  

 

 

 
Figure 1.2 Summary of BC risk factors 
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Cancers are a result of the disruption of normal cell signalling pathways, which can 

produce cells, commonly referred as cancer cells, which exhibit a decisive growth 

advantage compared to their neighbours. These growth advantages are typically 

produced from a number of different genetic changes, which result in the activation of 

oncogenes and the inactivation of tumour suppressor genes. Unfortunately in terms of 

diagnosis, no single oncogene or tumour suppressor gene has been discovered to be 

universally present in all adult cancers. Still, the most common methods for cancer 

diagnosis and prognosis rely heavily on technologies that are over 100 years old 

including paraffin fixation of tissues and visual inspection of cell morphology by a 

pathologist [9].  

Currently, research on POC devices is of major importance as it has the potential to 

make a significant impact on early cancer diagnosis. In vitro diagnostic (IVD) tests 

performed by a non-experienced individual without laboratory facilities to provide 

results, could revolutionize the medical devices market [10–15].  

There are a significant number of research groups trying to identify sensitive and 

specific biomarkers that can be exploited to detect BC before any visible symptoms 

occur [16–20]. Existing diagnostic tools and biomarkers for BC have many inherent 

deficiencies. Mammography, specialised medical imaging that uses a low – dose x-ray 

system to see inside the breasts, is currently the gold standard diagnostic tool for BC 

screening; however, it is not without limitations, including its use of ionizing radiation 

and a false positive rate of 8 % to 10 % [21,22], figure 1.3. 

 
Figure 1.3 Mammogram  - gold standard diagnostic tool for BC screening 
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Image taken from: http://fitsweb.uchc.edu/student/selectives/Luzietti/Breast_mammography.htm 
 

 

Tomosynthesis is a revolutionary technology that provides the ability to identify and 

characterise individual breast structures without the confusion of overlapping 

tissue.  During a tomosynthesis scan, multiple, low-dose images of the breast are 

acquired at different angles [23], see figure 1.4. Unfortunately this technique is not as 

accessible as mammography.  

 

 

 
 
Figure 1.4 (from left) Tomosynthesis set up [23]. Lesion not detected by mammogram (left image), 
however visible with tomosythesis (right image) [23]. 

	
The images are used to produce a series of one-millimetre thick slices that can be 

viewed as a three dimensional reconstruction of the breast. Instead of viewing all tissue 

complexities superimposed as they are on a traditional 2D mammogram, figure 1.4, the 

scan scrolls through the layers of the breast in one-millimetre thick slices. Reviewing 

breast tissue slice-by-slice removes the confusion of superimposed tissue, allowing the 

radiologist to view a mammogram in a way never before possible.  The technology 

results in fewer “call backs” generated by screening mammography exams. 
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1.3 Current state of the art in detection of circulating tumour DNA 
 

The early diagnosis of BC is still a challenge involving integration of clinical and 

physical examinations, ultrasound and mammography imaging and histopathology. A 

specific panel of biomarkers obtained from blood would be a beneficial and minimally 

invasive supplement to other clinical and pathological approaches [24,25]. A non-

invasive and more accessible test could be more time and cost efficient than currently 

available methods. The most ideal sample to be collected would be serum or plasma as 

an accessible bodily fluid and it provides a dynamic representation of the most 

extensive biological source for cancer biomarkers, see figure 1.5.  

 

 

 

 

 

 

 

 

 

 
Figure 1.5 	Schematic of biggest challenges in breast cancer diagnosis. 

 

There are a number of research groups exploring an area of BC specific biomarkers for 

the development of diagnosis tests [17,26–30]. New biomarker discoveries as well as 

improvements in existing technologies are crucial to provide assays, which are more: 

• robust,  

• reproducible,  

• quantitative,  

• sensitive,  

• and specific.  
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Hannes M. Muller et al use MethyLight assay [31], which is a high throughput assay 

analysing multiple genes. In the gene evaluation set they have identified five genes 

(ESR1, APC, HSD17B4, HIC1, and RASSF1A). They aim to develop a prognostic test, 

rather than diagnostic, sensitive enough to test for haematogenous metastases, which 

can be described as the life threatening event in breast cancer affecting mainly bone, 

liver, lung and brain. This research shows a great demonstration of an useful and simple 

approach for the risk assessment of breast cancer patients [31]. The more recent 

research published by Fackler MJ et al shows a newly developed cMethDNA, a 

quantitative multiplexed methylation-specific PCR assay for a panel of ten genes, 

consisting of novel and known breast cancer markers [32]. The above researchers claim 

that their assays have applications as a non-invasive indicator for detecting tutor-

specific cell free circulating DNA. In the future it could be used to monitor response to 

therapy and could also serve as an early indicator of tumour recurrence [32]. However 

both assays are useful for BC patients, they are not suitable to early diagnose the BC, 

but rather to prognosis or monitor of the disease.  

 

The main cause of death among BC patients is cancer being disseminated through the 

blood stream into distant organs [33–35]. This has led to a significant interest in 

identifying markers for early detection of circulating tumour cells. MicroRNAs 

(miRNAs) have high potential as novel tumour markers due to their tissue specificity, 

stability and association with clinic-pathological parameters. Biomarkers may facilitate 

accurate tumour stratification (location), predict response to treatments, predict the risk 

for disease recurrence or progression, or even represent novel therapeutic targets [34]. 

MicroRNAs (miRNAs) are described as highly maintained, small endogenous single-

strand non-coding RNAs. MicroRNAs are sequentially processed from longer precursor 

molecules that are encoded by the miRNA genes. MiRNA genes are referred to by the 

same name (termed mir) written in italics to distinguish them from the corresponding 

mature mRNA (termed miR) followed by a number, e.g., mir-1 or miR-1. They are 

expressed in the circulation and tissue of patients with cancer. Therefore, it has been 

suggested that they may act as key regulators of carcinogenesis [27]. The potential of 

microRNAs (miRNAs) as novel tumour markers has been the focus of recent scrutiny 

because of their tissue specificity, stability, and association with clinic-pathological 

parameters. Data has emerged documenting altered systemic miRNA expression across 

a spectrum of cancers [36,37].  
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A recent study by Luo et al. [27] suggests that miR-195-5p may act as a tumour 

suppressor in BC. Consequently, targeting of this miRNA may provide a novel strategy 

for the diagnosis and treatment of patients with this lethal disease. Data published by Li 

et al. [28] implies that both miR-195 and miR-497 play important inhibitory roles in BC 

malignancy and may be the potential therapeutic and diagnostic targets.  

Research by Heneghan et al demonstrates that elevated levels of circulating miR-195 

are specific for BC, as can be seen in figure 1.6. They also describe remarkably high 

sensitivity of miR-195 in combination with the general oncomirs such as let-7a and 

miR-155 for discriminating BC cases from controls. In their opinion, miR-195 

biomarker has a potential utility as a unique, non-invasive breast tumour marker [30].  

 

 

 

 

Figure 1.6 Circulating micro-RNA (miRNA) expression in early-stage cancers. Comparing early-stage 
cancers (TNM stages, in situ, I, and II; n = 110) with controls (n = 63), miR-195expression was observed 
to be significantly elevated only in breast cancer patients (p < .001) [4]. 

 

 

 

 

 



	

	 9	

All the findings of several different research groups listed previously provide strong 

evidence to suggest the suitability of circulating miR-195 as a BC–specific tumour 

marker. To conclude, miR-195 expression is higher in breast tumours than in normal 

breast tissue, a finding mirrored in blood circulation, wherein miR-195 levels are 

considerably higher (19-fold) in BC patients than in healthy controls [30]. 

Based on the information mentioned previously, micro RNA 195 (DNA analogue) was 

used in this study as a BC specific biomarker. Since micro RNA molecules are very 

sensitive to RNase, which is a type of enzyme that catalyses the degradation of RNA 

into smaller components, DNA analogues were used instead due to their robustness. A 

development of a DNA assay for BC diagnosis is a novel approach investigated in this 

work. The research done here was mainly focused on the development of an appropriate 

solid platform for biomolecules attachment, which then can be applied in an assay for 

DNA detection. The format of the assay could be adapted and optimised to other 

biomarkers if required. The most important factors in surface development were:  

• its robustness,  

• low yield of non-specific binding and  

• high level of control.  

The surface should not interfere with targets or biomolecules other than capture probes. 

This could potentially decrease the overall hybridisation efficiency and would have a 

negative effect on overall hybridisation performance and accuracy. If the above 

milestones are achieved, this test could serve as an early breast cancer (or other cancer, 

if different cancer specific biomarkers used) tool. It could be adapted to a portable 

device (point-of-care).  

Next paragraphs give an overview of biosensors, which are the potential outcome and 

application of this study.  
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1.4 Biosensors 
 

The term “biosensor” stands for “biological sensor” [38] and is described as analytical 

devices incorporating a biological sensing element and a transducer, figure 1.7. They 

harness an outstanding sensitivity and specificity of biology in conjunction with 

physicochemical transducers to deliver complex bio analytical measurements with 

simple, easy-to-use formats [39,40]. The usual aim of a biosensor is to produce either 

discrete or continuous digital electronic signals, which are proportional to a single 

analyte or a related group of analytes. Every biosensor has a biological component, 

which plays role of a sensor and an electronic component, which detects and transmits 

the signal. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.7  Schematic of a biosensor.  

	

Type of biosensors depends on the type of biological element and transducer they 

contain. Table 1.1 shows the list of the biological elements in biosensors and different 

types of transducers are discussed in table 1.2. 
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Table 1.1 List of the biological elements in biosensors [38,40,41]. 

Biological element  Application 

Enzymes 

 

 

 

Enzymes are proteins with a high selectivity for a particular 

substrate, which it binds to,  bringing about a catalytic change. 

Enzymes are useful in the large scale production of sensors as 

they are avaulable commercially in highly purified states. 

They can be attached onto the of a transducer through: 

• adsorption,  

• covalent attachment,  

• entrapment in a gel or an electrochemically generated 

polymer. 

Antibodies 

 

 

 

B-lymphocytes in response to antigenic stimuli such as 

foreign invaders or microbes produce antibodies. Antibodies 

molecules are anchored or immobilised on the surface of a 

transducer through covalent attachment by conjugation of: 

• amino,  

• carboxyl,  

• aldehyde or  

• sulfhydryl groups.  

Antibodies are sensitive to changes in pH, ionic strength, 

chemical inhibitors and temperature. Immune sensors usually 

employ optical, fluorescence or acoustic transducers. 

Micro-organism 

 

 

 

Microbes found applications in detection of oxygen or carbon 

dioxide consumption in an environment using 

electrochemical techniques. The main advantage of microbe 

biosensors over the enzymes and antibodies ones is its 

cheaper price. However the main downfall is it’s sensitivity 

while compared with enzymes or antibodies. 

DNA 

 

 

 

Biosensors used for DNA detection are also known as 

biodetectors. Thet are mainly used to isolate and measure the 

strength of single DNA–DNA bonds, which in turn helps in 

detecting and characterizing single molecules of DNA and 

diseases. Biodetectors are useful in detecting small 

concentrations of DNA in large samples. 
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Table 1.1 Types of transducers used in biosensors. 

Transducer  Description 

Electrochemical 

transducer 

 

 

• amperometric – based on detection changes in current 

occurring due to reduction or oxidation. The reaction is 

measured based on current difference between the 

analyte and the bio-element. 

• potentiometric – measure the charge accumulation or 

potential of an electrochemical cell. 

Optical 

transducers 

 

 

 

For enzymes and antibodies, fluorescence is the most common 

signal transducer. Fibre optic probes consist of at least two 

fibres: 

• One is connected to a light source of a given 

wavelength range and produces the excitation wave 

•  The other is linked to the photodiode that detects the 

change in optical density at a selected wavelength.  

Plasmon resonance is based on measurements of refractive 

index at and close to the sensing element’s surface. 

 

Acoustic 

transducers 

 

 

 

The transduction system in this type of transducers is 

mechanical acoustic wave. The membrane is build with 

chemically interactive materials in contact with a piezoelectric 

material.  

Most commonly used devices: 

• bulk acoustic wave (BAW)  

• surface acoustic wave (SAW). 

•  

Calorimetric 

transduction 

 

 

This type of transducer is based on measurements of the heat 

from the reaction between the analyte and the sensing element. 
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Biosensors as any other sensors available have number of technical difficulties, which 

require more research to overcome them. Issues include [42]: 

 

• contamination – huge challenge for non disposable biosensors. All bio-

elements require to be kept clean and leak prevention is of a paramount 

importance, 

 

• biomolecules immobilisation – molecules may behave differently while 

covalently attached to the surface rather than free in a solution, 

 

• sterilisation – big issue for non disposable biosensors; sterilisation techniques 

may interact with biomolecules attached to the surface, 

 

• uniformity of anchored biomolecules – issues with reproducibility, 

 

• selectivity and detection range (LOD) – ideally high selectivity and low LOD, 

 

• cost – disposable and low cost biosensors. 

 

 

 

1.5 DNA testing and microarray technology 
 

DNA testing, also referred as a genetic testing, has its applications in non-diagnosis 

testing including determination of a child’s parentage. Moreover, a person’s ancestry or 

biological relationship between people can be determined. Nucleic acid testing found its 

use in the food sector to monitor the exposure to pathogenic microorganisms, to 

minimize a substantial health risk to consumers, for example research done at National 

University of Ireland, Galway [43]. DNA diagnosis testing can also involve the analysis 

of DNA (chromosomes) to detect vulnerabilities or heritable diseases. This type of 

diagnosis testing provides information about a person’s gene and chromosomes 

throughout life.  
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A microarray is also called a multiplex lab-on-a-chip (LOAC), see figure 1.8. It is a 

solid substrate that can assay large amounts of biological material by using high – 

throughput screening processing and detection methods [44].  

The ability to perform laboratory operations on a small scale using miniaturized (lab-

on-a-chip) devices is very appealing. Small volumes reduce the time taken to synthesize 

and analyse a product; the unique behaviour of liquids at the microscale allows greater 

control of molecular concentrations and interactions; and reagent costs and the amount 

of chemical waste can be much reduced. Compact devices also allow samples to be 

analysed at the point of need rather than a centralized laboratory [44]. 

 

 

 

Figure 1.8 (from left) Microarray format; Lab-on-a-chip format [44]  
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Microarray technology is used for the detection and discrimination of number of 

different pathogens and it also has applications in monitoring the antimicrobial resistant 

bacterial and viral strains [45,46].  

There are few different characteristics, which distinguish DNA microarrays, including: 

 

• Nature of the probe 

 

• The solid-surface support used 

 

• Specific method used for probe and/or target detection [45] . 

 

The probe refers to the DNA strand anchored to the solid support, whereas the target is 

the “unknown” strand of DNA of interest. Table 1.3 lists three main requirements for 

DNA microarrays [47]. 

 

 
Table 1.2 Three main requirements for DNA microarrays 

 

• the immobilisation chemistry needs to be stable 

• the probes have to remain functional after attachment 

• the DNAs have to be immobilized with an appropriate orientation and 

configuration  

 

 

Table 1.4 respresents some of the applications of DNA testing and microarray 

biosensors for the detection of DNA and protein biomarkers for disease analysis. Point 

of care diagnostics and nucleic acid diagnostics are explained in more details in the 

following paragraph.  
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Table 1.3 Examples of applications of DNA testing and microarray biosensors for the detection of DNA 

and protein biomarkers for disease analysis 

Application How is it used 

New born screening 24 to 48 hours of a child’s birth, new-born screening is performed by 

collecting few drops of blood from a heel stick. The collected sample 

is then analysed for biomarkers that may reveal hidden congenital 

disorders (present at birth). If such markers are found, parents are 

informed and they can avail of follow up program, which involves 

further diagnostic tests as a confirmation. This testing provides early 

diagnosis of a disorder and minimizes the effects of it [48].  

Prenatal diagnosis 

 

This type of testing involves testing the foetus’s genes or 

chromosomes before birth. This is an invasive test and is provided for 

couples with a high risk of having a baby with a genetic disorder. 

However not all the possible inherited disorders can be ruled out using 

this method. The genetic disorders that can be detected with prenatal 

testing include: cystic fibrosis, Duchene muscular dystrophy, 

Polycystic kidney disease or sickle cell anaemia [48].  

Carrier testing – 

cystic fibrosis 

 

The above type of testing is utilized to determine if one carries one or 

two copy/ies of gene mutation. The test is carried out by direct gene 

analysis for mutations; the sample is collected from blood. If two 

copies are present, this potentially can cause a genetic disorder. 

Individuals with family history of a genetic disorder usually avail of 

this testing.  If both parents are being tested, the outcome can provide 

a vital information involving the risk of having a child with a genetic 

condition, such as cystic fibrosis [49].  

DNA paternity 

testing 

DNA profiling known as genetic fingerprinting to determine whether 

two individuals are biologically parent and child. A paternity test 

establishes genetic proof whether a man is the biological father of an 

individual, and a maternity test establishes whether a woman is the 

biological mother of an individual. 

Diagnosis of 

Viral/Bacterial 

Infections 

 

Detection of infectious diseases such as: 

• human papillomavirus (HPV),  

• human influenza virus (H1N1),  

• pneumonia and  

• tuberculosis [50]. 

(DNA)Biomarker 

Detection 

Enzyme-linked Immunosorbent Assays (ELISAs) are one of the 

earliest techniques employed for the detection of the biomarkers, [46].  
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1.6 Point-of-care devices and nucleic acid diagnostics 
 

Tools providing extensive molecular profiles of patients to guide the clinician in making 

viable diagnosis and prognosis are required to tackle the growing number of fatalities 

resulting from over 100 cancer-related diseases [41].  Unfortunately, there is no one 

universal molecular marker that can provide sufficient information to assist the clinician 

in making effective prognoses or even diagnoses. Therefore large panels of markers 

must typically be scanned and examined before a correct conclusion about an 

individual’s diagnosis can be made. The classical biosensor format, point-of-care (POC) 

device, is recognised as a valuable tool in diagnostics environment. However they do 

possess a number of limitations due to the single element nature of these sensing 

platforms. New formats of POC devices are required in order to improve the overall 

ability of the clinician to manage cancer patients [41].  

Immunoassay technology is utilised in POC devices; this includes antigen-antibody 

binding, whether the antibody is the assay target or the means to capture it. These assays 

target disease-specific protein markers such as: 

 

• glycated haemoglobin (HbA1c) for diabetics,  

 

• D-dimer for thrombosis,  

 

• troponin I or T for cardiac damage,  

 

• prostate-specific antigen (PSA) for this common cancer, and  

 

• bacterial and viral infection-related markers such as human immunodeficiency 

  

• virus (HIV), influenza, chlamydia, and hepatitis to name a few.  

 

Figure 1.9 represents the best-known home POC protein-detection device, the 

pregnancy test kit, which measures the pregnancy hormone human chorionic 

gonadotropin (hCG) [11]. 
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Figure 1.9 Diagram of typical immunoassay home pregnancy test, which detects human chorionic 

gonadotropin (hCG) 
Image taken from https://en.wikibooks.org/wiki/Methods_and_Concepts_in_the_Life_Sciences/Immunoassays 

 

 

POC technologies offer platforms for complex testing by non-specialists and the benefit 

of increased robustness and reliability due to fewer world-to-device interfaces. They are 

viewed as integrated systems that can process clinical samples for a number of different 

types of biomarkers in a variety of settings, such as clinical laboratories, doctors’ offices 

and eventually, at home. Basically, POC systems make state-of-the-art technology 

platforms accessible to a large population pool.  

 

 

A	urine	sample	is	applied	
to	the	stick.	If	pregnant,	
this	should	contain	hCG.	

As	the	sample	is	absorbed	
into	the	stick	it	goes	

through	free	dye-labelled	
antibodies	that	recognize	

and	stick	to	hCG.		

An	anchored	set	of	
antibodies	stick	to	and	
capture	hCG	molecules	
and	the	attached	dye	
labelled	antibodies,	
creating	the	first	line.		

A	second	anchored	set	of	
antibodies	captures	the	
dye-labelled	antibodies,	
providing	a	positive	
control	to	indicate	that	
the	test	is	working	

properly.		 In	the	‘’not	pregnant’’	sample	no	
hCG	is	attached	to	the	dye-labelled	
antibodies,	so	they	wash	past	this	

point	and	no	line	appears.			
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From a diagnostic or prognostic perspective, POC systems provide the clinician with 

the ability to have access to a wealth of molecular information for providing profiles of 

cancers using platforms that were previously only accessible to major cancer centres. 

The development of POC technologies provides opportunities for better screening of at-

risk patients, tighter surveillance of disease recurrence, and better monitoring of 

treatment. These technologies can contribute to the realization of personalised medicine 

by creating a link between the diagnosis of disease and the ability to tailor therapeutics 

to the individual.  

 

As biomarkers of disease are discovered and validated through genomics and 

proteomics research, the development of new technology platforms can enable rapid 

introduction of these discoveries into clinical practice as well as aiding in biomarker 

discovery efforts [11,41].  

 

Nucleic acid diagnostics or “molecular diagnostics” measures DNA or various types of 

RNA in order to examine particular genomic or genetic details of a patient or to 

investigate nucleic acid sequences unique to invading pathogens. In POC diagnostics 

devices, volumes of the sample are measured in very small quantities, such as 

microliters and the minimal user manipulation is required. Therefore, the assay design is 

more challenging than standard microarray based assay [51].  

 

An ideal nucleic acid assay involves just two specific binding events: target nucleic acid 

from the sample should be specifically captured on a substrate surface via hybridisation 

with complimentary, surface-immobilised probe DNA and then the capture target is 

detected in a second hybridisation event between it’s free end and a complimentary, free 

dye-labelled short oligonucleotide (c. 10-15 bases), see figure 1.10.   
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Figure 1.10 Diagram of nucleic acid assay [11]. 

 

Sensitivity of nucleic acid assays can often be controlled by factors such as:  

 

• the hybridisation efficiency and  

 

• the level of background signal in the absence of target.  

 

Ionic strength, reaction temperature and probe density are the factors, which have an 

effect on binding kinetics and target specificity. For instance, recent work has shown 

that low probe densities can lead to higher hybridisation efficiencies and more binding 

kinetics [52]. Advantages and disadvantages of POC testing are listed in table 1.5. 

 

Section 1.7 describes two main DNA assay concepts used in this work.  

 

 

 

 

 

 

 

 

Biomarker	
(RNA/DNA)	

present	in	a	drop	of	
blood.	

Biomarker	is	
captured	by	

complementary	
probe	on	the	device	

surface.		

2nd	
complementary	
labelled	strand	–	
‘’reporter’’	binds	

the	target.		
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Table 1.4 Advantages and disadvantages of point-of-care testing [53] 

Advantages Disadvantages 

Reduced therapeutic turnaround 

time of diagnostic testing 

Concerns about inaccuracy, imprecision, and 

performance (ie, potential interfering 

substances) 

 

Reduced preanalytic and 

postanalytic testing errors 

Bedside laboratory tests performed by poorly 

trained nonlaboratorians 

 

Rapid data availability Quality management/assurance issues and 

responsibilities not defined 

 

Self-contained and user-friendly 

instruments 

Cost of point-of-care testing compared with 

traditional laboratory testing 

 

Small sample volume for a large 

test menu 

Quality of testing is operator-dependent 

 

 

Shorter patient length of stay Difficulty in integrating test results with 

hospital information system (HIS) or laboratory 

information system (LIS)— lack of 

connectivity 

 

Convenience for clinicians Narrower measuring range for some analytes 

 

Ability to test many types of 

samples  

I.e:  capillary, saliva, urine 
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1.7 Nucleic acid assay concept 
 

Nucleic acid assays or DNA assays are a molecular technique used to detect DNA or 

RNA at low levels. Benefits of DNA assays include: 

• Ability to detect low levels of viral RNA or DNA 

• High sensitivity and specificity for viral nucleic acid 

• Ability to detect viral mutants and occult infections 

• Additional layer of safety to the blood supply - allows the detection of infectious 

agents during their incubation period [54,55]. 
 

Immunoassays are used to quantify molecules of biological interest based on the 

specificity and selectivity of antibody reagents generated. In this research study, two 

different types of hybridisation assay methods were used:  

 

• Direct assay, figure 1.11, 

In this type of an assay, a full-length labeled specific target DNA is identified by a 

complimentary DNA unlabeled probe. The DNA probe is covalently immobilised to the 

solid supports via chemistry linkage, such as EDC or click chemistry method. DNA 

target is synthesized with a fluorophore at 5’ end, which transduces the binding event 

into fluorescence signal. The intensity of fluorescence signal is directly proportional to 

the amount of target hybridised. 

 

• Sandwich assay, figure 1.12. 

In this type of an assay, a full-length specific unlabeled target DNA is identified by a 

half-length complimentary unlabeled DNA probe and half-length complimentary 

labeled detection (secondary) probe. Half-length DNA probe is covalently immobilised 

to the solid supports via chemistry linkage, such as EDC or click chemistry method. 

DNA target is unlabeled and detected by detection (secondary) probe synthesized with a 

fluorophore at 5’ end, which transduces the binding event into fluorescence signal. The 

intensity of fluorescence signal is directly proportional to the amount of target 

hybridised. 
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Figure 1.11 Schematic of DNA direct binding assay. 

     

 

 

 

 

 

 

Step 1: 
Immobilisation of amino 
modified full length miRNA195 
probe to carboxylic acid surface 
with EDC linker 

Step 2: 
Washing step to 
reduce non-specific 
binding and loosely 
bound DNA probe 

Step 3: 
Hybridisation of 
fluorescently labelled 
miRNA195 (full 
length) target to the 
immobilised DNA 
probe. Signal obtained 
if full match occurs.  

EDC	

Step 4: 
Final washing step to 
reduce non-specific 
binding of target. 
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Figure 1.12 Schematic of sandwich DNA binding assay. 

 

Step 1: 
Immobilisation of amino 
modified half-length 
miRNA195 capture probe to 
carboxylic acid surface with 
EDC linker 

Step 2: 
Washing step to 
reduce non-specific 
binding and loosely 
bound DNA probe 

Step 3: 
Hybridisation of 
miRNA195 (full 
length) target to the 
immobilised DNA 
capture probe.  

EDC	

Step 4: 
Washing step to reduce 
non-specific binding of the 
target 

Step 5: 
Binding of the remaining half 
of the DNA probe (detection 
probe) with labelled 
fluorescently. Signal obtained 
if full match occurs.  
 

Step 6: 
Final washing step to 
reduce non-specific 
binding of capture 
probe. 
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1.8 Surface science: importance in biosensor’s development 
 

Surface science can be defined as a study of chemical and physical phenomena which 

takes place at the interface of two phases such as solid-liquid interfaces, liquid – gas 

interfaces etc. Two main fields are included under the umbrella of surface science:  

 

• surface physics - study of physical changes occurring at interfaces, such as 

changes of topography upon substrate functionalization. The above changes can 

be monitored and tested using atomic force microscopy and ellipsometry 

(thickness changes). 

 

•  surface chemistry - study of the chemical changes and reactions at the 

interfaces. Surface chemistry can also be referred to as surface engineering as it 

involves modifying the chemical composition of the surface by the introduction 

of desired elements or functional groups. The above is incorporated in order to 

produce a specific functional film, which may be utilized as an anchoring 

platform for biomolecule listed in figure 1.13.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.13 Modified supports are anchoring point for biomolecules, such as antibodies, cells, enzymes 

and DNA in bioassay development. 

Antibodies	

Cells	

Enzymes

DNA
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Surface chemical modifications can improve surface properties in terms of lowering 

non-specific binding, manipulating surface charge or hydrophobicity of the substrate, 

which is a paramount factor in microfluidics devices development. Chemical reactions 

can be measured by real time measurements including label free quartz crystal 

microbalance or dual polarization interferometry [56]. Fluorescence labelling of the 

biomolecules and fluorescence scanning is also a popular and reliable method.  

Surface science is an interdisciplinary area where properties and processes at interfaces 

between synthetic materials and biological environments are investigated and bio 

functional surfaces are fabricated.  Surface science touches on a vast array of 

applications in many research and medical areas, such as: 

 

• medical implants in the human body, 

 

• biosensors and biochips for diagnostics,  

 

• tissue engineering,  

 

• bioelectronics,  

 

• artificial photosynthesis, and  

 

• biomimetic materials [56].  

 

There are major challenges associated with development of surfaces, which are listed in 

Table 1.6. 
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Table 1.5 Challenges in development of surfaces for DNA assays 

 

Challenge Role 

Non specific binding Compromises assay efficiency 

 

Stability of immobilised DNA probe Surface confined probe should remain 

stable and active 

Limit of detection Lowest amount of analyte detected 

Time Real time measurement, instant results, 

prep time 

Ease of surface preparation Bulk production, longevity 

 

 

Detection elements play a crucial role in analyte recognition in biosensors. Therefore 

surface chemistry is a key step in immobilisation of biomolecules on the biosensor 

surface [57]. Major progress in research is necessary to realize selective, high affinity, 

high- binding-capacity analyte capture methods to push the POC devices performance 

forward. The ability to effectively control the background response and directly regulate 

the device limit-of-detection (LOD) is critical, as well as overcoming non-specific 

adsorption (NSA) of biomolecules, such as protein or nucleic acids onto the surface 

[11,58,59]. Signal interference and the non-specific adsorption are the biggest concern 

and challenge in the development of surfaces for biosensors. NSA (non specific 

absorption) or NSB (non specific binding) is an undesired adsorption of analytes other 

than target analytes, which is often a case with analysis of complex biological samples 

such as blood. Even purified matrices still consist of a cocktail of potentially interfering 

biomolecules, very similar to target analytes of interest. The above will prevent the 

detection and automatically lower the specificity and accuracy of the test. Moreover, the 

biggest consequence of NSA, besides altering the biosensor’s performance, is the 

occurrence of “false positive”/”false negative” results; incorrect response to a binding 

event. Possibly NSB is the biggest issue in biosensor development and why biosensors 

still are not a robust alternative diagnostic tool in clinical analysis [60].  
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Glass and silicon were the first materials used to fabricate biosensor platforms. Since 

then, there has been a veritable explosion of lab-on-a-chip devices fabricated in a wide 

range of materials, using different fabrication techniques and forming diverse 

microfluidic systems [61,62]. 

 

Surface science plays a major role in an assay development and the next important step 

is bio-conjugation technique of biomolecules to the solid platform. Immobilisation 

techniques for assay development are listed and discussed in more details in the next 

section.  

 

1.9 Immobilisation techniques for assay development 
 

Immobilisation strategies for biomolecules on surfaces to achieve biosensor and 

biomedical diagnostic functions are of great importance. There are a number of different 

immobilisation chemistries, which are mainly based on three important mechanisms:  

 

• physical adsorption - the simplest immobilisation method, no nucleic acid 

modifications are required. This method of immobilisation is based on ionic 

interactions taking place between the negatively charged groups present on the 

DNA probe and positive charges covering the surface [46,63].  

 

• covalent immobilisation -  requires chemical modification of the surface when 

fabricating microarrays [64–67]. 

 

• streptavidin-biotin immobilisation - highly specific binding of streptavidin and 

biotin is often used for DNA immobilisation [46,68,69].  

 

As mentioned in table 1.6, minimization of non-specific binding is the biggest challenge 

in achieving the high sensitivity and selectivity of the assay. Immobilisation has also an 

effect on the stability of the immobilised probes. Table 1.7 depicts the unresolved 

challenges involved in the immobilisation techniques. 
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Table 1.6 Advantages and disadvantages of immobilisation methods of DNA probes on functionalized 

surfaces [46]. 

 

Immobilisatio

n method 

Interaction or 

reaction 

Advantages Drawbacks 

Physical 

Adsorption 

 

 

Charge-charge 

interaction or 

hydrophobic 

interaction 

• Simple 

• Fast 

• Direct method 

(no linker 

molecules) 

• Suitable for 

DNA and RNA 

• Desorption by change of 

ionic strength or pH 

• Random orientation 

• Desorption by detergent 

• Problem of crowding 

effect and poor 

reproducibility 

 
Covalent 

bonding 

 

 

Chemical bonding 

• Good stability 

• High binding 

strength 

 

• Use of linker molecules 

• Slow, irreversible 

• Problem of crowding 

effect 

Streptavidin 

– Biotin 

interactions 

 

Specific 

Streptavidin – 

Biotin interactions 

• Improved 

orientation 

• High specificity 

and 

functionality 

• Well controlled 

• Reversible 

• Expensive, slow 

• Problem of crowding 

effect 

• Use of biocompatible 

linker 

• Poor reproducibility 

 

 

 

In this work, covalent bonding was used to immobilise DNA probe onto a solid support 

appropriately functionalised. Table 1.8 lists number of different immobilisation 

methods used for covalent linkage of biomolecules to the solid supports. Use of 

carbodiimide as a reagent/linker is most frequently used in covalent reactions, 1-Ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC) is used in this research work as an 

activation coupling agent between amino modified DNA probe and carboxylic acid 

modified surface (highlighted in red in table 1.8). 
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Table 1.7 Different immobilisation methods used for covalent linkage of biomolecules to the solid 

supports 

Surface 

function 

Interaction or 

reaction 

Advantages Drawback 

Carboxyl 

(EDC 

coupling) 

Chemical bonding 

with amine DNA 

• Simple method 

• High surface coverage 

• Easy coupling reaction 

• pH, ionic strength, 

concentration, 

reaction time 

dependant 

Aldehyde  

Chemical bonding 

with amine-DNA 

• Good stability 

• High binding strength 

• Long term use stability 

• Less random 

immobilisation 

• Long hybridisation 

time 

• Limits the absolute 

signal intensity 

• High hybridisation 

temperature 

Epoxy Chemical bonding 

with hydroxyl, 

amine and 

sulfhydryl groups 

• Easy protocol for 

immobilisation 

• Good stability 

• High binding strength 

• Long term use stabilitty 

• Reactions between 

DNA and epoxy are 

extermely slow 

• Low immo-

bilisation density 

Iso-

thiocyanat

e 

 

Chemical bonding 

amine - DNA 

• Well ordered surface 

• Re-usability 

• High density DNA/area 

• Long term use stability 

• High non – specific 

hybridisations 

• Long hybridisation 

time 

Maleimide Chemical bonding 

with sulfhydryl 

group of DNA 

• Faster immobilisation 

reaction  

• Good stability 

• Re-usability 

• High binding sterngth 

• Degradation in 

aqueous solutions 

• High non-specific 

intercations 

Mercapto-

silane 

 

Chemical bonding 

DNA-SH 

• Good stability 

• Re-usability 

• High binding strength 

• Stable for long term use 

• High non specific 

interaction 

• High hybridisation 

temperature 
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1.10  Description of equipment used in this thesis  
 

During this research study a number of different analytical techniques were applied in 

order to characterise the developed surfaces and to investigate biomolecule-surface 

interactions. Below description of the equipment used in this project can be found.   

1.10.1 Water contact angle 

 

The determination of solid/vapour and solid/ liquid interfacial tensions is of importance 

for a wide range of problems in microfluidics systems and plays a major role in 

development of POC bio-devices. The attractiveness of using contact angles (CA) to 

estimate the solid/ vapour and solid/liquid interfacial tensions is due to the relative ease 

with which contact angles can be measured on suitably prepared solid surfaces. In 1805 

Young recognized that the possibility of estimation of the solid surface tensions from 

contact angles relies on a relation between both of them [70]. The photograph of water 

contact angle (WCA) instrument used is shown in figure 1.14.  

 

 
 
Figure 1.14 Photograph of First Ten Angstroms FTA200 contact-angle analyser set up. 
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The contact angle of a liquid drop on a solid surface can be defined by the mechanical 

equilibrium of the drop under the action of three interfacial tensions: solid/vapour, 

solid/liquid and liquid/vapour, see figure 1.16.  The shape of a drop resting on a surface 

depends on the material properties of the drop, the air (or vapour) around it, and the 

surface on which it is placed [71,72]. This equilibrium relation is known as Young’s 

equation, figure 1.15 

 
 

 

Figure 1.15 Schematic of a sessile-drop contact angle system [71]. 

 

CA is geometrically defined as the angle formed at the interface between a droplet of 

liquid, and the surface under examination, figure 1.16. Although a relatively simple 

characterisation method, a surface CA influences a range of properties, such as the 

functionality of the surface, biological interactions, and flow capabilities. Some benefits 

of this characterisation technique include its non-destructive nature, as well as its rapid 

throughput and inexpensive setup costs [71,72]. A wide spectrum of CA values 

provides a rapid confirmatory test for the functionality of the prepared surfaces. WCA 

results can be found in chapter 3. 
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Figure 1.16 Example of droplet on (a) hydrophobic surface, (b) hydrophilic surface and (c) very 

hydrophilic surface [73]. 

	

1.10.2 Ellipsometry 

 

Ellipsometry was developed in the 1960s to provide the sensitivity necessary to measure 

nanometre-scale layers, and ever since interest in ellipsometry has grown steadily. 

Today, optical properties of thin organic layers are of high interest in research areas like 

biomaterials, biosensors, and fabrication of devices using organic layers, interfacing 

electronics with biological systems. Ellipsometry is an optical technique for the 

investigation of the dielectric properties (complex refractive index or dielectric 

function) of thin films. Upon the analysis of the change of polarisation of light, which is 

reflected off a sample, ellipsometry can yield information about layers that are thinner 

than the wavelength of the probing light itself. The technology is non-destructive, 

contactless, and can probe the complex refractive index and thickness of a film [74,75]. 

Ellipsometric techniques are based on a suitable manipulation of the polarisation state 

by auxiliary polarising elements and measured sample. The basic Polariser–

compensator–sample–analyser (PCSA) configuration of an ellipsometer is shown in 

figure 1.17, consisting of the following components: 

• a light source,  

• linear polariser (P),  

• retarder (called also compensator, C),  

• sample (S),  

• linear polariser (called analyser, A),  

• detector.  
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The arm with the source, polariser and retarder prepares a known polarisation state of 

light incident on the sample. The arm with the analyser and detector is used to detect the 

change of polarisation produced by the sample. An alternative PSCA scheme results 

from moving the compensator between the sample and analyser. 

 

 

 
Figure 1.17 Polariser–compensator–sample–analyser (PCSA) configuration of an ellipsometer [75]. 

 

In this thesis, ellipsometry was used as a characterisation tool to analyse and determine 

if the deposition of various surfaces was successful and to determine the thickness of 

deposited films. Figure 1.18 shows an instrument used in this research. In some cases, 

variations of the surfaces thickness even by few nanometres could make a significant 

difference and could have a significant effect on an assay. Ellipsometry technique was 

used to measure thickness of deposited films on solid supports (silicon) in this work, 

and the results are presented in chapter 2. 
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Figure 1.18 Photograph of open environment M-2000UI Ellipsometer set-up. 

 

1.10.3 Atomic Force Microscopy 

 

Atomic force microscopy (AFM) is a useful tool for direct measurements of micro 

structural parameters and unravelling the intermolecular forces at the nano scale level 

with atomic-resolution characterisation.  AFM has a wide range of applications 

including: electronics, semi-conductors, materials and manufacturing, polymers, 

biology and biomaterials [76].  

An AFM system typically consists of: 

 

• a micro-machined cantilever probe 

 

• a sharp tip mounted to a piezoelectric (PZT) actuator  

 

• a position-sensitive photo detector for receiving a laser beam ireflected off the 

end-point of the beam to provide cantilever deflection feedback.  
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Figure 1.19 Schematic of basic AFM operation (left), real micro-cantilever and components (right) [77]. 

 

The main AFM operation principle is to scan the tip over the sample surface with 

feedback mechanisms that enable the PZT scanners to maintain the tip at a constant 

force, or constant height above the sample surface. As the tip scans the surface of the 

sample, moving up and down with the contour of the surface, the laser beam is deflected 

from the cantilever and provides measurements of the difference in light intensities 

between the upper and lower photo detectors. Feedback from the photodiode difference 

signal, through software control from the computer, enables the tip to maintain either a 

constant force or constant height above the sample, figure 1.19. In the constant force 

mode, the PZT transducer monitors real time height deviation. In the constant height 

mode, the deflection force on the sample is recorded [76]. Figure 1.20 shows an 

instrument used in this research. Results from AFM analysis are presented in chapter 2.  
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Figure 1.20 Photograph of the Dimension® AFM set up. 

 

1.10.4 Fluorescence spectroscopy 

 

Laser fluorescence scanning is a powerful tool used to detect fluorescently labelled 

biomolecules on a solid support and to examine molecular interactions. Biologically 

important interactions that can be analysed, include hybridisation between nucleic acid 

primers and DNA or RNA targets and bio conjugation between antigen and antibodies 

[78]. Fluorescence spectroscopy is very often utilised in biological studies using 

fluorophore that is site-specifically attached to macromolecules [79]. Fluorophore is a 

component that causes a molecule to absorb energy of a specific wavelength and then 

re-remit energy at a different but equally specific wavelength, hence they play a central 

role in fluorescence spectroscopy [80]. These labelled reagents, for example 

immunological or DNA probes, are added into the reaction mixture where they interact 

specifically with the analyte of interest in the assay [81]. The amount of fluorescence 
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signal can be directly correlated with the amount of analyte in the solution/bound to the 

surface; figure 1.21 represents images from fluorescence scanner analysis. In this thesis 

fluorescence spectroscopy instrument, figure 1.22, is utilised as a quantitative technique 

to investigate DNA probe immobilisation, DNA hybridisation and the amount of non-

specific binding. Fluorescence intensity analysis is presented in all chapters throughout 

this thesis.  

           

   
        
Figure 1.21 Photograph of images from fluorescence scanner analysis. (left) manual spotting, (right) 

micro-spotting. 

 
Figure 1.22 Photograph of Perkin Elmer Scan array Gx Microarray scanner, fluorescence scanner set 
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1.10.5 The toluidine blue method (metachromatic staining) 

 

The toluidine blue (TB), also known as tolonium chloride, stain is a way of marking 

tissue for microscopic examination. TB is an acidophilic metachromatic dye that 

selectively stains acidic tissue components (sulfates, carboxylates, and phosphate 

radicals) [82]. TB has an affinity for nucleic acids, and therefore binds to nuclear 

material of tissues with a high DNA and RNA content. It is used to stain nucleic acids 

blue and polysaccharides purple and also increases the sharpness of histology slide 

images. It has wide application in forensic examination [82,83]. TB is a cationic dye 

that also shows a strong affinity for interaction with carboxylic acid groups under 

certain conditions. TB is also used in research as a method to determine the number of 

carboxylic acid groups present on a surface and assumes that each carboxylic acid group 

binds to one molecule of toluidine blue [84].  

In this thesis TB has been used to characterise the functionality of the carboxyl surfaces, 

as it is extremely specific to binding carboxylic groups, and creates a strong but 

reversible ionic bond to deprotonated carboxyl’s on a surface coated in AA [84]. After 

rinsing away all of the unbound excess dye, the ionically bound quantity of dye can then 

be removed using an wash with excess acetic acid, a competing carboxylic acid group to 

those present on the surface. This solution, containing all of the dye that was bound to a 

surface, can be tested using a UV-vis spectrometer, as acetic acid does not interfere with 

UV-vis signals. The result from this shows an analysis of the amount of carboxyl 

groups present across the entire surface of the substrate.  

TB was used to establish whether or not TEOS/AA surfaces were successfully produced 

by PECVD. Using the TB method of characterisation, a range of samples was tested 

with TEOS, TEOS/AA coatings, and some plain and oxidised substrate control samples 

as well as oxidised PMMA included. The experiment was adapted from similar 

experiments performed in work by Drews et al [84] and Sano et al [85]. UV-Vis data is 

not definitive, so a calibration curve must be created to compare subsequent 

experiments. Calibration curves were constructed using standard dilution methods, 

shown in chapter 2.  
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1.10.6 Dual Polarization Interferometry 

 

Label-free biosensors offer detection of bimolecular interactions with a number of 

applications such as drug discovery, biomedical research and environmental safety [86]. 

Dual polarization interferometry (DPI) is a label free, optical biosensor, also described 

as an evanescent technique. DPI is an emerging sensitive analytical technique, capable 

of precise measurements of the thickness and density in a real time of material attached 

to the surface of an optical sensor chip [87–89]. DPI has seen a large increase in interest 

by the scientific community over the past decade since the technique was first 

commercialized in 2000 by Farfield Group, Ltd [88]. DPI measurements of surface 

adlayer (a layer that has formed on a surface by adsorption) dimensions and densities 

can be made in real time. The instrument is comprised of: 

 

• an optical assembly, consisting of a helium – neon laser, which emits 

light at a wavelength of 632.8 nm,  

 

• a means to select plane – polarized light,  

 

• a sensor coructed using two optical waveguides stacked one on top of the 

other, and  

 

• a camera [90,91].  

 

The instrument accepts a sensor chip (dimensions 24×5.8 mm), which comprises five 

layers of deposited silicon oxynitride [88]. 

In principle, DPI utilises a waveguide structure that consists of a stack of dielectric 

layers with reference and sensing layers separated by a layer of cladding that mimics 

Young’s 2-slit experiment in optics [92]. A top dielectric layer is etched to reveal the 

sensing layer so that two separate channels can be present on a single sensor chip. Light 

from a laser is passed through the sandwiched waveguide structure and an interference 

pattern is detected on the opposing side by a camera. Any changes in refractive index 

that take place on the sensing layer alter the phase position of the fringes relative to the 

reference layer and are detected in real time, as shown in figure 1.23. 
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Figure 1.23 Schematic of a DPI sensor chip and the interference pattern produced when light is applied 

onto the side of a chip [93]. 

 

In order to interpret DPI data, Swann et al. [93] proposed an elegant matrix by 

correlating the different parameters (thickness, density, mass coverage) calculated from 

both the TM and TE responses.   

The polarisation of the laser in DPI method rotates to excite two polarisation modes of 

the waveguides. The depth of evanescent field differs for each polarisation and TM 

mode is less sensitive to changes taking place in close proximity to the waveguide 

surface than TE mode. The layer structure can be estimated based on the relative 

responses. TM mode and TE mode are used to solve Maxwell’s equation to find the 

exact layer condition [89,91], see figure 1.24. The change and difference in the TE and 

TM modes allows for the determination of thickness, refractive index, density and mass 

of the adsorbed layers. 
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Figure 1.24 Generating an analytical solution using Maxwell’s equations for any given point on the dual 

polarisation response curves. 

Imagen taken from http://www.nbip.dcu.ie/papers/DPI.pdf 

This type of detailed information can be extremely helpful to the design of surfaces for 

optical biosensors and for characterizing the conformational changes of macromolecular 

interactions [93]. DPI is a biosensor that provides real time structural information on 

bio-layer behaviour and growth at a resolution equal to or higher than current methods.  

In this thesis, DPI instrument shown in figure 1.25, was used to determine DNA 

behaviour on carboxylic acid surfaces prepared on DPI chips and results are presented 

in chapter 5.  
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Figure 1.25 Photograph of DPI Farfield set-up. 

 

1.10.7 Quartz Crystal Microbalance 
 

To investigate molecular interactions without the use of reporter labels, it is necessary 

to couple a molecular recognition element (e.g. an antibody or target receptor) to a 

transducer that converts a chemical or biological interaction into an electrical signal. 

The definition of a biosensor can be interpreted as a unique combination of a receptor 

for molecular recognition and a transducer for transmitting the interaction information 

into an electrical signal. In turn, a transducer is more specifically defined as a device for 

converting energy from one form to another for the purpose of measurement of a 

physical quantity or for information transfer. The use of acoustic waves is one of the 

most appropriate direct transduction mechanisms, because the parameters that describe 

the wave propagation (e.g. wave velocity) depend on the properties of the propagating 

material [94,95].  

 

Quartz crystal microbalance (QCM) instrument, figure 1.26, it is a biosensor that allows 

label- free and real-time detection of biomolecules in liquid through the change in 

resonance frequency of a quartz-plate oscillator [96]. Q-Sense instruments also measure 

dissipation, which provides information about the structure and viscoelasticity of the 

sensor surface adhering film.  
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Figure 1.26 Photograph of QCM set up, model: Q sense E1. 

 

A fundamental aspect of QCM is a thickness shear mode (TSM) acoustic wave 

resonator, in which an AT-cut thin quartz disk (i.e. a disk cut from a quartz mineral at a 

35.25° orientation to its optical axis) is sandwiched between two metal electrodes, 

typically made of gold, figure 1.27. As a result of the piezoelectric nature of the quartz 

material, the application of an alternating electric field produces a shear (tangential) 

deformation. Upon deformation, both surfaces move in parallel but opposite directions, 

being thus motion antinodes, thereby generating acoustic waves that propagate through 

the bulk of the material across the crystal, in a direction that is perpendicular to the 

surface, and with wavelengths that are multiple factors of double the thickness of the 

substrate (tQ) [97]. 

A very common use of QCM is as a mass sensor, often in determination of thin-layer 

thickness or in gas sorption studies [98]. It can also be used as a chemical sensor if the 

surface of the microbalance is pre-covered in a chemically-sensitive layer. 
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Figure 1.27 Photograph of typical quartz crystal resonators as used for QCM, metalized with gold 

electrodes (left: back electrode, right: front electrode). 

The Sauerbrey equation establishes a linear relationship between resonant frequency 

and small mass increments (see below) [99]. 

    ∆𝑓 = −
!!!!

! !!!!
∆𝑚 

𝑓!      Resonant frequency (Hz) 

∆𝑓    Frequency change (Hz) 

∆𝑚  Mass change (g) 

𝐴         Piezoelectrically active crystal area (Area between electrodes, cm2) 

𝜌!       Density of quartz (𝜌! = 2.643 g/cm3) 

𝜇!   Shear modulus of quartz for AT-cut crystal (𝜇! = 2.947x1011 g·cm-1·s-2) 
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The Sauerbrey equation makes the assumption that the mass deposited or the film 

formed at the surface of the crystal follows the vibration of the crystal and therefore the 

loaded crystal would simply behave as if it were thicker. The effective wavelength of 

the crystal is thus increased and consequently its resonant frequency decreases. This 

model assumes that no energy dissipation occurs and will thus only be valid for thin, 

rigid and uniform films that have similar acoustic properties as those of the bulk crystal 

material [99].  

Piezoelectric transduction enables a label-free detection of bio-recognition events and 

typically is used in micro-gravimetric devices, generally known as QCM, in a variety of 

different applications, such as monitoring and characterisation of (bio) film deposition, 

detection of specific antigens, biomolecule binding kinetics, cell adhesion, and DNA 

detection. The QCM is a highly sensitive instrument, which determines the nature of 

binding interactions in real time within a label free environment [99]. 

Results from QCM measurements carried out to quantify the amount of ssDNA probe 

immobilised onto the different surfaces are presented in chapter 4. The total amount of 

DNA (in nanograms) per unit of 1 cm2 at a given DNA molecular weight can be 

calculated according to the Sauerbrey equation [100]. The value of DNA mass (ng/cm2) 

can be further converted into the amount of molecules per cm2 using Avogadro’s 

number and molecular weight of DNA.  

 

1.10.8 Total Internal Reflection Ellipsometry  

	
Total Internal Reflection Ellipsometry (TIRE) combines the assets of both spectroscopic 

ellipsometry and surface plasmon resonance (SPR) techniques. Therefore, it has a 

significant advantage due to simultaneous measurements of two ellipsometric 

parameters, C and D, which are related to the amplitude and phase shift of p- and s-

components of polarized light respectively. This gives the possibility to analyse time 

dependent changes of amplitude C(t) and phase D(t) during the immobilisation of 

biomolecules on the solid–liquid interfaces and/or interaction of immobilised 

biomolecules with an analyte present in the solution. Figure 1.28 illustrates the 

hardware used in this research work. 
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Figure 1.28 Photograph of TIRE setup. 

TIRE is a suitable method to obtain a precise refractive index and thickness of the 

formed layers. For this reason TIRE has the potential to be a powerful tool for in situ 

monitoring of protein/ DNA adsorption process [101–105]. It utilises 5 main chambers, 

which can be used to perform 5 separate experiments. The syringe pump is attached to 

one end, which enables liquid flow at desired speed; the outlet goes out to waste.  

Prism, see figure 1.29, is in optical contact with the flow cell, which is a glass slide with 

a thin gold layer (c. 40 nm gold layer).  

 

 

Figure 1.29 BK7 prism used in TIRE set up. 
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Liquid flowing via chambers in the cell may cause changes in thickness, roughness or 

other properties of the layer, especially with DNA probes being immobilised to the 

surface. The optical conditions will change at the interface, which can be monitored as 

changes in the ellipsometric angles ψ and ∆ [101], figure 1.30.  Results from the TIRE 

analysis are presented in chapter 5. 

Figure 1.30 Schematic of TIRE experimental setup (not to scale) fitted on a UVISEL spectroscopic 

ellipsometer and a Harvard apparatus syringe pump [103]. 

	
TIRE measures two ellipsometric angles Ψ and Δ, versus wavelengths [101]. These Ψ 

and Δ values are defined by the ratio ρ of the reflection coefficients Rp and Rs for 

components of light polarized parallel and perpendicular, respectively, to the plane of 

incidence following the ellipsometry equation: 

𝜌 =
𝑅𝑝
𝑅𝑠

= tan𝜓 exp (𝑖∆)  

𝜌 = !!
!!

  complex quantity; ratio of Rp and Rs 

tan𝜓    amplitude ratio upon reflection 

∆            phase shift (difference) 

 



	

	 49	

Ψ and Δ also depend on the angle of incidence (Φ) and wavelengths (λ). The refractive 

indices and thicknesses of each layer of the reflecting surfaces can be found by fitting 

the measured Ψ and Δ data to a defined model [101,103].  

1.10.9 UV/O3 and oxygen plasma 

In this work, UV/O3 and oxygen plasma are techniques used to activate 

carboxylic acid groups on PMMA spin coated substrates to form ox.PMMA. 

Figure 1. 31 shows an instrument used for UV/O3 activation of substrates and 

figure 1.32 shows an instrument used for oxygen plasma activation of substrates. 

Comparison results of both techniques are presented in chapter 3. 

 

 
 

Figure 1.31 Ozone cleaning and activation system - PSD-UV, Novascan Technologies used for activation 

on PMMA surfaces. 
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Figure 1.32 Oxford Instruments Plasmalab 100 PECVD system used for direct plasma activation of 

substrates. 

1.10.10 Spin coating 

 

Spin coating can be described as a procedure applied to deposit uniform thin (more than 

200 nm) or ultrathin (less than 200 nm) to flat substrates, such as glass, polymes etc 

[106,107].  A small droplet of material used to coat is usually placed in the centre of the 

substrate and spin speed is applied, which results in substrate being rotated at high 

speed. The rotation of the substrate helps spread the coating material by centrifugal 

forces [108].  Time, concentration of the coating material and rotation speed have an 

effect on thickness of the spin coated film [3]. Spin coating has wide applications in 

micro-fabrication of oxide layers using sol-gel precursors and in photolithography to 

create thin and uniform thicknesses at nano-scale [109]. In this work spin coating is 

used to produce ultrathin layers of PMMA [3], which are further activated and are used 

as a functionalised film for bioassays and will be detailed in chapter 2 and 3. Figure 

1.33 shows a spin coater used. 
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Figure 1.33 Photograph of WS-400A-6NPP/LITE spin coater. 

 

The housing of this system is made from a solid co-polymer, which is able to 

resist solvents and strong acids and bases. Liquids and gases are efficiently 

controlled, by the special design of the unique internal bowl-shaped chamber 

with its bottom gutter and clear dome lid. The chamber is electrically interlocked 

so rotation and dispensing are disabled when opened and latched, and locked 

until finished with 0 rpm is sensed.  

 

1.10.11 Ultraviolet – visible Spectroscopy 

 

Ultraviolet – visible (UV – vis) Spectroscopy is based on use of light in the visible and 

adjacent ranges. The perceived colour of the liquid/chemical used is directly affected by 

the absorption/reflectance in the visible range. Molecules undergo electronic transition 

in this particular region of the electromagnetic spectrum [110].  UV-vis spectroscopy is 

applied in analytical chemistry for the quantitative determination of different analytes. 

In this study UV-vis spectroscopy was used for performance of toluidine blue 

experiment. Figure 1.34 shows a schematic of UV – vis spectroscopy and figure 1.35 
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shows the spectrophotometer instrument used. Results from UV – vis spectrometer are 

presented in. 

 

 
Figure 1.34 Schematic of UV-vis spectrometer. 

 
 
Figure 1.35 Evolution 60S UV-Visible Spectrophometer instrument used in this research work. 
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1.11  Thesis objectives 

 

This thesis sought to address a number of different scientific questions. 

 

First, how to fabricate functionalised substrate support to be used in bioassay for the 

detection of biomolecules, such as breast cancer (BC) specific biomarker miR195? 

Panel of –COOH supports were tested: ox.PMMA, TEOS/AA, mercaptoundecanoic 

acid self assembly monolayer, succinic anhydride, alkyne modified ox.PMMA surface 

and APTES as an amino surface.  

 

Second, how can the overall BC assay hybridisation efficiency be improved? 

Ox.PMMA was used as a support and the use of novel immobilisation technique – click 

chemistry (CC) was introduced. The specificity of the CC reaction is not temperature 

depend, while EDC is only specific at higher temperatures.    

 

Third, based on these research findings, can a sandwich assay on modified surface with 

revised conditions in order to detect BC-specific miR195 DNA be optimised? Assays 

were performed on ox.PMMA with incorporation of CC linker to improve assay 

efficiency; including specificity and sensitivity. CC is more suitable for point-of-care 

devices, as the CC-enabled assays can be performed at room temperature with greater 

hybridisation efficiency.  

 

Finally, can an alternative detection method for miRNA for an early BC diagnosis be 

developed? An attempt was made to use label free method to detect BC specific 

biomarker, based on quenching phenomenon.  

 

The above are described in distinct chapters and it is believed that they will have an 

impact on the future research and applications in the biosensor research field.    
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Chapter 2 

2 Development and characterisation of novel 
functionalised surfaces for DNA biomolecule 
attachment 

 
2.1 Introduction 

 

This chapter includes description of development and characterisation of panel of newly 

designed functionalised solid supports, which can further be adapted and suitable for 

DNA bio-conjugation.  

Relationship between solid support and biomolecules attachment are of a paramount 

importance in biosensor development. The main aim is to develop coating that is: 

 

• robust,  

 

• easy to prepare and  

 

• promotes only specific biomolecule binding.  

 

Here, a panel of –COOH films prepared with different methods, which are further 

characterised, is explored. A novel ox.PMMA film preparation is introduced, which 

meets all the above requirements [3]. Advantages of ox.PMMA and additional tests are 

included in chapter 3.  

Numbers of different techniques are available for the synthesis of various functionalised 

films on solid supports for the purpose of DNA immobilisation for bioassays. Among 

these, wet chemistry APTES depositions on Zeonor® slides or TEOS/AA slides are the 

common ones used by researchers. This work explores the fabrication and evaluation of 

specific surfaces, including carboxylic acid and amino depositions. In this chapter, the 

recipes and production methods as well as morphological, structural and functional 

characterisation of deposited films are investigated in detail using a number of different 

techniques.  
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Here is the list of developed surfaces: 

 

• Tetraethyl Orthosilicate/Acrylic acid  (TEOS/AA) 

 

• APTES 

 

• SAM, MUA on gold and on other substrates 

 

• Succinic Anhydride 

 

• Spin coated (oxidised) PMMA 

 

• Alkyne modified ox.PMMA surface. 

 

The paragraph lists and describes the techniques used in this study including:  

 

• water contact angle,  

 

• ellipsometry  

 

• atomic force microscopy  

 

• the toluidine method (TB method). 

  

Tetraethyl Orthosilicate (TEOS) has become popular in the research community as a 

source of silicon for PECVD systems, especially in the case of SiO2 thin film 

depositions. It is mainly used as a crosslinking agent in silicone polymers and as a 

precursor to silicon dioxide in the semiconductor indstry [111]. TEOS (Si(OC2H5)4), 

figure 2.1, is a silica (Si) atom with four ethoxy groups attached, which are liable (easily 

displaced from the Si atom) also called Orthosilicate [112] . 
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Figure 2.1 Chemical structure of TEOS. 

 

Acrylic acid (AA) is an organic compound; consisting of a carboxylic acid terminus and 

a vinyl group (CH2=CHCOOH), figure 2.2. AA has been used for years in the 

production of a range of compounds, such as polyacrylates and acrylic esters. AA can 

be deposited by PECVD and it creates a layer of carboxyl groups (-COOH), which can 

be activated to interact with the NH2 amine group present on DNA. The advantage of 

AA-based carboxyl layers is the ability to remain functional after interaction with water 

(e.g. unlike epoxy). This characteristic is very favourable for diagnostic devices, which 

are often subjected to various washing and protein immobilisation stages [113–115].  

 

  
 
Figure 2.2 Chemical structure of Acrylic Acid. 

	
Films formed as a result of sequential, plasma assisted fragmentation and deposition 

from vapours of AA and TEOS have very special properties. Some of the properties of 

TEOS include the ability to adhere to the plastic substrate and also to act as a network 

building layer for further cross-linking with AA, the sequential plasma deposition 
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resulting in a film of composition graded from inside to outside. Due to the presence of 

silanols (Si-OH) a large uptake of water molecules is possible. The above characteristic 

leads to significant hydration of the layer, which in combination with high total negative 

charge lowers the non-specific binding of biomolecules. Furthermore, the specific 

combination of TEOS and AA significantly increases the proportion of carboxyl groups 

in the layer, above that found from deposition of AA alone. As reported by other 

member of our group, the deposited layers were found to exhibit low non-specific 

binding for negatively charged particles and biomolecules and high binding capacity for 

specific functionalisation [116]. 

Aminopropyltriethoxysilane (APTES), figure 2.3, is chemically stable organosilane, 

which has been widely adopted in the creation of amino functionalised surfaces for use 

in biomedical environments, i.e. implants and sensing devices. It is easily covalently 

bound to prepared surfaces through silanisation, which involves the hydroxyl groups 

present on the substrate essentially attacking and displacing the alkoxy (ethoxy) groups 

of the APTES, creating covalently bound –Si-O-Si- matrices [117].   

 

 

Figure 2.3 Chemical structure of Aminopropyltriethoxysilane (APTES). 
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Organic self-assembled monolayers (SAMs) are of great importance in surface 

technology since the presence of chemically bound molecules renders the properties of 

an interface entirely different compared to those that are unmodified. SAMs are 

typically formed by exposure of solid substrates to amphiphilic molecules with 

chemical groups that exhibit strong affinities for the substrate. Gold is the most 

frequently used metal because it does form a stable oxide layer under ambient 

conditions and potentially provides a reproducible, convenient, and robust method with 

which to incorporate functionality at the surface in a chemically and physically well-

defined way [118].  

 

 

 
 
Figure 2.4 Chemical structure of 11-Mercaptoundecanoic acid (MUA). 

MUA is a long backbone chain with carboxyl (-COOH) and thiol (-SH) end groups, 

figure 2.4. The thiolated end binds covalently to gold, forming a monolayer of carboxyl 

groups, see figure 2.5. 
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Figure 2.5.  Chemical representation of MUA SAM monolayer. 

Due to the presence of the thiol end group, MUA naturally binds to gold substrates. In 

the case of other substrates, cross-linking is required. DPI experiments were performed 

to investigate DNA behaviour on MUA. The purchased DPI chips are made of silicon 

oxide rather than gold/ gold-coated and therefore they were required to be modified. 

The procedure involved the use of sulfo-SIAB, a water-soluble, mid-length (10.6 

angstrom) cross-linker for amine to thiol conjugation via sulfo-N-hydroxysuccinimide 

(sulfo-NHS) ester and iodoacetyl reactive groups, figure 2.6. 

 

 

 
Figure 2.6 Chemical structure of sulfo-SIAB. 
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Succinic anhydride (SA), also called dihydro-2,5-furandione, is an organic compound 

with the molecular formula C4H4O3, figure 2.7. This colourless solid is the acid 

anhydride of succinic acid.  

 

 

 
 

Figure 2.7 Chemical structure of SA. 

 

SA was used as -COOH surface for DNA behaviour investigation. Direct binding of SA 

to the DPI chip is not straightforward; hence APTES was used as an immobilisation 

layer. 

 

Spin coating is used widely for depositing thin polymer layers on flat solid substrates 

[107,108,119–125]. Poly(methyl methacrylate) (PMMA) is a thermoplastic single-

copolymer (homopolymer) which has applications in electron beam (EBL) and scanning 

probe lithography (SPL) as a positive or negative resist (at high enough doses) due 

mainly to its highest resolution among conventional organic electron beam resists [106]. 

It is also an attractive material for the fabrication of low-cost micro-total analysis 

systems (m-TAS) since it possesses excellent optical, thermal, chemical and 

biocompatible properties [126]. Spin-coated PMMA is utilised as a thin film commonly 

used as resist films in micro/nanofabrication processes [106]. If the specific and 

appropriate treatment of its surface is applied, PMMA can be functionalised/modified to 

enable the covalent attachment of biomolecules for bioassay development [126–128], 

figure 2.8.  
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Figure 2.8 Poly(methyl methacrylate) after oxidation to form ox.PMMA. 

	
Further analysis and characterisation of the two chosen films: TEOS/AA and ox. 

PMMA was carried out, as two of them have the biggest potential to be used in future 

biosensor development. Both of them proved to have multiple advantages over the state 

of the art. PMMA can be prepared by wet chemistry and TEOS/AA is prepared by 

PECVD, both techniques are not time consuming and allow preparation of a large 

number of samples at once.  Both processes allow functionalisation of different 

substrates, such as plastic or glass, unlike MUA, which requires a gold substrate. AFM 

analysis was used to compare smoothness and overall topography of both surfaces. Both 

surfaces proved to be smooth with no significant features. Both surfaces were also 

tested in terms of robustness against multiple washings.  From the above analysis it was 

determined that ox.PMMA is covalently anchored to the surface, where with TEOS/AA 

it is not the case. The hypothesis was made, that the surface anchoring method fails and 

TEOS or AA is being washed away along with the probes attached to it. In order to 

verify the above, the ox. PMMA surface was tested. Our hypothesis has been 

confirmed; the signal of DNA probe adsorbed covalently to the surface remains the 

same regardless of the wash on ox.PMMA, while with TEOS/AA signal of DNA probe 

adsorbed decreases gradually with each additional wash.   

Finally with collaboration with another researcher from our group, the best-known 

method (BKM) for TEOS/AA deposition by PECVD was determined. For this, the 

toluidine blue method, complemented by ellipsometry to measure the deposited film 

thickness and water contact angle instrument to measure the hydrophobicity of film, 

were used. TB is a dye, which binds specifically to –COOH groups, which was utilised 
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as an additional technique to characterise some of the substrates. TB test gives an 

average of –COOH groups on a surface. TB is a suitable qualitative method to confirm 

the presence or absence of active –COOH groups on the surface. Due to this fact, TB 

has been used as an additional test to ellipsometry to measure deposited film thickness 

and water contact angle technique to measure the hydrophobicity of a film in the 

development of a BKM for TEOS/AA by PECVD. A conclusion has been drawn based 

on the collective results in this chapter, that ox. PMMA is the most suitable surface and 

it is further explored in chapter 3.  

 

2.2 Experimental details 
	
In this study, preparation of novel functionalised surfaces to be suitable for DNA assay 

development is described. Prepared surfaces are being analysed and the results are 

compared amongst them all. Two the most suitable surfaces are chosen, based on 

advantages and disadvantages, listed in this chapter.   

Additionally a BKM for TEOS/AA depositions by PECVD is being determined.  

 

 

	

2.2.1 Materials and instrumentation 

	
PMMA sheets (0.25 mm thick, impact modified, MW ¼ 120 000) were sourced from 

Goodfellow Cambridge Limited (Huntingdon, England). Zeonor® substrates, injection-

molded cyclic olefin polymer (COP) slides (Zeonor® 1060R, 25 mm x 75 mm, 1 mm 

thick) were sourced from Sigolis (Uppsala, Sweden). Gold-coated standard glass 

microscope slides (Ti/Au, 5 nm/30 nm, 25 mm x 75 mm, 1.1 mm thick) were sourced 

from PhasisSarl (Geneva, Switzerland). Universal microscope glass slides were sourced 

from VWR (Dublin 15, Ireland). PTFE filter (pore size 0.25 µm) (Chroma-filXtra 

PTFE-20/25 Macherey-Nagel, Duren, Germany) 1-Ethyl-3-(3- dimethylaminopropyl) 

carbodiimide (EDC), 2-(N-morpholino) ethanesulfonic acid buffer (MES), sodium 

dodecyl sulfate (SDS), saline-sodium citrate (SSC), 11 Mercaptoundecanoic acid 95 

% (MUA), Succinic anhydride ≥ 99 % (GC), Toluidine Blue O and toluene (anhydrous, 

99.8 %), Tetraethyl orthosilicate (TEOS/AA) reagent grade 98%, (3 – 

Aminopropyl)trethoxysilane (≥98%) were purchased from Sigma Aldrich (Arklow, 
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Ireland). TEOS/AA. Improved Super Cone tips for AFM were purchased from Team 

Nanotec. Amino-modified oligonucleotide DNA probes (5’-GCC-AAT-ATT-TCT-

GTG-CTG-CTA-3’) (miR-195 probe, 21-mer) and synthetic oligonucleotide target 

DNAs (5’-TAG-CAG-CAC-GTA-AAT-ATT-GGCG-3’) (miR-16 target, 22-mer) with 

Cy3 label and without the label and (5’-TAG-CAG-CAC-AGA-AAT-ATT-GGC-3’) 

(miR-195 target, 21-mer) with Cy3 label and without the label were sourced from 

Eurofins MWG Operon (Ebersberg, Germany). All chemicals were used as received 

without further purification. 

 

Instrumentation used in support of this work in chapter 2: 

 

• Spin coater 

• UV/O3 and O2 plasma  

• Ellipsometry 

• Water contact angle instrument 

• AFM 

• UV-vis 

 

 

2.2.2 Preparation of Tetraethyl Orthosilicate/Acrylic acid  (TEOS/AA) surface 

	
TEOS/AA was deposited on Zeonor substrate with PECVD by in house technician. 

Figure 2.9 represents a sequential deposition of TEOS/AA. 

 

 



	

	 64	

 

Figure 2.9 Sequential TEOS/AA deposition. 

Image taken from Ruairi Monaghan’s (DCU) thesis with his permission. 
 
 
 

2.2.3 Preparation of 3-Aminopropyltriethoxysilane  surface 

	
APTES coatings by the PECVD method are prepared in house, see figure 2.10.  

 

 

 

 

 

 

Figure 2.10: Diagram showing the silanization of APTES onto an oxidised polymer. 

Image taken from Ruairi Monaghan’s (DCU) thesis with his permission. 
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APTES can also be prepared by wet chemistry. The protocol for chemically depositing 

APTES is as follows: 

• Substrate (glass, Zeonor, silicon) needs to be oxidised - either through 

oxygen plasma treating or other methods like UV-Ozone treatment 

• Dip the freshly oxidized substrates in the deposition solution (92:5:3 

mixture of isopropanol/ethanol, DI water, and APTES) 

• Store the substrates for 2 hours at room temperature in solution 

• Sonicate substrates in isopropanol for 15 minutes twice 

• Rinse the substrates with isopropanol 

• Bake the substrates in oven for 1 hour at 80oC (substrates may stick to 

holder during baking so care must be taken) 

• Cool the substrates for 30 minutes at room temperature 

Coated slides can then be stored as needed. 

 

2.2.4 Preparation of 11-Mercaptoundecanoic acid, self assembled monolayer 

surfaces 

 

SAM on gold were prepared as follows: 

• Incubate gold substrates in freshly prepared thiol solutions (5mM) using 

ethanol for 12 h.  

• After the formation of SAMs, rinse gold substartes with a copious 

amount of ethanol and DI water,  

• Use stream of nitrogen gas to dry substrates.  

Water contact angle was used as a confirmation test of the successful depositions and 

should be around 55°.  
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2.2.5 Preparation of 11-Mercaptoundecanoic acid (MUA) on substrate other than 

gold 

 

Use of MUA on substrates other than gold requires introduction of a linker. Protocol of 

preparing MUA on DPI chips (silicon oxide) is as follows: 

• The DPI chips were coated with liquid APTES (see section 2.2.3.)  

• DPI chip coated with liquid APTES is submerged in sulfo-SIAB (5 mM) 

solution prepared with PBS (pH 6.5) for 30 minutes to let amine-to-thiol 

conjugation 

• Substrates then were washed with DI water and dried using stream of 

nitrogen gas.  

• Modified surfaces in this manner were then ready for MUA incubation 

overnight (see section 2.2.4) 

• After formation of the SAM, substrates were rinsed with a copious 

amount of ethanol and DI water, and finally dried using a stream of 

nitrogen gas.  

 

2.2.6 Preparation of Succinic Anhydride surfaces 

 

An adapted protocol [129] for SA immobilisation was used, see the protocol: 

• Primary amino groups in APTES films were initially converted to 

carboxyl groups by incubation in THF containing 5 mg/ml SA and 5 % 

v/v triethylamine (TEA) for 4 hours  

•  Rinse with DI water.  

Figure 2.11 represents SA preparation, including prior liquid APTES functionalisation 

followed by THF incubation.  

 

Water contact angle was used as a confirmation test of the successful depositions as 

well as surface characterisation, and should be around 60-65°. 
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Figure 2.11 SA preparation, including prior liquid APTES functionalisation followed 
by THF incubation. 

	

2.2.7 Preparation of spin coated poly (methyl methacrylate) surfaces 

	
Protocol for preparations of spin coated PMMA is as follows: 

• Take off protection film from the PMMA sheet 

• Cut PMMA sheet into small pieces  

• Weight out 0.001g, 0.002g, 0.005g of PMMA pieces for 0.1 %, 0.2  or 

0.5 % PMMA concentration respectively 

• Place into a glass vial with 10 ml of 80 % ethanol or toluene depending 

on the underlying substrate used (i.e. gold or Zeonor®) to result in 0.1 % 

PMMA concentration. Toluene dissolve Zeonor substrates, hence 80 % 

ethanol is recommended 

• Use sonicator at 40 ° for 30 minutes to dissolve the PMMA pieces  

• Filter dissolved PMMA through a PTFE filter (pore size 0.25 µm) to 

eliminate precipitates and dust particles. Cleaning of the substrates prior 

spin coating: 

• Fill the tank with 2 % of Micro90 detergent for cleaning step 
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• Place the slides in a slider holder and submerge them in Micro90 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Fill another tank with isopropanol and submerge slides 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Dry with nitrogen stream 

Spin coating of dissolved PMMA protocol: 

WS-400A-6NPP/LITE spin coater, Laurell Technologies Corporation, North 

Wales, USA, figure 1.35, was the system used to spin coat ultra thin films of 

PMMA on substrates such as: glass, Zeonor®, gold and silicon, throughout this 

study.  

• Place a slide at the centre of spin coater’s holder 

• Apply vacuum to immobilise the slide 

• Place 1 ml of dissolved PMMA solution on the middle of the slide 

• Set the settings: 3000rpm, 5 seconds acceleration for 1 minute 

• Press start 

• Take the slide off and transfer to a holder  

The curing process protocol: 

• The PMMA films are cured in an oven at 80 °C for 1 h or in the fume 

hood over night. 

Oxidation of spin coated PMMA surfaces with UV/O3: 

UV/O3 treatment was performed using a commercial ozone cleaning and 

activation system (PSD-UV, Novascan Technologies, Ames, IA, USA). 

According to the manufacturer specifications, at the 50 W power setting, 

approximately 50 % of the total lamp output power is delivered around the 254 

nm peak and 5 % around the 185 nm peak. The optical power was kept constant 

but the treatment time was varied. A period of 8 minutes of UV/O3 treatment was 

optimal for spin coated thin PMMA films. When the treatment time was too 

short, insufficient numbers of carboxylic functionalities were generated, while if 

the treatment time was too long, the thin PMMA film was etched away [130].  



	

	 69	

 

• Place cured PMMA samples (do not touch the interface, pick up by the 

edge of the slide) onto UV/O3 device 

• Initiate oxidation for 4-8 minutes as required 

• Remove samples from the device 

• Alternatively oxygen plasma can be used to activate the surface (4-8 

minutes) 

2.2.8 Preparation of alkyne-modified ox. PMMA surface 

 

A novel type of surface has been developed during this study – alkyne functionalised 

ox. PMMA surface which is suitable for click chemistry DNA conjugation. Protocol is 

as follow: 

• Ox. PMMA (see section 2.2.7) is modified; incubate for 40 minutesat 

room temperature with 1 % w/v solution of 1-amino-3-butyne with 100 

mM EDC in DI water 

• Following incubation, 20 minutes washing is applied: 10 minutes in 

0.2XSSC + 0.1 %SDS and 10 minutes in 0.2XSSC to remove any 

residues. The chemical modification of ox. PMMA to Alkyne ox. 

PMMA surface is shown in figure 2.12.  

 
Figure 2.12 Chemical modification of ox. PMMA to Alkyne ox. PMMA surface 
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2.2.9 TB staining of carboxylic surfaces 

	
Modified protocol [84] 

• Using a 0.1mM NaOH solution, create a 0.1mM dilution of toluidine blue 

(0.0305g per 1L) 

• Incubate substrates for 1 hour @ 40oC with 50ml of fresh toluidine blue solution 

• Rinse surfaces using fresh 0.1mM NaOH to remove excess dye 

• Incubate substrates in Acetic Acid: Water (50:50) solution for 30 minutes @ 

40oC 

• Solution can be measured using UV-Vis (absorbance 626nm – 635nm). 

Evolution 60S UV-Visible Spectrophometer, Thermo Scientific, Ireland, was the 

instrument used in this study. As stated by the manufacturer, this instrument 

acquires accurate spectra with scan speeds up to 4200 nm/min and its dependent 

on dual-beam optics in order to achieve superior photometric accuracy during 

long measurements. The measurements are acquired from the UV to the near-IR.  

• Figure 2.13 shows a schematic and principles of the TB reaction.  

 

 

Figure 2.13 Schematic and principles of the TB reaction. 
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2.2.10 AFM analysis 

 

• Substrate surfaces were examined using an atomic force microscope (AFM) on a 

Veeco Dimension 3100 instrument.  

• The AFM was used in tapping mode using Tap300Al-G tips from Budget 

Sensors (Sofia, Bulgaria)  

• High aspect ratio images were measured using Improved Super Cone tips from 

Team Nanotec; both tips had a resonant frequency of 300kHz and force constant 

of 40 Nm-1.  

• Images were analysed using WSxM software [131].  

 

2.3 Results and discussion 
	
This section shows results of determination of two most suitable surfaces for further 

analysis based on advantages and disadvantages while compared with other prepared 

surfaces. Further and more detailed analysis of the chosen surfaces is included in this 

paragraph. Additionally TB method is used in determination of the BKM for TEOS/AA.   

2.3.1 Determination of two most suitable surfaces for further analysis 

	
A number of different surfaces have been developed during this study. The analysis of 

all of them would be time consuming; hence the decision was made to choose two most 

suitable surfaces, which will be used for further analysis. Table 2.1 presents all surfaces 

developed describing advantages and disadvantages of the preparation process.  

 

Ox.PMMA and TEOS/AA have been chosen as two most suitable surfaces (more 

advantages while compared with other surfaces). Both techniques are not time 

consuming and result in ultrathin and uniform carboxylic acid film. Analysis of 

ox.PMMA and TEOS/AA surfaces are performed in next sections.   
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Table 2.1 Advantages and disadvantages of the preparation process of various surfaces. 

Type of surface  Advantages Disadvantages 

TEOS/ AA (-COOH)  • Reproducible 
• Time efficient 
• Uniform 
• Ultra-thin film 
• High throughput 
• No limitations to 

substrates used 

• Requires PECVD, 
which may not be 
easily accessible 

 

MUA (-COOH)  • Inexpensive and 
accessible reagents 

• No need for 
expensive 
equipment 

 

• Extra step required 
if surfaces other 
than gold used 

• Time consuming 
• Poor uniformity 

SA (-COOH)  • Inexpensive and 
accessible reagents 

• No need for 
expensive 
equipment 

 

• Poor 
reproducibility 

• Poor uniformity 
• Laborious 
• Time consuming 

 
Ox.PMMA (-COOH)  • Ultrathin film 

• Uniform 
• Reproducible 
• Time efficient 
• Inexpensive 

reagents 
• Production in bulk 
• No limitation to 

substrates used 

• Need access to 
equipment such as: 
sonicator and spin 
coater 

APTES (-NH2)  Used as a control  

 

 

 

 

 

 

 



	

	 73	

2.3.2  Analysis of chosen surfaces: PMMA and TEOS/AA 

 

PMMA and TEOS/AA films have been chosen for further analysis, as two of them have 

the biggest potential to be used in future biosensor development, based on adaptability 

of production process. Both of them proved to have multiple advantages over other 

developed surfaces. Ox. PMMA can be prepared by wet chemistry and TEOS/AA is 

prepared by PECVD, both techniques are not time consuming and allow preparation of 

a large number of samples at once.  Both processes allow functionalization of different 

substrates, such as plastic or glass, unlike MUA, which requires a gold substrate or an 

additional step if substrate other than gold is used.  

First AFM analysis was used to compare smoothness and overall topography of both 

surfaces. The aim was to obtain as smooth film, c. less than 8nm. Dimensions of single 

stranded DNA probes are approx. 8nm x 1.5nm [126], when fully stretched. However 

probes are not rigid as double helix, but are as flexible as a strand of a hair. That is why 

the smoothness of the surface is of paramount importance, to prevent DNA strand get 

buried between peaks and valleys of the rough surface. This could have a negative 

effect on orientation and availability of the DNA for further hybridisation [100].  

Figures 2.14 and 2.15 show AFM images of substrates such as glass,  Zeonor® and 

TEOS/AA washed and unwashed films and plain/ox. PMMA. Glass and Zeonor® were 

washed prior deposition in a 2 % Micro90 solution in an ultrasonicator for 30 minutes, 

rinsed with DI water and ultra-sonicated for a further 30 minutes in Isopropanol and 

blow dried with N2. This washing is applied to any new substrate samples prior to 

deposition to avoid any contamination or residues left during fabrication, packaging or 

transportation. Despite an extensive washing prior AFM analysis, there have been some 

artefacts observed, see figure 2.14 and 2.15. They could represent some dust particles, 

as the measurements are not taking in a clean room environment. 

 

 

 

 

 



	

	 74	

 

 

 

   

 

Figure 2.14 AFM analysis of substrates: Zeonor® , glass; and washed and unwashed TEOS/AA on 

Zeonor®  and PMMA and ox.PMMA on glass. Area scanned 10 µm x 10 µm. Circled are the artefacts 

possibly caused by dust particles. 

 

 

 

 

Substrate-	
Washed	plain	Zeonor® Unwashed	TEOS/AA	 Washed	TEOS/AA	

Substrate-	
Washed	glass	only		

Plain	PMMA	on	glass		 Ox.	PMMA	on	glass		
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Figure 2.15 AFM analysis of substrates: Zeonor® , glass; and washed and unwashed TEOS/AA on 

Zeonor®  and PMMA and ox.PMMA on glass. Area scanned 2 µm x 2 µm. Circled are the artefacts 

possibly caused by dust particles. 

 

 

 

Substrate-	
Washed	plain	Zeonor®	

Unwashed	TEOS/AA	 Washed	TEOS/AA	

Substrate-	
Washed	glass	only		

Plain	PMMA	on	glass		 Ox.	PMMA	on	glass		
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TEOS/AA washed refers to TEOS/AA washed by rinsing the slide with DI water after 

deposition processes. TEOS/AA not washed is simply TEOS/AA straight from the 

PECVD chamber with no further washing or modification.  The washing step after 

TEOS/AA depositions helped to reduce the amount of loosely bound groups, leaving it 

with intact functionality. It was also noticed that contact with water increases overall 

roughness, which is possibly associated with film swelling upon contact with liquid. 

However the increase is insignificant. Figure 2.16 combines revised average roughness 

for each substrate. There are minimal variations between surfaces; all surfaces results in 

roughness lower than 1.8 nm. It was confirmed that all surfaces are quite smooth and 

almost featureless, which makes them ideal for DNA immobilisation. Higher values for 

average roughness in case of TEOS/AA could also be caused by the underlying 

substrate – Zeonor®, which as can be seen from figure 2.16, is rougher than glass, 

which is used for PMMA. Epoxy, commercially available surface, is exceptionally 

smooth, however it is not smoother than ox. PMMA.  

 

 

Figure 2.16 Average roughness of various substrates analysed by AFM, n=3. A-washed Zeonor, B-

washed glass, C-plain PMMA, D-ox.PMMA, E-unwashed TEOS/AA, F-washed TEOS/AA and G-

Epoxy. 
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Images from AFM of various substrates are presented in figure 2.14 and 2.15. Two 

different area sizes were scanned: 10 µm and 2 µm. To conclude there are some 

noticeable features observed, like dust particles, however overall roughness is below 2 

nm, which is suitable to be use for DNA experiments.   

 

2.3.3 TEOS/AA and ox. PMMA – surface stability and robustness upon multiple 

washing  

 

The sensitivity and selectivity of biosensors depend mainly on the quality and 

robustness of the interface [132]. The surface configuration must stay intact against 

multiple washes and the immobilisation, that is, the active site must remain accessible 

and active. The surface has to withstand multiple washes aimed at enhancing sensitivity 

and selectivity of the assay. Here, TEOS/AA and ox. PMMA are tested against multiple 

washes in order to establish the stability and robustness of the deposited film.  

Amino modified 1 µM DNA probes with fluorophore attached at the other terminus 

immobilisation with EDC linker was used as a confirmatory test for surface stability. In 

the presence of EDC, amine groups (on DNA terminal) and carboxylic acid groups (on 

the surface) bind covalently and the reaction is very specific. Hence DNA probe is 

immobilised via –NH2 and the slide was then scanned – before wash. The same slide 

then was subjected to a wash and scanned after each 20 minutes wash. Figure 2.17 

represents the results for up to 6 washes for TEOS/AA and figure 2.18 represents the 

results for up to 6 washes for ox. PMMA.   
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Figure 2.17 1µM DNA probe immobilised onto TEOS/AA, grey bars represent EDC linker in the DNA 

sample. Fluorescence intensity before (first bar) vs. fluorescence intensity after washes. Each wash = 20 

minutes in total, 10 minutes with 2xSSC and 0.1 % SDS followed by 10 minutes with 2xSSC only. Error 

bars are equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

 

 

Figure 2.18  1µM DNA probe immobilised onto ox.PMMA, bars represent EDC linker in the DNA 

sample. Fluorescence intensity before (first bar) vs. fluorescence intensity after washes. Each wash = 20 

minutes in total, 10 minutes with 2xSSC and 0.1 % SDS followed by 10 minutes with 2xSSC only. Error 

bars are equal to the standard deviation of three fluorescence intensity measurements, n=3. 
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Fluorescence intensity is directly proportional to the amount of DNA probe bound to 

the surface. DNA Fluorescence signal on TEOS/AA deteriorates along with every 

additional wash, see figure 2.17.  The unwashed slide has a high signal of almost 35K 

A.U., which confirms a lot of non-specifically and loosely bound DNA probe to the 

surface. The signal decreases by more than a half after wash one. At this stage the DNA 

probe should be covalently bound, and should stay at this level regardless of washing. 

However, it is observed that the signal gradually decreases as a function of repeated 

washing steps. The hypothesis was made, that the surface anchoring method fails and 

TEOS or AA is being washed away along with the probes attached to it. It also raises a 

question of the surface chemistry surviving, ie: the film stays intact, however the bond 

between the DNA molecule and the surface is compromised resulting in DNA being 

washed away. In order to verify the above, ox. PMMA surface was tested; see figure 

2.18. Aminated DNA with fluorophore was immobilised to ox. PMMA surface in the 

same manner as for TEOS/AA, same wash protocol was also applied. If there were a 

problem with the linking chemistry (bond between the surface and a DNA molecule), a 

similar result would be expected, gradual decrease of the signal as a function of bond 

being disturbed and DNA molecules being washed away. However quite opposite is 

observed, see figure 2.18; the signal stabilises after the first wash.  Our hypothesis has 

been confirmed; signal of DNA probe adsorbed covalently to the surface remains the 

same regardless the wash on ox.PMMA. Before wash the signal is high as expected due 

to the large amount of non-specifically and loosely bound DNA. After the first 20 

minutes wash, the signal decreases by almost a half, which is very similar to the 

decrease observed on TEOS/AA. However unlikely with TEOS/AA surface, DNA 

probe is covalently attached to the ox.PMMA surface and the signal is maintained at the 

same level, which confirms the stability of the surface. From the results above, 

conclusion has been drawn that the TEOS/AA recipe needs more optimization in order 

to improve its stability and robustness against multiple washing steps and another 

member of this research group has continued this work. Ox. PMMA has proven to be 

durable and robust surface, which can withstand multiple washes. Due to findings 

described above, decision had been made to concentrate on further development and 

optimisation of ox. PMMA and to use this surface as a platform for DNA experiments 

and further research, which is explained in more detail in Chapter 3. 
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2.3.4 Quantification of carboxylic acid groups using TB method on various 

surfaces 

 

The toluidine blue (TB) test was used in this study in order to verify the amount of the 

carboxylic acid groups on surfaces such ox.PMMA and TEOS/AA.  

In microarray technology the surface density of the immobilised oligonucleotide probe 

is a paramount parameter. A poor surface coverage will result in a low hybridisation 

signal and will have a negative effect on the hybridisation rate [100,133]. However, a 

very high surface density may also not be ideal as it can possibly result in steric 

interference between the covalently immobilised oligonucleotides, preventing access to 

the complimentary DNA target strand [134].  

In this study TB has been used to characterize the functionality of the carboxyl surfaces 

and to determine the amount of –COOH functionalised groups/ DNA probe 

immobilised. TB (used in NaOH solution) is extremely specific to binding carboxylic 

groups, and creates a strong ionic bond to deprotonated carboxyl’s on a surface coated 

in AA. 

Prior to surface testing with the TB method, concentration curves had to be constructed 

in order to verify the relation between absorbance and the concentration. Figure 2.19 

presents range of concentration curves:  

 

A) 0.02 mM – 0.08 mM;  

 

B) 0.002 mM-0.01 mM;  

 

C) 0.8 µM – 2.4 µM.  

 

Due to the wide range of concentrations, three individual graphs were constructed, 

figure 2.19. 
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Figure 2.19: Calibration curves at different concentration range: (a) 0.02 mM – 0.09 mM; (b) 0 mM - 

0.01 mM; (c) 0 uM – 2.5 uM. Error bars are equal to the standard deviation of three fluorescence intensity 

measurements, n=3. 

 

TB staining was used to determine the density of carboxylic groups on plain Zeonor® 

and oxidised (UV/O3 treatment) Zeonor®. Absorbance value was used as an indicator of 

carboxylic acid density. From the graph in Figure 2.20, the difference in absorbance 

between non – treated and treated Zeonor® slides is significantly noticeable. A very 

similar result was observed in treated versus non – treated PMMA substrate, see figure 

2.21. The above results were as expected, non – treated PMMA or Zeonor® slides do 

not have any active carboxylic acid groups. Only upon activation of the above surfaces, 

chemical modifications occur resulting in active carboxylic groups.  
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Figure 2.20 TB absorbance on plain Zeonor® vs. oxidised Zeonor®. Error bars are equal to the standard 

deviation of three fluorescence intensity measurements, n=3. 

 

 

 

 

Figure 2.21 TB absorbance on plain PMMA vs. oxidised PMMA. Error bars are equal to the standard 

deviation of three fluorescence intensity measurements, n=3. 
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To calculate the amount of molecules per unit area, the equation shown below was used:   

 

𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒑𝒆𝒓 𝒏𝒎𝟐 =  (𝟏×𝟏𝟎𝟏𝟔𝜹− 𝟏.𝟎𝟓×𝟏𝟎𝟏𝟒)/𝜶 

 

In this instance α represents the area of the coated flat surface of the substrate (nm2), 

and δ represents the absorbance of the solution containing the toluidine blue released 

from the surface, measured by UV-Vis (A.U.). The absorbance values were applied in 

calculations to obtain the number of carboxylic group molecules per area (cm 2). The 

table 2.2 shows the number of molecules per cm 2 area for ox. Zeonor®, ox. PMMA, 

plain Zeonor®, PMMA and SAM MUA on Au. Ox. PMMA shows the highest density 

of –COOH groups. Ox. Zeonor® and MUA on Au have very similar –COOH group 

density, and they are approx. 3 times smaller than Ox. PMMA. Plain Zeonor® and 

PMMA have no –COOH groups, which is expected. Figure 2.22 shows a graphical 

representation of results shown in Table 2.2.  

 

 
Table 2.2: Number of molecules per 1cm2 on various substrates. 

Substrate  Concentration  Number of molecules 

(per cm2) 

Ox. PMMA  7 µM  8.94*1014 

Ox. Zeonor®  2.2 µM  2.814*1014 

Plain Zeonor®  0.007 µM  0 

Plain PMMA  0.012 µM  0 

MUA on gold  0.9 µM  2.64*1014 
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Figure 2.22 Graphical illustration of results shown in the table 2.2. Error bars are equal to the standard 

deviation of three fluorescence intensity measurements, n=3. 

 

2.3.5 TB method used for the development of the best-known method for 

TEOS/AA by PECVD. 

 

TB method was also used in developing the best-known method (BKM) for TEOS/AA 

depositions on glass substrate. Depositions were prepared by in house by PECVD and 

the deposition performance analysed with the amount of the carboxylic acid groups on 

the surface determined.  TEOS/AA and TEOS-only were prepared in batches of 6 each 

and AA-only (acrylic acid only) and another TEOS/AA depositions were prepared in 

batches of 8.  Variations between the same depositions are quite significant as seen in 

figure 2.23. There was a compelling difference in between TEOS/AA depositions itself 

TA and TAA, which suggests that the current recipe is not robust and it is not uniform 

throughout the deposition processes. This work was done with collaboration with the 

fellow research member. TB method was used to analyse surface prepared by other 

researcher.  
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Figure 2.23 Number of molecules (E+14) per cm2 on TEOS/AA [1-6], TEOS only [7-12], Acrylic acid 

only [13-18] and another TEOS/AA [19-28]. Error bars are equal to the standard deviation of three 

fluorescence intensity measurements, n=3. 

 

3 final recipes were developed: 

1) 4 minute depositions (2 min Teos + 2 min AA) @ 5 Watts 

 

2) 4 minute depositions (2 min Teos + 2 min AA) @ 15 Watts 

 

3) 4 minute depositions (2 min Teos + 2 min AA) with the TEOS @ 40 Watts 

and AA @ 5 Watts. 
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Figure 2.24 Carboxylic acid molecules (E+14) per cm2 on samples 1-3 are all recipe 1, samples 4-6 are all 

recipe 2 and samples 7-9 are all recipe 3. Error bars are equal to the standard deviation of three 

fluorescence intensity measurements, n=3. 

 

 

Using the TB method all three recipes were characterised, with results of the number of 

molecules shown in figure 2.23. Recipe 1 is most reproducible and results in uniform 

depositions with an estimate final number of over 2.50E+14 molecules per cm2. Recipe 

2 varies between 1.50E+14 and 2. 50E+14, which a significant difference. This recipe is 

not reproducible and will not be utilised in a deposition process. Finally recipe 3 only 

varied between 1.50E+14 and 2. 00E+14, however the overall number of molecules is 

lower than the one in recipe 1. Below are additional measurements used to determine 

the BKM.  

 

 
 

0	

0.5	

1	

1.5	

2	

2.5	

3	

3.5	

1	 2	 3	 4	 5	 6	 7	 8	 9	

N
um

be
r	
of
	m
ol
ec
ul
es
	(E
+1
4)
	p
er
	c
m
	2 	

	



	

	 88	

 

Figure 2.25 Thickness (nm) measurements of samples: 1-3 recipe 1, 4-6 recipe 2 and 7-9 recipe 3. Error 

bars are equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

 

Figure 2.26 Contact angle (°) measurements of samples: 1-3 recipe 1, 4-6 recipe 2 and 7-9 recipe 3. Error 

bars are equal to the standard deviation of three fluorescence intensity measurements, n=3. 
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From figures 2.25 and 2.26, contact angle (figure 2.25) values are most consistent for 

recipe 1 and the thickness (figure 2.26) has only small variations. The average thickness 

is c. 5 nm and average contact angle is c. 18.6 °. Recipe 2 and 3 have significant 

variations in water contact angle, which suggests that depositions are not reproducible 

and the deposition process results in various film composition and coverage. By 

combining all results, recipe 1 has been chosen as BKM for TEOS/AA depositions at 

the time.  

The TB method was applied to obtain the information about the density of –COOH 

groups in order to characterise surfaces and obtain TEOS/AA BKM. Although this 

method is very specific for –COOH groups, it is not suitable for identifying the 

uniformity of –COOH distribution. The TB test gives an average of –COOH groups on 

a surface, but it does not explain the distribution of them. For example, Zeonor® slide is 

–COOH coated and undergoes TB testing. There might be areas on a slide, which are 

less covered with carboxylic groups and others that can be tightly packed with 

carboxylic groups. Due to the low sensitivity of the scanner used in the lab, and 

discrepancies with the equation provided by the calibration curve at low absorbance 

values, this method of carboxylic acid group quantification was considered not sensitive 

enough. It did however provide a clear contrast between untreated and treated 

substrates, displaying the presence of intact carboxylic groups on the surface. As an 

alternative of toluidine blue experiments, direct DNA immobilisation was suggested to 

be an accurate method for detection of the presence of carboxylic acid groups. 
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2.4 Summary and conclusion 
 
Determination of the most suitable carboxylic acid surface for bioassay development 

was the main aim of this chapter. A panel of different –COOH functionalised films 

were developed, including novel ox.PMMA film [3], which is explained in more detail 

in chapter 3. Each one of them was compared in terms of ease of preparation and time 

required for the preparation. Number of surfaces was investigated; however two most 

suitable were chosen to be used for further analysis and which have the biggest potential 

for future bioassay adaptation. TEOS/AA and ox.PMMA proved to have multiple 

advantages over five other functionalised surfaces described in this work. Both films do 

not require time-consuming preparation steps and both of them can easily be prepared in 

larger batches and in advance. The ease of preparation and ability to coat different 

substrates is another advantage over other substrates. Unlike MUA, which requires a 

gold under layer, ox.PMMA and TEOS/AA can be easily prepared on plastic platforms 

(Zeonor) or glass. The smoothness of the surface in bioassay development is of 

paramount importance, due to the size of the molecules to be immobilised onto it. An 

extensive AFM analysis was performed and it confirmed that there are minimal 

variations between two surfaces (TEOS/AA and ox.PMMA); both surfaces resulted in 

roughness lower than 1.8 nm. The DNA molecule is approx. 3nm x 8 nm, hence 

roughness of the surface of lower that 2 nm is ideal. DNA will not be positioned or 

peaks and valleys of the surface topography will not compromise its activity. This 

analysis confirms that both of them are quite smooth and almost featureless, which 

makes them ideal for DNA immobilisation.  

 

Another important points in the development a surface for biosensor applications are: 

 

• the quality of the interface 

 

• the robustness of the interface. 

 

The surface film configuration must stay intact against multiple washes and the 

immobilisation, that is, the active site must remain accessible and active. The surface 

has to withstand long-time reaction or washes aimed at lowering NSB.  
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Hence TEOS/AA and ox. PMMA were tested against multiple washes in order to 

establish the stability and robustness of the deposited film. As a result the TEOS/AA 

recipe needs more optimisation in order to improve its stability and robustness against 

multiple washing steps, as it was noticed it washes away after multiple washes. 

However, ox. PMMA has proven to be a durable and robust surface, which can 

withstand multiple washes. This leads to the further work described in the next chapter 

3 including further development and optimization of ox. PMMA and to use this surface 

as a platform for DNA experiments and further research. 

 

Finally, toluidine blue test (TB) was employed in order to compare the amount of the 

carboxylic acid groups on surfaces such ox.PMMA and TEOS/AA. The surface density 

of –COOH is proportional to the amount of the immobilised oligonucleotide probe. A 

poor surface coverage will result in a low hybridisation signal and will have a negative 

effect on the hybridisation efficiency [134]. However, a very high surface density may 

also not be ideal as it can possibly result in steric interference between the covalently 

immobilised oligonucleotides, preventing access to the complimentary DNA target 

strand [134]. Scanning electron microscope (SEM) was used in order to identify the 

distribution of DNA molecules on the surface. SEM produces images of a sample by 

scanning it with a focused beam, however after many attempts, images were featureless, 

hence the distribution of the DNA molecules could not be observed. This could be due 

system’s resolution limitations, as the molecules of ssDNA are in nm range.  

 

Additionally TB method was used in developing of the best-known method (BKM) for 

TEOS/AA depositions in collaborations with other fellow PhD researcher within our 

group.  
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Table 2.3 Summary of chapter 2 – key messages. 

CHAPTER 2 – key messages 

• TEOS/AA and ox.PMMA proven to be the most suitable 

            films for bioassay development 

 

• ox.PMMA is a more stable film than TEOS/AA in terms of stability 

against multiple washes 

 

• TEOS/AA requires more optimisation 

 

• Ox. PMMA to be used as a platform for DNA experiments and further 

research 

 

• Full characterisation of ox.PMMA to be carried out – Chapter 3 
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Chapter 3  

3 Fabrication and characterisation of spin 
coated ox. PMMA. 

 
3.1 Introduction 
 

Following the results from the previous chapter, ox.PMMA was chosen to be a 

suitable and promising surface for assay development. Fabrication of ox.PMMA 

needed to be characterised first and it is fully described in this chapter.  

This chapter is based on work which was published in Journal of Material 

Chemistry B [3]. 

 

Spin coating PMMA is a relatively well-known process [106,125]. However to 

date there has been no direct comparison of the different oxidation methods to 

activate the surface, nor has oxidised spin coated PMMA been used as a platform 

for DNA hybridisation or immunoassays. In this chapter, a comparison of the 

stability, functionality and fabrication process of spin coating and surface 

activating a thin film of PMMA on a variety of underlying substrates is 

described. Activation by two different methods, UV/O3 and oxygen plasma, is 

compared, with a focus on the stability of functionalisation over 24 days. 

Adhesion studies and robustness of binding of immobilised biomolecules to each 

surface is also reported and a direct comparison to commercially available epoxy 

and bulk PMMA surface is performed. Finally, three applications of the 

activated, spin coated PMMA films are demonstrated: (a) fluorescence quenching 

of dye-labelled molecules bound to thin PMMA layers on gold, (b) a DNA direct 

binding assay, and (c) a sandwich immunoassay.  

Biomedical diagnostics and adjunct therapeutics are generating keen interest and 

intense activity, particularly in the realm of rapid, self-contained medical systems 

suitable for use on-chip assay, such as point-of-care (POC) [135]. Synthetic 

polymers are a promising alternative substrate for biosensors because of their low 

specific gravity, a selectable range of mechanical and surface properties, and a 

number of well-established high-volume, low-cost manufacturing techniques 

[136]. A subset of synthetic polymers also possess excellent optical properties 
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such as low intrinsic auto-fluorescence and high transparency [137]. Poly (methyl 

methacrylate) (PMMA) is a particularly attractive material for the fabrication of 

low-cost micro-total analysis systems (µ-TAS) as it possesses excellent optical, 

thermal, chemical and biocompatibility properties [126]. PMMA can be used to 

fabricate microchips with micro-channels by injection moulding, hot 

embossing/imprinting, [127,138] laser cutting, or laser ablation [139,140]. 

Pristine PMMA is a relatively inert and moderately hydrophobic material; it does 

not possess suitable surface chemical functionalities to enable covalent 

immobilisation of biomolecules. Consequently, without pre-treatment, bio-

recognition elements such as oligonucleotides and antibodies can only be non-

covalently adsorbed on the methyl ester surface, typically resulting in poor device 

longevity and/or poor performance. 

In chapter 2 it was shown that through appropriate surface treatment, PMMA can 

be oxidised using methods, such as UV/O3 and O2 plasma, to form a carboxylic 

acid surface to enable the covalent attachment of biomolecules for bioassay 

development.  

Other procedures for the chemical functionalisation of PMMA involve amination 

in a N-lithioethylenediamine solution followed by the addition of a homo bi-

functional cross-linker molecule such as glutaraldehyde to enable attachment of 

aminated biomolecules, followed by capping of the unreacted aldehyde 

functional groups with a reducing agent [133,141]. Wet chemistry is also applied 

to generate reactive functional groups on the surface and base/acid hydrolysis of 

PMMA can be used to generate carboxylic acid groups [127,141–144]. 

Alternatively, PMMA can be activated by plasma treatment or UV (e.g. deep UV, 

vacuum UV) [145–148],. The surface activation by UV/O3 differs significantly 

from the low-pressure oxygen plasma discharge. Plasma treatment can 

chemically modify the top few nanometres of a polymer surface without using 

solvents or generating chemical waste, and with less degradation and roughening 

of the material than many wet chemical treatments [149,150]. UV/O3 has been 

extensively used to pre-treat surfaces for fluorescence-based bimolecular 

detection techniques. Modification of polymers by UV/O3 treatment is also a very 

attractive method for providing carboxylic functionality as it offers the ability to 

tailor the depth of surface reactivity by varying the wavelength and thus 

controlling the absorption coefficient [9,145–147,151–155]. Oxygen plasmas are 

very effective at oxidising organic substrates such as PMMA. [130,156]. 
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3.2 Experimental details 
	
Different characterisation techniques were used to investigate a newly fabricated 

PMMA surfaces. Preparation of PMMA included the use of different parameters of spin 

coater as well as different PMMA concentrations. To activate the surface (PMMA to 

ox.PMMA) two oxidation techniques were used. DNA assay and immunoassay was 

used to show the applications of the surface used. Longevity studies were performed to 

obtain the surface activity as a function of time.  

3.2.1 Materials and instrumentation 

 

PMMA sheets (0.25 mm thick, impact modified, MW ¼ 120 000) were sourced from 

Goodfellow Cambridge Limited(Huntingdon, England). Zeonor® substrates, injection-

molded cyclic olefin polymer (COP) slides (Zeonor® 1060R, 25 mm x 75 mm, 1 mm 

thick) were sourced from Sigolis (Uppsala, Sweden). Gold-coated standard glass 

microscope slides (Ti/Au, 5 nm/30 nm, 25 mm x 75 mm, 1.1 mm thick) were sourced 

from PhasisSarl (Geneva, Switzerland). Universal microscope glass slides were sourced 

from VWR (Dublin 15, Ireland). PTFE filter (pore size 0.25 µm) (Chroma-filXtra 

PTFE-20/25 Macherey-Nagel, Duren, Germany). 1-Ethyl-3-(3- dimethylaminopropyl) 

carbodiimide (EDC), 2-(N-morpholino) ethanesulfonic acid buffer (MES), sodium 

dodecyl sulfate (SDS), saline-sodium citrate (SSC), 11-Mercaptoundecanoic acid 95 

% (MUA), Succinic anhydride ≥99 % (GC), were purchased from Sigma Aldrich 

(Arklow, Ireland).  Amino-modified oligonucleotide DNA probes (5’-GCC-AAT-ATT-

TCT-GTG-CTG-CTA-3’) (miR-195 probe, 21-mer) and synthetic oligonucleotide target 

DNAs (5’-TAG-CAG-CAC-GTA-AAT-ATT-GGCG-3’) (miR-16 target, 22-mer) with 

Cy3 label and without the label and (5’-TAG-CAG-CAC-AGA-AAT-ATT-GGC-3’) 

(miR-195 target, 21-mer) with Cy3 label and without the label were sourced from 

Eurofins MWG Operon (Ebersberg, Germany). Human IgG (hIgG), anti-human IgG (α-

hIgG), Cy5-labelled anti-human IgG (α-hIgG-Cy5), and Cy3-labelled anti-mouse IgG 

(α-mIgG-Cy3) were sourced from Biomeda Corp. (Burlingame, California). 

All chemicals were used as received without further purification. 
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Instrumentation used in support of this work in chapter 3: 

• Spin coater 

• UV/O3 and O2 plasma  

• Ellipsometry 

• Water contact angle instrument 

• AFM 

• Fluorescence scanner 

 

3.2.2 Preparation of spin coated poly (methyl methacrylate) surfaces 

 

Protocol for preparations of spin coated PMMA is as follows: 

• Take off protection film from the PMMA sheet 

• Cut PMMA sheet into small pieces  

• Weight out 0.001 g of PMMA pieces for 0.1 PMMA concentration 

respectively 

• Place into a glass vial with 10 ml of 80 % ethanol to result in 0.1 % 

PMMA concentration.  

• Use sonicator at 40 ° for 30 minutes to dissolve the PMMA pieces  

• Filter dissolved PMMA solutions through PTFE filter (pore size 0.25 

µm) 

Cleaning of the substrates prior spin coating: 

• Fill the tank with 2 % of Micro90 detergent for cleaning step 

• Place the slides in a slider holder and submerge them in Micro90 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Fill another tank with isopropanol and submerge slides 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Dry with nitrogen stream 

Spin coating of dissolved PMMA protocol: 

• Place a slide at the centre of spin coater’s holder 
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• Apply vacuum to immobilise the slide 

• Place 1 ml of dissolved PMMA solution on the middle of the slide 

• Set the settings: 3000 rpm, 5 seconds acceleration for 1 minute 

• Press start 

• Take the slide off and transfer to a holder  

The curing process protocol: 

• The PMMA films are cured in an oven at 80 °C for 1 h or in the fume 

hood over night. 

• Figure 3.1 represents a schematic of PMMA preparation. 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 3.1 Schematic representation of PMMA film fabrication and activation. 
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Oxidation of spin coated PMMA surfaces with UV/O3: 

UV/O3 treatment was performed using a commercial ozone cleaning and 

activation system (PSD-UV, Novascan Technologies, Ames, IA, USA). 

According to the manufacturer specifications, at the 50 W power setting, 

approximately 50 % of the total lamp output power is delivered around the 254 

nm peak and 5 % around the 185 nm peak. The optical power was kept constant  

but the treatment time was varied. A period of 8 minutes of UV/O3 treatment was 

optimal for spin coated thin PMMA films. When the treatment time was too 

short, insufficient numbers of carboxylic functionalities were generated, while if 

the treatment time was too long, the thin PMMA film was etched away [130].  

 

Oxidation of spin coated PMMA surfaces with oxygen plasma: 

Direct plasma activation was carried out in an Oxford Instruments Plasmalab 100 

PECVD system, figure 1.34, which consists of a parallel-plate reactor with a radio-

frequency (13.56 MHz) driven top electrode, which incorporates a showerhead for 

uniform gas feed into the vacuum chamber. Substrates are supported on a 200-mm-

diameter quartz wafer, which is placed on the bottom electrode. This electrode and the 

chamber walls are electrically grounded. Plasma activation is performed under the 

following conditions: oxygen gas flow 50 standard cm3/min (SCCM), pressure 200 

mTorr, radio-frequency power 50 W, bottom plate temperature 20 °C, processing time 1 

minute. 

• Place cured PMMA samples (do not touch the interface, pick up by the 

edge of the slide) onto UV/O3 device 

• Initiate oxidation for 4-8 minutes as required 

• Remove samples from the device 

• Alternatively oxygen plasma can be used to activate the surface (4-8 

minutes). 

The coating of PMMA films onto glass slides required an additional step, due to 

the hydrophobicity of the glass. The water contact angle of glass is very low; 

hence, the PMMA solution could not gain contact with it during spin coating. In 

order to modify the hydrophobicity of the glass, the deposition of a silicon oxide 

layer was applied to ensure adhesion of the PMMA. The silicon oxide was 



	

	 99	

deposited with a plasma enhanced chemical vapour deposition (PECVD) method 

using a Plasmalab 100 system. The precursor reagents for this process were 

oxygen gas and hexamethyldisiloxane (HMDSO). The silicon oxide layer 

thickness was approximately 30 nm. 

 

3.2.3 DNA washing protocol 

Each washing step for DNA described contains three distinct stages; 10 minutes in 

0.2XSSC + 0.1 % SDS followed by two 10 minutes washes in 0.2X SSC. After initial 

immobilisation, slides were washed once (all three stages). The fluorescent signal 

measured then was taken as the signal from covalently bound DNA (having removed 

most of the physically bound DNA). Each wash step thereafter contained the three wash 

stages. 

3.2.4 DNA Direct Hybridisation Assay 

 

• Place well template sticker onto modified surface.  

 

Probe immobilisation:  

• 1 µM of DNA - micro RNA 195 analogue (miR195) probe in MES and 

100 mM EDC was manually spotted onto the ox. PMMA (50 ul) surface  

• incubate for 40 minutes at room temperature.  

• Remove spotting solution by vacuum 

•  Wash slides extensively to minimise any NSB and loosely bound DNA 

molecules 

•  Dry the slide by centrifugation or stream of nitrogen.  

 

Target hybridisation:  

• 0.1 µM DNA target in 2X SSC was spotted manually onto previously 

immobilised probe 

•  Incubate for 3 hours in a humidity chamber to avoid evaporation of 

spotted solution 

• Remove the spotting solution by vacuum  

• Wash following the wash protocol detailed in section 3.2.3.  

• Dry the slide by centrifugation or stream of nitrogen 
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• Scan using the fluorescence scanner.  

3.2.5 Antibody Sandwich Assay 

 

Surface activation: 

 

• Place well template sticker onto modified surface.  

• Manually spot 0.01 g EDC + 0.003 g NHS in 500 µL of MES onto the 

surface 

• Incubate for 15 minutes at room temperature 

• Remove the spotting solution by vacuum  

α-hIgG immobilisation: 

• Spot manually 10 µg/ml of α-hIgG  

• Incubate for 1 hour at 37 °C in a humidity chamber 

•  Wash with 0.1M PBS/1 % Tween twice and then PBS only.  

 

Blocking: 

• 0.1 M ethanolamine was spotted for 10 minutes to allow deactivation of 

EDC/NHS.  

• Rinse with Di H2O for 1 minute.  

 

Further spotting: 

• Spot 4 mg/ml of hIgG solution  

• Incubate at 37 °C for 1 hour in a humidity chamber  

• Wash with 0.1M PBS/1 % Tween twice and then PBS only  

• Spot 20 µg/ml of the α-hIgG-Cy5 solution  

• Incubate for an hour at 37 °C 

•  Washed the substrate with PBS/Tween and PBS only. 

•  Scan the substrate with the fluorescence scanner.  
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3.2.6 Longevity studies 

 

• Prepare set of Zeonor® slides as per section 3.2.2.  

• The spin coated, oxidised slides were prepared on the first day and stored 

under vacuum conditions in separate petri dishes until required.  

• The measurements of thickness (n=3) and contact angle (n=3) were taken 

on particular days. 

 

3.2.7 Metal induced fluorescent quenching measurements using fluorescent 

scanner  

 

• Gold coated glass slide was spin coated with PMMA, using protocol 3.2.2 

• -NH2 modified DNA probe (labelled with Cy3 fluorophore) was immobilised to 

the ox.PMMA surface (3.2.4) as it was used as an indicator of quenching 

• 3.2.3 DNA washing protocol was applied 

• Slide with immobilised labelled DNA was scanned using fluorescent scanner 

 

3.2.8 Ellipsometry – film thickness measurements 

 

• Thickness of spin coated (ox.)PMMA on slides was measured using 

ellipsometry  

• 3 measurements were taken of the same slide at three different locations and the 

average was then calculated. 

3.2.9 WCA – film hydrophobicity measurements 

	
• Hydrophobicity of the film was measured using water contact angle instrument 

• 3 measurements were taken of the same slide at three different locations and the 

average was then calculated. 
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3.2.10 AFM analysis 

 

• Substrate surfaces were examined using an atomic force microscope (AFM) on a 

Veeco Dimension 3100 instrument.  

• The AFM was used in tapping mode using Tap300Al-G tips from Budget 

Sensors (Sofia, Bulgaria)  

• High aspect ratio images were measured using Improved Super Cone tips from 

Team Nanotec; both tips had a resonant frequency of 300kHz and force constant 

of 40 Nm-1.  

• Images were analysed using WSxM software [131].  

 

 

3.3 Results and discussion 
 

In this chapter section thickness analysis of spin coated PMMA films was carried out 

and is described. AFM technique was used to investigate (ox.) PMMA film 

morphology, pre and post the oxidation process. The ability of biomolecules 

conjugation to ox. PMMA and stability of the film against multiple washes is also 

detailed. Longevity studies of ox.PMMA for up to 28 days is investigated, as a function 

of film thickness and water contact angle. Quenching of fluorophore emission 

experiment is outlined. Finally ox.PMMA film is applied in a DNA and antibody 

binding experiments respectively.  
 

3.3.1 Thin PMMA spin coated film process – thickness analysis 

 

Toluene was the solute of choice to dissolve PMMA in. However after a while, it was 

observed that Zeonor® slides become cloudy while exposed to toluene for too long. It 

was noticed that toluene can dissolve Zeonor®, so a new dissolving solute was 

suggested – 80 % ethanol [157], which proven to be suitable for Zeonor® and all other 

substrates (glass, gold and silicon). A test was performed to determine if there any 

major differences in film thickness and composition between toluene dissolved PMMA 

and 80 % ethanol dissolved PMMA. Figure 3.2 and figure 3.3 show thickness measured 

by ellipsometry and water contact angle respectively, both measured before and after 

oxidation.  
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Figure 3.2 Water contact angle (WCA) of spin coated PMMA before and after oxidation, dissolved in two 

different solutes: ethanol and toluene. Error bars are equal to the standard deviation of three fluorescence 

intensity measurements, n=3. 

 

 
Figure 3.3  Thickness and water contact angle (WCA) of spin coated PMMA before and after oxidation, 

dissolved in two different solutes: ethanol and toluene. Error bars are equal to the standard deviation of 

three fluorescence intensity measurements, n=3. 
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As seen in figure 3.2 and 3.3, there were no significant differences in WCA and 

thickness between two solutes, as expected. 
 

The thicknesses of the films spin coated on glass and silicon substrates at 

different spin speeds, using solutions with different concentrations of PMMA are 

presented in figure 3.4. Film thickness of the coating was measured at several 

locations (edge of the slide and the centre) and the average thickness was 

obtained. The difference between thicknesses at different locations was less than 

1 %, which confirms uniformity of the coating. A number of different protocols 

were used to produce the thinnest coatings. Not surprisingly, it was found that the 

lowest concentration (0.1 % w/v) at the highest speed (3000 rpm) resulted in the 

thinnest film, which measured less than 8 nm.  

 

 
 

 
Figure 3.4  PMMA film thickness (nm) as a function of spin coating speed and concentration. Error bars 

are equal to the standard deviation of three water contact measurements (n=3). 
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Tight control over the thickness of films that support capture moieties is very 

important for a particularly sensitive bio analytical method, fluorescent 

quenching by proximity to a metal surface and surface plasmon resonance (SPR) 

[155]. In this method, the distance between surface-immobilised biomolecules 

and an underlying metal layer can be related to the strength of the quenching 

phenomenon: thicker PMMA spacer films reduce the quenching that occurs when 

a fluorophore is close to a metallic surface; thinner films increase it [158,159].  

Control of the thickness of the layer allows optimisation of the distance between 

the metallic surface and the fluorophore in order to enhance the change in the 

fluorescence signal [160,161].  

Spin coated PMMA shows good adhesion on all surfaces tested except for glass 

slides. Good adhesion of PMMA layer was observed on silicon substrates, which 

typically develop a thin ~2 nm silicon oxide layer on the surface. This result 

suggested that coating the glass slides with a thin oxide layer might improve 

adhesion. For this reason, the surface is activated with a thin oxide layer using 

hexamethyldisiloxane (HMDSO) as a precursor. Adhesion to plastics such as 

Zeonor®, as well as silicon, does not require any further modifications of the 

substrate. 

 

3.3.2 Surface morphology of spin coated PMMA films on COP substrates pre- 

and post-activation by oxidation 

 

Cyclic olefin copolymers (COP), e.g. Zeonor®, are often used in lithography and 

micro/nanofabrication applications as less-expensive alternatives to silicon 

substrates, typically as injection-moulded slides, chips, or microfluidic devices. 

While lacking the ultra-smooth surface characteristic of polished Si wafers, COP 

surfaces are generally suitable for conducting bioassays [126], with careful 

control of surface morphology/roughness being advisable to provide reproducible 

immobilisation of capture moieties and consistent binding of target analytes.  

Atomic Force Microscopy (AFM) was used to characterise the overall roughness 

and morphology of the PMMA-film-coated substrates before and after the 

activating treatment. Uncoated Zeonor® was compared to three types of PMMA-

coated Zeonor®: as-deposited PMMA, PMMA oxidised by O2 plasma, and 
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PMMA oxidised by UV/O3. All four surfaces appeared featureless with low 

average roughness, < 1.4 nm, see figure 3.5. 

 

 

 
 

 
Figure 3.5  (a) AFM results of spin coated PMMA film dissolved in 80 % ethanol on Zeonor® , then 

oxidised by UV/O3  and oxidised by plasma (images from left); (b) AFM results of spin coated PMMA 

film dissolved in toluene on Zeonor® , then oxidised by UV/O3 and oxidised by plasma (images from 

left). 

 

It was observed that the deposition of PMMA increases the RMS roughness from 

~ 0.6 nm (uncoated Zeonor®) to ~ 1.3 nm (spin coated PMMA); treatment by 

either UV/O3 or O2 plasma oxidation then reduces the roughness to < 1.0 nm. 

This suggests that both oxidation processes effectively smooth the deposited 

PMMA layer, presumably by etching away protruding asperities.  Etching 

[a]	

[b]	
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involves detachment of loosely bound chemical groups from a top layer and 

leaving all the finely packed and attached groups to the substrate, resulting in a  

 

smoother layer. In terms of the RMS roughness, plasma oxidised surfaces also 

have a very similar roughness to surfaces treated with UV/O3.  The surface 

roughening is possibly the result of a difference in the mechanical properties 

between the oxidised layer near the surface (caused by atomic oxygen or ozone) 

and the underlying UV radiated substrate (caused by UV lamp or radiation 

generated at the plasma discharge). To utilise spin coated PMMA films in 

fabrication methods that include photolithography, and for some optical detection 

modalities, knowledge of the film thickness and wettability in relation to the spin 

coating and post-processing parameters is important. These parameters were 

measured with such applications in mind, and to discover any correlation 

between film surface morphology, film thickness and wettability. 

Ellipsometry is an optical technique and it measures the change of polarization 

upon reflection, hence the reflective material, silicon, was used here instead of 

transparent glass or plastic. A thin PMMA film was spin coated from a 

concentration of 0.1 % w/v PMMA in toluene onto a silicon wafer at 3000 rpm 

for 1 minute and cured at room temperature under vacuum overnight, followed by 

in an oven at 90 °C for 120 minutes. Figure 3.6 represents thickness and figure 

3.7 represents water contact angle measurements for the as-deposited film (spin 

coated PMMA) as well as after UV/O3 (Ox. PMMA UV/O3), and oxygen plasma 

treatment (Ox. PMMA Plasma).  
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Figure 3.6 Average water contact angle of spin coated PMMA, UV/O3-oxidised PMMA (ox. PMMA) and 

O2 plasma-oxidised PMMA. Error bars are equal to the standard deviation of three fluorescence intensity 

measurements, n=3. 

 
Figure 3.7 Average thickness of spin coated PMMA, UV/O3-oxidised PMMA (ox. PMMA) and O2 

plasma-oxidised PMMA. Error bars are equal to the standard deviation of three fluorescence intensity 

measurements, n=3. 
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The thickness of the film oxidised by plasma is lower than that oxidised by 

UV/O3. The water contact angle of the non-oxidised surface was measured at 57o, 

considerably higher than that of the oxidised surfaces (43o for UV/O3 treated and 

18o for plasma treated). This showed that the oxidation did indeed take place. The 

surface activation by low-pressure oxygen plasma discharge is mainly due to 

oxygen ion bombardment of the polymer substrate where the energy of the 

impacting ions, typically greater than 10 eV (230 kcal/mol), is sufficient to break 

any bond in the polymer. The bombardment is random and the process may 

involve the scission of polymer chains by cleavage of backbone bonds or the 

functionalisation of polymer by group removal and/or oxidation of the methyl or 

methyl-ester group in PMMA [114,130,156]. The data in figure 3.4 is consistent 

with etching that is more aggressive during plasma oxidation compared to the 

UV/O3 process, which relies on ester group dissociation and methyl/backbone 

scissioning and oxidation.  

 

The binding potential of oxidised spin coated PMMA was compared to an 

oxidised PMMA sheet. Immobilisation procedure was the same for both 

substrates: ox.PMMA sheet and ox.PMMA spin coated. Figure 3.8 shows that the 

spin coated PMMA was highly active after 8-minutes of oxidation and bound a 

substantial amount of DNA probe. On the other hand, 8 minutes oxidation was 

not enough to activate the PMMA sheet; hence, no DNA bound to the surface. It 

can therefore be concluded that spin coated oxidised PMMA provided a highly 

activated surface to which biomolecules could bind, when compared the oxidised 

PMMA in the bulk. It was suggested that this increased binding results from spin 

coated films acting as quasi three-dimensional structures in which there is a lack 

of close-packing between the functional groups when compared to the material in 

bulk, thus providing increased functionality on the surface [162].  
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Figure 3.8 Fluorescent intensity of signal from Cy5-labelled DNA probe immobilised to ox. PMMA sheet 

vs. ox. spin coated PMMA, both treated with UV/O3 for 8 minutes. Error bars are equal to the standard 

deviation of three fluorescence intensity measurements, n=3. 

 

3.3.3 Covalent biomolecule immobilisation onto oxidised PMMA spin-coated 

films  

 

 Cy5 dye-labelled, 22-mer DNA probe was used to demonstrate the 

immobilisation efficacy of the activated PMMA polymer surface. DNA binding 

was examined for activated PMMA produced by both oxidation processes: 

UV/O3 (8 minutes treatment) and oxygen plasma (1-minute treatment) with and 

without including a covalent linker, EDC. Figure 3.9 shows the results as 

fluorescence intensity, which is proportional to the quantity of DNA bound to the 

surface.  
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Figure 3.9  Fluorescence intensity (after one wash) of DNA probe immobilised on as deposited and  ox. 

PMMA films (by UV/O3 and O2 plasma respectively), with and without EDC covalent linker. Error bars 

are equal to the standard deviation of three fluorescence intensity measurements, (n=3). Fluorescent 

intensity was measured at instrument gain of 90. 

 

 

Non-oxidised PMMA has a minimal DNA probe binding, regardless of the use or 

lack of the EDC linker. In terms of oxidised PMMA by either UV/O3 or plasma, 

the amount of DNA bound with EDC linker is much higher than DNA 

bound/adsorbed without EDC linker. From these results, it is clear that the 

binding of the probe to the oxidised PMMA is covalent and requires an EDC 

linker, with very little physical or non-specific binding occurring.  
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3.3.4 Stability of the ox. PMMA film upon washing  

 

Chapter 2 reports on the long-term stability of spin-coated films under aqueous 

conditions. In this chapter adhesion of the oxidised PMMA films to the surface as 

well as its robustness to multiple washes is tested. In addition to results presented 

in Chapter 1 contact angle and thickness of deposited film is tested to reassure 

about stability of ox. PMMA against multiple washes.  

The recipe of 0.1 % PMMA spin coated at 3000 rpm for 1 minute, followed by 

UV/O3 oxidation, results in great adhesion and robustness against multiple 

washing as seen in figure 3.10 (repeat of figure 2.17).  

 

 
Figure 3.10  1µM DNa probe immobilised onto ox.PMMA, bars represent EDC linker in the DNA 

sample. Fluorescence intensity before (first bar) vs. fluorescence intensity after washes. Each wash = 20 

minutes in total, 10 minutes with 2xSSC and 0.1 % SDS followed by 10 minutes with 2xSSC only. Error 

bars are equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

A high fluorescence signal was apparent from the Cy3-labelled DNA before 

wash, suggesting that there are some physically adsorbed DNA strands on the 

slide. After the wash, the fluorescence signal decreases by half, indicating 

removal of non-covalently-bound DNA. The amount of DNA present on the 

surface stabilises after the first wash regardless of how many further washes were 

carried out (up to 6 were tested). 
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Stability of the spin coated PMMA against washing was investigated by 

additional thickness (ellipsometry) measurements. The thin film had to be spin 

coated on a reflective material (silicon in this instance). Silicon was spin coated 

with PMMA and oxidised by UV/O3. The thickness was measured after each 

wash, see figure 3.11.  

 

 
Figure 3.11 Thickness (nm) of ox. spin coated PMMA on silicon substrate after 6 washes, n=3. Each 

wash: 10 minutes with 0.2XSSC+ 0.01 % SDS followed by 10 minutes with 0.2XSSC. Error bars are 

equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

There was no decrease in thickness of PMMA, which would suggest the PMMA 

film is robust against multiple washing steps. It also confirms good adhesion of 

the film to the substrate, silicon in this case.  
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3.3.5 Longevity studies 
 

 Longevity studies were carried out for PMMA films oxidised by either UV/O3 

or oxygen plasma. The aim of this study was to determine how long do 

carboxylic acid groups remain active following the activation process. Activity of 

the film after the oxidation process is paramount in order to determine storing and 

shelf life of the prepared films. Figure 3.12 summarises the results of a longevity 

study over a period of 24 days of the spin-coated film oxidised using UV/O3.  

 

 

 
Figure 3.12  Longevity study of PMMA film spin coated and oxidised by UV/O3 then functionalised by 

covalent linkage of Cy3-labelled DNA, over a period of 24 days, n=3. Error bars are equal to the standard 

deviation of three fluorescence intensity measurements. Fluorescent intensity was measured at instrument 

gain of 90. 

Contact angle and fluorescence intensity of newly bound Cy3- labelled DNA 

were measured on the first three days in a row, followed by every 2nd/ 3rd day 

until day 24. DNA spotting for fluorescent intensity measurements was made on 

the same day the slide was tested. In Figure 3.12, slight variations in the  

fluorescence intensity and contact angle of the bound DNA are observed, which 

could be caused by variations between each coated slide. The longevity studies 

were also performed for spin coated PMMA on Zeonor® oxidised with oxygen 

plasma for 1 minute; the data are shown in figure 3.13.  
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Figure 3.13 Longevity study of PMMA film spin coated and oxidised by O2 plasma, then functionalised 

by covalent linkage of Cy3-labelled DNA, over a period of 25 days, n=3. Fluorescence intensity and 

water contact angle were measured. Error bars are equal to the standard deviation of three fluorescence 

intensity measurements. Fluorescent intensity was measured at instrument gain of 90. 

 

There was a significant decrease in the fluorescence signal observed in the first 5 

days. The intensity of fluorescence decreased after day 5 and remained at this 

level. The use of EDC linker chemistry in the fluorescence studies, alongside 

stringent washing protocols confirms to us that the binding occurring is covalent. 

The results showed that surfaces oxidised by plasma do not remain active for 

covalent binding for long periods when compared to those oxidised using UV/O3, 

which provided strong binding for up to 24 days. A change in the water contact 

angle for films oxidised by plasma over 25 days indicated that the surface was 

unstable after oxidation.  

 

Longevity studies indicate that UV/O3 treated substrates retain their functionality 

over a longer period than those treated by oxygen plasma. The polymer PMMA 

absorbs UV radiation with wavelengths below 255 nm [145]. Short wavelength 

UV radiation (below 255 nm) is typically absorbed on the top layer of the 

polymer substrate up to a few hundred nanometres; the penetration depth is 
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wavelength dependent [161].  The improved longevity of the UV/O3 treated 

samples is therefore associated with the modification method where UV radiation 

penetrates through the entire PMMA film, ~5-30 nm thick. Thus, the UV 

radiation generates carboxylic groups within the polymer, not limited to the film 

surface as in the case of plasma treatment. In this manner, the UV/O3 treated 

sample is not susceptible to functionality changes on the polymer surface after 

polymer chain diffusion brings bulk material to the surface over prolonged 

periods. In the case of oxygen-plasma treated samples, only the top polymer layer 

is modified, but the bottom layer remains unmodified. In addition to the UV 

radiation, the presence of ozone has to be considered. The effect of ozone or 

atomic oxygen is localised to the substrate surface, as it cannot penetrate the 

polymer unlike the UV radiation. Yuan et al. have reported that the combined 

reaction of VUV and atomic oxygen with PMMA substrate is lower than the sum 

of individual effects indicating an interfering effect that hinders the mass removal 

[161]. 

 

3.3.6 Quenching of fluorophore emission 

 

 As previously described, varying the polymer concentration and spinning 

speed can control the PMMA film thickness. Thickness control is beneficial to 

control and optimise the strong quenching that occurs when a fluorophore is close 

to a metallic surface [146,147,154,155]. Figure 3.14 shows the fluorescence 

signal on a gold-coated glass substrate with thin and thick layers of spin coated 

PMMA. The layers measure thicknesses of 5.1 ± 0.2 nm, 11.08 ± 0.22, 15.81 ± 

0.39, 26.0 ± 0.5 nm and 38.79 ± 0.44 nm respectively. The difference in the 

fluorescence intensity of an immobilised probe was significant: the quenched 

signal for the thinnest gold film was negligible compared to an unquenched 

signal of the thickest film.  
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Figure 3.14 Quenching effect on different thicknesses of spin coated PMMA films on gold-coated glass 

substrates. The thinnest and thickest films of ox. PMMA on Zeonor®  (without any gold layer) were used 

as a control. Error bars are equal to the standard deviation of three fluorescence intensity measurements, 

n=3.  

 

 

The same protocol was followed for thick and thin PMMA layers without gold 

under layers, resulting in similarly large fluorescence signals for both.  This 

control showed that the small signal of DNA bound to the thin PMMA layer on 

gold was not simply due to a lack of bound DNA.   
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3.3.7 DNA and antibody-binding experiments 

 

 The suitability of spin coated oxidised PMMA for performing both a DNA 

direct binding and an antibody sandwich assay (α-hIgG/hIgG/α-hIgG-Cy5) was 

investigated. A schematic diagram of both assays is shown in figure 3.15(a) and 

3.15(b). 

 

 

 

  

 
 
Figure 3.15  (a) Schematic diagram of DNA binding experiment on glass, spin coated with PMMA and 

oxidised in UV/O3. (b) Schematic diagram of full IgG sandwich binding experiment on a glass, spin 

coated with PMMA and oxidised in UV/O3. 
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For the DNA direct hybridisation assay, capture probes were immobilised using 

EDC linker chemistry and controls were used to examine NSB to the ox. PMMA 

surface. Results are shown in figure 3.16.  

 

 

 
Figure 3.16 Fluorescence intensity of DNA binding experiment with different DNA target concentrations: 

0-10 µM on oxidised PMMA. Fluorescent intensity was measured at instrument gain of 70. Error bars are 

equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

The DNA oligomers used were amine-modified, enabling the use of EDC directly 

in the DNA probe solution. The fluorescence signal for the full hybridisation was 

significantly high, which confirms a successful hybridisation. A number of 

controls were carried out to determine if the high signal for DNA hybridisation 

was specific. All controls showed minimal fluorescence intensity. Control 1 

(fluorescent intensity = 13.98 ± 4.2) showed minimal binding of aminated probe 

to the oxidised PMMA in the absence of EDC linker, which confirmed that EDC 

linker was crucial to obtain covalent DNA probe immobilisation. Control 2 

(fluorescent intensity = 91.3 ± 14.3) was used to determine if the target could 
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bind non-specifically to the surface during the hybridisation step, since there 

would have been available areas on the surface after probe immobilisation. The 

fluorescence signal was minimal which proved that the target did not bind to the 

surface during hybridisation step; hence, the signal obtained for hybridisation was 

extremely specific. Finally, minimal fluorescence signal in Control 3 (fluorescent 

intensity = 26.9 ± 3.9) confirmed that the aminated-DNA probe did not bind to 

non-oxidised PMMA. 

 

For the immobilisation of antibodies to the surface, EDC/NHS was used to 

activate the surface before adding any protein as carboxylic acid terminal groups 

on the protein could bind with amino terminal groups on the protein in the 

presence of EDC, resulting in crosslinking. Controls were used to determine 

specificity of the experiment. Results are shown in figure 3.17.  

 

 
 

Figure 3.17  Fluorescence intensity of IgG binding experiment with different hIgG concentrations: 0-100 

µg/ml on oxidised PMMA. Fluorescent intensity was measured at instrument gain of 70. Error bars are 

equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

 

0	

10000	

20000	

30000	

40000	

50000	

60000	

0	 1	 2	 3	 4	 5	 6	

Fl
uo
re
sc
en
ce
	In
te
ns
it
y	
(A
.U
.)	

	

α-Human	IgG	-	Cy5	concentra4on	(μg/ml)																					20															40														60														80																100	



	

	 121	

A full sandwich binding experiment was carried out showing strong and specific 

binding of hIgG to α-hIgG immobilised on surface, as well as specific binding of 

the dye-labelled α-hIgG binding to the bound hIgG. The use of Cy3-labelled anti-

mouse antibody (α-mIgG-Cy3) in place of the Cy5-labelled α-hIgG as Control1 

confirms the specificity of the binding (fluorescent intensity = 409.83 ± 147.84). 

Low signal in Control 2 (fluorescent intensity = 287 ± 97) confirmed that α-

hIgG-Cy5 did not bind non-specifically when the surface was not activated with 

EDC/NHS. Control 3 (fluorescent intensity = 254 ± 66) confirmed that α-hIgG 

did not bind to non-oxidised PMMA. This showed that the oxidised PMMA 

surface was suitable for immobilisation of proteins followed by a low non-

specific binding during sandwich binding experiments. 

 

3.3.8 DNA direct binding performance for ox. PMMA and commercially 

available Epoxy 

  

The binding ability of spin coated ox. PMMA was compared with that of commercially 

available epoxy slides, see figure 3.18. Different probe concentrations were spotted on 

the surface (using EDC for PMMA, no EDC is required for epoxy slides), incubated and 

washed following the standard protocol described in experimental methods section. The 

slides were then dried and imaged.  
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Figure 3.18  Comparison of commercially available Epoxy substrate with the spin coated ox. PMMA. 

Four different probe concentrations used: 10 µM, 1 µM, 100 nM and 10 nM. Scanned at instrument gain 

of 70. Error bars are equal to the standard deviation of three fluorescence intensity measurements, n=3. 

 

It can be seen that the ox. PMMA surface binds up to ten times the amount of probe 

than the commercially available epoxy slides. The difference in probe binding is 

significant between two surfaces. Increased signal on ox. PMMA is a great advantage in 

order to enhance the signal and to lower limit of detection. Biomarkers in human’s 

bloodstream are present in extremely low quantities; hence the sensitive detection 

method/surface is required. The test above confirm, that ox.PMMA is more suitable 

surface to be used for further research even when compared with the one commercially 

available.    
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3.4  Summary and conclusion 
 

A method to prepare a carboxylic acid functional film on different substrates for 

use in bioassays is reported in this chapter.  By varying the condition of the 

PMMA spin coating process, including PMMA concentration and solvent; thin, 

smooth and uniform PMMA films are achieved. Tight control over the thickness 

of films that support capture moieties is very important for a particularly sensitive 

bio analytical method, fluorescent quenching by proximity to a metal surface. In 

this method, the distance between surface-immobilised biomolecules and an 

underlying metal layer can be related to the strength of the quenching 

phenomenon: thicker PMMA spacer films reduce the quenching that occurs when 

a fluorophore is close to a metallic surface; thinner films increase it. Spin coated 

PMMA shows good adhesion on all surfaces tested except for glass slides. The 

PMMA adhesion onto a glass slide can be improved by coating the glass slides 

with a thin oxide layer. Hence, it was suggested to pre treat the glass with a thin 

oxide layer using hexamethyldisiloxane (HMDSO) as a precursor prior PMMA 

spin coating. Adhesion to plastics such as Zeonor®, as well as silicon, does not 

require any further modifications of the substrate. 

In this chapter PMMA surface activation is investigated. Two different 

techniques were used to generate carboxylic functionalities, which enable 

covalent binding of amino modified biomolecules: 

 

• oxygen plasma 

 

•  UV/O3. 

 

AFM technique was used to characterise the overall roughness and morphology 

of the PMMA-film-coated substrates before and after the activating treatment. It 

was observed that the deposition of PMMA increases the average height, 

however treatment by either UV/O3 or O2 plasma oxidation then reduces the 

roughness. This suggests that both oxidation processes effectively smooth the 

deposited PMMA layer, presumably by etching away protruding asperities.  

Etching involves detachment of loosely bound chemical groups from a top layer 

and leaving all the finely packed and attached groups to the substrate, resulting in 
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a smoother layer. There were no significant differences in average thickness 

between plasma oxidised surfaces to surfaces treated with UV/O3.    

 

This chapter successfully demonstrates covalent amino modified DNA biomolecule 

immobilisation onto ox. spin coated PMMA. In this chapter the long-term stability of 

spin-coated films under aqueous conditions was investigated. In addition to results 

presented in Chapter 2 contact angle and thickness of deposited film is tested to reassure 

about stability of ox. PMMA against multiple washes. Longevity studies were presented 

to compare the stability of the films after the oxidation treatment by UV/O3 and plasma. 

UV/O3 with comparison to oxygen plasma shows excellent stability of reactivity for a 

period of up to 24 days.  This result could be particularly useful in biosensor 

applications and confirms that PMMA could be prepared in batches before being 

employed as a platform. A DNA direct binding assay and IgG immunoassay were 

successfully demonstrated, confirming the applicability for POC devices and bioassays, 

specifically showing low non-specific binding. It was shown that by manipulating the 

spin coated PMMA film thickness on a gold substrate, reduction of the strong 

quenching or enhancing of the fluorescence signal can be achieved. It can be 

particularly useful in surface plasmon resonance techniques such as TIRE, where the 

substrate is gold and the immobilised biomolecule has a fluorophore attached. To avoid 

quenching of the dye, a thicker film should be applied to increase the distance between 

metal and fluorophore. The ease of preparation, robustness and plausibly cost 

effectiveness of PMMA films can possibly find its application in carboxylic acid 

functionalisation of substrates such as glass, plastic, silicon and many more. The 

surfaces developed here are currently being used in the development of a point-of-care 

breast cancer diagnostics assay. Finally the suitability of spin coated ox. PMMA for 

performing both a DNA direct binding and an antibody sandwich assay (α-

hIgG/hIgG/α-hIgG-Cy5) was shown. The overall binding performance was compared 

between ox.PMMA spin coated films and commercially available Epoxy slide. The 

difference in probe binding is significant between two surfaces. The ox. PMMA surface 

binds up to ten times the amount of probe than the commercially available epoxy slides. 

Increased signal on ox. PMMA is a great advantage in order to enhance the signal and 

to lower limit of detection. The test above confirm, that ox.PMMA is more suitable 

surface to be used for further research even when compared with the one commercially 

available.    
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Table. 3.1 Summary of chapter 3 – key messages. 

CHAPTER 3 – key messages 

• Smooth and uniform PMMA film achieved by controlled varying of the 

process conditions; i.e.: PMMA concentration, spin coating speed and 

time 

•  

• Spin coated PMMA shows good adhesion on all surfaces tested 

• Minimum NSB demonstrated on ox. PMMA 

 

• Longevity for up to 24 days, films can be prepared and stored 

 

Work published in Journal of Materials Chemistry B – Royal Society of 

Chemistry 
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Chapter 4 

4 Click chemistry as an immobilisation method 
to improve oligonucleotide hybridisation 
efficiency 

 

4.1 Introduction 
 

Following the results from the previous chapter, an improvement of 

immobilisation technique was required due to DNA BB binding with EDC linker, 

which had a negative effect on assay efficiency. A novel bio-conjugation method 

– click chemistry, is proposed; development, optimisation and application of the 

method are described in this chapter. 

This chapter is based on work, which was submitted to be published in Sensors 

and Actuators B: Chemical. 

 

This chapter reports on the conditions under which amino-modified ssDNA 

immobilisation onto carboxylic acid surfaces using EDC linkers leads to binding at 

multiple anchoring sites, i.e. BB binding; here the effects of such binding on overall 

hybridisation efficiency are described. An alternative conjugation method, click 

chemistry, is shown to improve the quantity and quality of target binding by enabling 

direct covalent attachment of probe oligonucleotides to the surface without BB binding. 

EDC and CC approaches are compared in terms of hybridisation efficiency in a direct 

DNA hybridisation experiment. Work presented in this chapter is directed, ultimately, at 

improvement of the immobilisation of microRNA (miR) probes onto lab-on-a-chip 

surfaces for the development of a BC assay; accordingly, our results here use DNA 

analogues of miR195 (miR195 is stably expressed by breast cancer cells [26–29] and 

miR16 is an endogenous control to standardize miRNA expression [29]).  

Surface arrays of single-stranded DNA (ssDNA) are at the centre of some of the most 

active areas in biological research as well as practical devices and applications, 

including point-of-care (POC) devices [163–167]. However, there are still technical 

hurdles to overcome to make bimolecular diagnostic devices fully robust and reliable.  

The improvement of DNA- and protein-based biosensors and microchips often hinges 

upon the reproducible and effective immobilisation of biomolecules onto solid 
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substrates [38,168,169], critical to enabling low limits of detection [170]. A well-known 

approach for producing nucleic acid microarrays is to modify the biomolecule utilised 

to capture the target of the assay, e.g. a DNA oligomer, with a functional group that 

allows covalent attachment to a reactive group on the surface [171–173]. For example,  

oligonucleotides are patterned onto a chemically active surface, using spotting or 

printing technologies, and immobilised through functional groups on either the 5’- or 

3’-oligonucleotide terminus. One class of immobilisation approach uses amine-

modified oligonucleotides, which have broad applicability as they can react with 

carboxylic acid-[174], aldehyde-[175],[176], epoxy-[177],[173] and isothiocyanate-

modified surfaces [134]. This amine-modification strategy is just one of several 

methods for immobilisation of ssDNA probes to surfaces [178], including: 

• covalent binding of DNA to self-assembled monolayers of aminosilanes using 

heterobifunctional cross-linkers [179],   

• attachment of thiol-modified oligonucleotides to thiol-functionalised silicon 

wafers using bi-functional alkyltrichlorosilanes [180],   

• tethering of DNA to glass slides via an epoxysilane−amine covalent linkage 

[181],  

• chemo selective coupling of oligonucleotides to alkanethiol SAMs on gold 

[182], (e) cross-linking to poly-L-lysine-coated surfaces [183], and  

• immobilisation of DNA onto solid supports through electrostatic interactions 

[184].  

 

PMMA is a particularly attractive material for the fabrication of low-cost platforms for 

POC devices, as described previously in chapter 2 and chapter 3. Pristine PMMA is a 

relatively inert and moderately hydrophobic material; it does not possess a suitable 

interfacial chemical structure for covalent surface immobilisation of biomolecules. 

Consequently, without treatment, bio-recognition moieties such as oligonucleotides and 

antibodies can only be non-covalently adsorbed on the methyl ester surface, resulting in 

poor device performance. Previous published work shows that appropriate surface 

treatment permits PMMA to be functionalised to enable the covalent attachment of 

biomolecules for bioassay development with little non-specific binding [3]; hence 

PMMA was selected as the substrate in this work.  
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Most methods of oligonucleotide immobilisation rely on traditional nucleophilic-

electrophilic reactions to achieve coupling of the oligonucleotide to the surface 

[163,182]. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is widely known 

and the most frequently used carbodiimide [185 - 186]; it reacts with carboxylic acids to  

form an O-acrylisourea intermediate, which subsequently reacts with primary amines to 

form amide bonds [187]. Attributes of EDC include water solubility, meaning EDC can 

be directly used with proteins or DNA in aqueous buffer. However, EDC is prone to 

hydrolysis before and during the coupling reaction, which reduces coupling yields and 

the half-life of the reagent, as well as making yields irreproducible [188] and promoting 

the formation of by-products [189–191]. In certain experiments, ethanolamine was used 

as a surface-blocking agent. This molecule reacts with any activated carboxylic groups 

remaining on the surface after the DNA immobilisation step [192], figure 4.1, and 

therefore prevents non-specific binding of target to the surface. 

 

 

 

Figure 4.1 a) Covalent coupling of the –NH2 of proteins to a carboxylic acid-terminated surface; b) 
blocking of unreacted N-hydroxysuccinimide esters via ethanolamine. 

 

During this study the evidence of an additional shortcoming of EDC coupling of ssDNA 

was discovered: EDC could enable amines present on the backbone (BB) of the DNA 

strand, particularly the primary amines, see figure 4.2, available on adenine, guanine 
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and cytosine to bind to the carboxylic acid surface alongside the terminal amino group; 

see figure 4.3. Melting curve analysis was used here to confirm the above hypothesis of 

EDC drawback. If some of the primary amines normally involved in hydrogen bonding  

 

during hybridisation are therefore unavailable, a smaller number of hydrogen bonds 

hold the duplex together. At room temperature, mismatches, which also result in smaller 

numbers of H bonds, do not prevent complementary binding: there is low specificity of 

hybridisation. At higher temperatures, tolerance to mismatches is comparatively lower 

and at some “melting temperature”, Tm, de-hybridisation occurs. Temperature studies 

can therefore be used as a means to understand the degree of mismatch (or absent H 

bonds) in the DNA double helix [193]. Higher temperature hybridisation experiments 

were carried out to determine the overall binding strength of the DNA hybrid. 

 

 

 

 
Figure 4.2 Chemical structure of DNA bases; highlighted are bases containing primary amines (adenine, 

guanine and cytosine). 



	

	 130	

 

 

          
 

 

 

 

 

 

 

 

 

 

 
Figure 4.3 Possible ways that amino-modified ssDNA can anchor via EDC to carboxylic acid-

functionalised surfaces: Binding site 1 = binding via NH2-modified terminus; Binding site 2 = binding via 

BB amines in nucleobases. 

 

In the processes of DNA microarray fabrication, surface activation strategies are widely 

used to covalently bind probes to surfaces, but technical challenges still plague these 

methods [194], see table 4.1. Consequently, simple, direct covalent bond formation 

without by-products would often be preferable.  
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Table 4.1 Microarray challenges and drawbacks [45,46]. 

Microarray drawbacks 

Lack of standardisation Direct comparison of collected data between different 

reseach groups proofs difficult and inacurate 

Inadequate computer based 

tools 

Interpreting microarray experiments is challenging due 

to the lack of universal bioinformatics models and tools, 

whicg could enable quick and efficient analysis of the 

large data sets created within each experiments 

Statistical problems Statistical problems ranging from image analysis to 

pattern discovery and classification exist. 

Insufficient quality Lack of the way to be able to characterise the quality of 

microarrays to ensure full functionality  

Insufficient sensitivity Flase results picture due to the poor sensitivity and 

background noise forces amplification  

Lack of reproducibility Variations between array’s coefficients has an negative 

effect on reproducibility of microarray results 

Variability of outcome and 

fidelity of gene expression 

data 

Application of different bioinformatic protocols to the 

same microarray making clinical decisions difficult 

Effects of probe length It has shown that for complex diseases a considerable 

discrepancy exists between the differentially expressed 

genes identified on oligo arrays arrays and those 

identified on cDNA microarrays 

Cost Cost associated with design and fabrication of custom 

microarrays is high but falling. Replication of 

experiments to minimise statistical variability of results 

can be also cost prohibitive 

Technical challenges Air bubbles preventing successful spotting 
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Recent studies have demonstrated that CC is well suited for coupling biomolecules to 

surfaces [195]. The basic foundations of CC, developed by Sharpless et al. [196,197], 

are now supplemented by several modifications [198]. The best suited of these for 

microarray construction, arguably, is the Cu(I)-catalysed variant of alkyne–azide 

cycloaddition (CuAAC) [199], in part because neither azide nor alkyne groups are 

typically encountered in natural biomolecules: this reaction is highly bio-orthogonal and 

specific, meaning it is unlikely to interfere with native biochemical (binding) processes 

[200]. 

 

4.2 Experimental details 
	
Click chemistry was applied as an immobilisation technique for DNA bio-conjugation 

to the solid support (ox.PMMA). Ox.PMMA surface requires further modification to 

obtain an alkyne modified film and DNA probe is azide modified. Quartz crystal 

microbalance (QCM) is used in this chapter to quantify the amount of probe bound and 

compare between CC and EDC linking techniques. Direct and sandwich assays are 

performed to obtain LOD. 

 

4.2.1 Materials and instrumentation 

Poly (methyl methacrylate) sheets (0.25 mm thick, impact modified, MW = 

120,000) were purchased from Goodfellow Cambridge Limited (Huntingdon, 

England). Zeonor® substrates in the form of injection-molded cycloolefin 

polymer (COP) slides (Zeonor® 1060R, 25 mm × 75 mm, 1 mm thick) were 

sourced from Sigolis (Uppsala, Sweden). 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide, ethanol, (95 %) 1-amino-3-butyne (95 %), sodium L-ascorbate (≥ 

98 %), copper (II) sulfate (≥ 99 %), 4-morpholineethanesulfonic acid sodium salt 

(MES) hydrate, phosphate-buffered saline (PBS), sodium chloride and trisodium 

citrate (30M and 300m respectively were used to make saline sodium citrate 

(SSC), sodium dodecyl sulfate (SDS), and ethanolamine (≥ 99 %), sulphuric acid 

(H2SO4, 99.999%), hydrogen peroxide solution (H2O2),  were all purchased from 

Sigma Aldrich (Arklow, Ireland). All DNA probes including those pre-labelled 

with Cy3 and Cy5 (Table 4.2) were purchased from Eurofins MWG Operon 

(Ebersberg, Germany), except for the azide-miR195 probe 

(5’/azide/GCCAATATTTCTGTGCTGCTA-3’), which was sourced from 
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Integrated DNA Technologies (IDT, Leuven, Belgium). All reagents were used 

as received without further purification. 

Instrumentation used in support of this work in chapter 4: 

• Spin coater 

• UV/O3 and O2 plasma 

• QCM 

• Fluorescence scanner 

• AFM 

 
	
Table 4.2: Oligonucleotides sequences and their abbreviations. 

*A = adenine, C = cytosine, G = guanine, T = thymine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA sequence Abbreviation Abbreviation 

explained 

5’/Amino/GCC AAT ATT TCT GTG CTG CTA-

3’ 

NH2-mod-P Amino-modified probe 

5’/Amino/GCC AAT ATT TCT GTG CTG 

CTA(Cy5)-3’ 

NH2-mod-

P(Cy5) 

Cy5-labeled Amino-

modified probe 

5’GCC AAT ATT TCT GTG CTG CTA-3’ Unmod-P Unmodified probe 

5’GCC AAT ATT TCT GTG CTG CTA(Cy5)-3’ Unmod-P(Cy5) Cy5-labeled unmodified 

probe 

5’/Amino/GCC AAT ATT TCT GTG CTG 

CTA(Cy5)-3’ 

NH2-mod-

P(Cy5) 

Cy5-labeled amino-

modified probe 

5’/Azide/GCC AAT ATT TCT GTG CTG CTA-3’ N3-mod-P Azide-modified probe 

5’/Azide/GCC AAT ATT TCT GTG CTG 

CTA(Cy5)-3’ 

N3-mod-P(Cy5) Cy5-labeled Azide-

modified probe 

5’-(Cy3)TAG CAG CAC GTA AAT ATT GGC 

G-3’ 

T(Cy3) Cy3-labeled DNA target 

5’(Cy5)AAA AAA AAA AAA AAA-3’ A chain Unmodified adenine-

only oligonucleotide 

5’(Cy5)TTT TTT TTT TTT TTT -3’ T chain Unmodified thymine-

only oligonucleotide 

5’(Cy5)ATC GTC GTG-3’ RP(Cy5) Cy5-labeled reporter 

probe 

5’/Azide/GCC AAT ATT TCT-3’ CP-azide Capture probe azide 

5’/Amino/GCC AAT ATT TCT-3’ CP-amine Capture probe amine 
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4.2.2 Preparation of spin coated poly (methyl methacrylate) surfaces 

 

Protocol for preparations of spin coated PMMA is as follows: 

• Take off protection film from the PMMA sheet 

• Cut PMMA sheet into small pieces  

• Weight out 0.001g of PMMA pieces for 0.1 PMMA concentration 

respectively 

• Place into a glass vial with 10 ml of 80 % ethanol to result in 0.1 % 

PMMA concentration.  

• Use sonicator at 40° for 30 minutes to dissolve the PMMA pieces  

• Filter dissolved PMMA solutions through PTFE filter (pore size 0.25 

µm) 

Cleaning of the substrates prior spin coating: 

• Fill the tank with 2 % of Micro90 detergent for cleaning step 

• Place the slides in a slider holder and submerge them in Micro90 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Fill another tank with isopropanol and submerge slides 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Dry with nitrogen stream 

Spin coating of dissolved PMMA protocol: 

• Place a slide at the centre of spin coater’s holder 

• Apply vacuum to immobilise the slide 

• Place 1 ml of dissolved PMMA solution on the middle of the slide 

• Set the settings: 3000rpm, 5 seconds acceleration for 1 minute 

• Press start 

• Take the slide off and transfer to a holder  
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The curing process protocol: 

• The PMMA films are cured in an oven at 80 °C for 1 h or in the fume 

hood over night. 

Oxidation of spin coated PMMA surfaces: 

• Place cured PMMA samples (do not touch the interface, pick up by the 

edge of the slide) onto UV/O3 device 

• Initiate oxidation for 4-8 minutes as required 

• Remove samples from the device 

• Alternatively oxygen plasma can be used to activate the surface (4-8 

minutes). 

The coating of PMMA films onto microscope glass slides required an additional 

step, due to the hydrophobicity of the glass slides. The water contact angle of 

glass slides is very low; hence, the PMMA solution could not gain contact with it 

during spin coating. In order to modify the hydrophobicity of the glass, the 

deposition of a silicon oxide layer was applied to ensure adhesion of the PMMA. 

The silicon oxide was deposited with a plasma enhanced chemical vapour 

deposition (PECVD) method using a Plasmalab 100 system. The precursor 

reagents for this process were oxygen gas and hexamethyldisiloxane (HMDSO). 

The silicon oxide layer thickness was approximately 30 nm. 

 

4.2.3 DNA washing protocol 

Each washing step for DNA described contains three distinct stages; 10 minutes in 

0.2XSSC + 0.1 % SDS followed by two 10 minutes washes in 0.2XSSC. After initial 

immobilisation, slides were washed once (all three stages). The fluorescent signal 

measured then was taken as the signal from covalently bound DNA (having removed 

most of the physically bound DNA). Each wash step thereafter contained the three wash 

stages. 
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4.2.4 Alkyne-functionalised oxidised PMMA 

 

A new type of surface suitable for click chemistry-based probe immobilisation was 

prepared as per protocol: 

• ox. PMMA was modified with 1 % solution of 1-amino-3-butyne 100 mM EDC 

in DiH2O 

•  incubate for 40 minutes at room temperature. This step allows carboxylic acid 

groups on the surface (ox. PMMA) to bind to the amino-group end of the 

molecule, forming an “alkyne-active” layer (-C CH).  

• Following incubation, 20 minutes washing was applied: 10 minutes in 0.2XSSC 

+ 0.1 % SDS and 10 minutes in 0.2X SSC.  

 

4.2.5 Probe immobilisation with EDC 

 

• Spot manually onto ox.PMMA: 1 µM of probe (NH2-mod-P or unmod-P) in 

1000 µL of MES, pH 6.5, with 100 mM EDC 

•  Incubate for 40 minutes 

•  Remove spotting solution by vacuum  

• Wash the slide extensively: 10 minutes in 0.2XSSC+0.1 % SDS  

• Followed by two 10-minute washes in 0.2XSSC 

• Dry the slide by centrifugation.  

 

4.2.6 Probe immobilisation with click chemistry 

 

• Modify ox.PMMA as per section 4.2.4. 

• Mix 250 µL of 0.5 M of CuSO4 and 2.47 mg of sodium ascorbate together for 10 

minutes to produce Cu(I); the solution is orange in colour 

• Add 500 µL of 50 % DMSO to this solution  

• Add 7.5 µL of 100 µM of N3-mod-P to the solution 

• Spot manually the alkyne surface with 50 µL spots 

•  Incubate for one hour in the humidity chamber 

•  Remove spotting solution by vacuum 

• Wash the slide extensively: 10 minutes in 0.2XSSC+0.1 % SDS  
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• Followed by two 10-minute washes in 0.2XSSC 

•  Dry slide by centrifugation or stream of nitrogen. 

 

4.2.7 Ethanolamine blocking and target hybridisation 

 

• Spot 0.1 M ethanolamine (in water) onto a surface 

• Incubate for 15 minutes in humidity chamber to deactivate the EDC 

•  Rinse twice with 0.2X SSC. 

• Following blocking step, target can be introduced 

•  Spot manually 1000 µL of 0.1 µM of T(Cy3) in 2X SSC onto the previously 

immobilised probe spot  

• Incubate for three hours in a humidified chamber to avoid evaporation of the 

spotted solution  

• Remove the spotting solution by vacuum 

•  Wash the slide extensively: 10 minutes in 0.2XSSC+0.1 % SDS  

• Dry slide by centrifugation or stream of nitrogen. 

 

4.2.8 Melting curve analysis 

 

• DNA probes were immobilised onto a slide, as per 4.2.5. and 4.2.6. 

• Complimentary target was hybridised, as per 4.2.7 

• Melting curve analysis experiments were performed by heating each slide in a 

humidified oven at a specific temperature 

• Each slide generates just one point on the melting curve 

• The slides and washing buffers were left in the oven for approximately two 

hours to make certain that liquid samples on the slide had reached the desired 

temperature 

• After incubation, slides were immediately removed from the oven and washed in 

heated washing buffers: 10 minutes in 0.2XSSC+0.1 % SDS and 10 minutes 10 

minutes in 0.2X SSC only 

• Dry slide by centrifugation or stream of nitrogen. 

• Slides were immediately analysed by fluorescence readout. The intensity of the 

fluorescent signal indicates if DNA target melted from its complimentary strand.  
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4.2.9 PIRANHA – cleaning of QCM chips 

	
Piranha solution must be prepared with great care in the designated area. 

• Measure 30 ml of Sulfuric acid 

• Slowly add 10 ml of 30 % hydrogen peroxide 

• Be aware that the solution is extremely exothermic, avoid touching the beaker 

• Place QCM chips in a designed Teflon holder 

• Leave it for 10 minutes, to allow remove most of the organic matter 

• Place QCM chips in a holder onto a beaker with water 

• Dispose of PIRANHA solution accordingly 

• Dry QCM crystals with stream of nitrogen. 

 

4.2.10 QCM – ssDNA probe quantification 

 

• Spin-coat clean QCM crystals (with PIRANHA, see protocol 4.2.9.) with 0.1 % 

PMMA, as per protocol 4.2.2 section  

•  For EDC immobilisation, use MES buffer as a baseline  

• Let it run until signal stabilises 

• Inject 10 µL of NH2-mod-P with 990 µL of MES/EDC into a closed circulation  

• Allow immobilisation to take place for c. 1 hour or until signal stabilizes 

• Wash/inject MES buffer (baseline) to remove excess probe 

• Use Saurbrey equation to calculate the final mass of immobilised probe. 

• For click chemistry: ox. PMMA was alkyne-modified prior to injection of the 

probe. During QCM experiments, a 50 % methanol/water buffer was used as a 

baseline and N3-mod-P was injected into a closed circulation for 1 hour. The 

sample was then washed with the baseline buffer to remove excess probe and the 

mass was calculated.   

 

4.2.11 AFM analysis 

 

• Substrate surfaces were examined using an atomic force microscope (AFM) on a 

Veeco Dimension 3100 instrument.  
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• The AFM was used in tapping mode using Tap300Al-G tips from Budget 

Sensors (Sofia, Bulgaria)  

• High aspect ratio images were measured using Improved Super Cone tips from 

Team Nanotec; both tips had a resonant frequency of 300kHz and force constant 

of 40 Nm-1.  

• Images were analysed using WSxM software [131].  

 

4.3 Results and discussion 
	
In this chapter’s section investigation of binding ssDNA to carboxylic acid surfaces via 

EDC linking chemistry is described. A comparison of probe binding between click 

chemistry (CC) and EDC is also described in detail. Ethanolamine blocking was 

introduced as an additional step to prevent NSB. Hybridisation temperature curves were 

constructed for both: NH2 modified and unmodified probes. Overall hybridisation 

efficiency of an assay was improved by substituting EDC linking chemistry for CC. 

Finally direct and sandwich assays were performed to compare the performance 

efficacy between two immobilisation techniques: CC and EDC.  

 

4.3.1 Binding ssDNA to carboxylic acid surfaces via EDC linking chemistry 

 

The potential binding of DNA through the primary/secondary amines on its backbone 

(BB) was investigated initially. For this, the binding of A chain, T chain, NH2-mod-

P(Cy5), and unmod-P(Cy5) probes with EDC to the ox. PMMA surface was compared. 

Control experiments, in which no EDC was used, were also carried out. In order to 

confirm that the ssDNA probe binds covalently, as opposed to being attached by 

physical absorption [201], an extensive washing protocol was applied, including sodium 

dodecyl sulphate (SDS). The use of SDS suppresses nuclease activity without disturbing 

DNA hybridisation [202]. All DNA probes were labelled with Cy5 dye in order to 

obtain a fluorescence signal, which was directly proportional to the amount of the probe 

bound covalently to the surface. The fluorescence measurements are presented in figure 

4.4.  
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Figure 4.4 A chain, T chain, NH2-mod-P(Cy5), and un-NH2-mod-P(Cy5) immobilisation to ox. PMMA 

substrates with and without EDC linker. Background fluorescence signal has been subtracted from 

fluorescence signal. Error bars are equal to the standard deviation of three fluorescence intensity 

measurements, n=3. Scanned at instrument gain of 60. 

 

In the presence of EDC linker, all the probes investigated bind covalently to the surface, 

regardless of the terminal modification. In the case of the full-length probes, the 

difference between fluorescence intensity of the NH2-modified and unmodified DNA 

probes was just over 30 %. In the case of every probe, there was negligible binding 

without EDC. If BB binding did occur, then an amino-modified DNA probe would have 

little or no binding/fluorescence signal, while DNA modified with a terminal amino 

group would have resulted in a high fluorescence signal. The results in figure 4.4 

confirm that the binding is not physical adsorption but rather covalent binding between 

the carboxylic acid groups on the surface and a nucleophile on the DNA strand.  

In the case of the modified probe, the nucleophile expected to react most rapidly is the 

terminal amino group with which the DNA strand is modified. Possible nucleophiles on 

the DNA strands that have no amine modification include the primary and secondary 

amines on the backbone and alcohol/hydroxyl groups on the phosphates. Of the amines 

that could be involved in binding, primary amines will react at a much faster rate than  
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secondary amines, which is reflected by the substantial difference in binding between 

the A chain and T chain probes: thymine does not contain any primary amines, whereas 

adenine does. It can be seen that where there are no primary amines present, there is 

significantly less (39 %) binding of the oligomer to the surface. If the hydroxyl groups 

on the phosphate were primarily responsible for this binding, there would be little 

difference between the binding ability of the A chain and the T chain.  

In the case of the full-length unmodified DNA probe, binding is due to the interaction of 

the amines on the BB with the EDC-activated surface. Of the bases present in the 

sequence, 65 % contained primary amines available for interaction with the carboxylic 

surface (adenine, cytosine and guanine) and there are secondary amines present on 

thymine, which, although less reactive, could interact with EDC.  

In order to investigate this theory, a DNA direct-binding experiment was performed in 

order to verify whether or not there was an effect on overall hybridisation efficiency. If 

the probe were immobilised via the amines on the backbone, those bases would be 

unavailable for hydrogen bonding to form double-stranded DNA with the 

complementary probe; the hybridisation would not be a 100 % match. In this 

experiment, probes, bound using EDC, were not labelled with any dye; however, targets 

were labelled with Cy3 in order to measure the overall hybridisation. Figure 4.5 shows 

the results in terms of the amount of T(Cy3) hybridised to the immobilised probe, either  

 

NH2-mod-P or unmod-P. The fluorescence signal for NH2-mod-P was over 30 % higher 

than the fluorescence signal for unmod-P. This indicates that the terminal amine on the 

modified probe is more readily available for hybridisation and therefore can bind more 

labelled target. There is also, however, a fairly high signal for the unmodified DNA 

probe, indicating that the probe is robustly bound to the surface, possibly at multiple 

locations, e.g. through the amines on the backbone. The probe is also still active and 

available for hybridisation of the complementary target. 
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Figure 4.5 Direct binding assay; NH2-mod-P and T(Cy3) and unmod-P and T(Cy3); n=3. The black area 

at the top of the bar is equivalent to the background signal. Error bars are equal to the standard deviation 

of fluorescence intensity measurements, n=3.  

	

4.3.2 Probe binding: EDC vs CC 

 

In this paragraph the amount (fluorescence signal) of full-length DNA probe binding via 

click chemistry and EDC is compared. Figure 4.6 represents binding of DNA probe 

with Cy5 label only at different concentration range: 10µM-1nM with either CC (black 

line) or EDC (dotted line). 
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Figure 4.6 N3-mod-P(Cy5) and NH2-mod-P(Cy5) immobilised via CC (unbroken line) and EDC (broken 

line)  at range of probe concentrations: 10µM-1nM. Error bars are equal to the standard deviation of 

fluorescence intensity measurements, n=3. 

 

DNA probe immobilised with EDC linker shows lower binding ability/amount while 

compared to DNA probe immobilised via CC, figure 4.6. This result supports the 

hypothesis that the amount of DNA binding via multiple binding sites is lower of that 

which binds via modified terminus only. Probes bound via CC are not only bound at the 

higher amount but also are fully available for a complimentary hybridisation.  

While probes bound via EDC are immobilised at different points within a strand and are 

prone to mis-match at room temperature. In order to obtain a specific hybridisation, a 

higher temperature would need to be applied to prevent mis-matches while EDC in use.  

 

4.3.3 Ethanolamine blocking 

 

Ethanolamine was employed as a block in order to ensure no background binding of the 

target to the surface, thus maximizing the hybridisation efficiency. Here, fluorescence 

intensity, which is directly proportional to the amount of DNA bound to blocked and 

unblocked slides, is compared. NH2-modified and unmodified probes were immobilised 

onto ox. PMMA support as previously described. NH2-mod-P or unmod-P were not 
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labelled with any dye; T(Cy3) was labelled with Cy3 dye in order to obtain a 

fluorescence signal for further quantification. Figure 4.7 shows results for blocked 

versus unblocked NH2-mod-P (dotted bars) and unmod-P  (striped bars) after 

immobilisation. 

 

 
Figure 4.7 Fluorescence signal of T(Cy3) on ethanolamine-blocked prior to hybridisation versus 

unblocked prior to hybridisation at room temperature. The black area at the top of the bar represents the 

background signal. Error bars are equal to the standard deviations of three fluorescence intensity 

measurements, n=3.  

Applying ethanolamine as a blocking agent was shown not to make a significant 

difference in terms of hybridisation efficiency; figure 4.7. There was still a high signal 

from the unmodified probe regardless of blocking. The kinetics of DNA probe binding 

to the surface are almost immediate (within seconds), as measured by previous 

experiments using dual-polarization interferometry and quartz crystal microbalance, 

figure 4.8; hence it is not entirely surprising that blocking the surface after probe 

immobilisation was not effective.  
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Figure 4.9 represents the kinetics of binding of DNA onto the carboxylic acid surface. 

A quartz crystal microbalance (QCM) measures a mass per unit area by measuring the 

change in frequency of a quartz crystal resonator [99]. An experiment was carried out 

using QCM with a gold-coated QCM chip, that has a thin layer of –COOH groups. A 

solution containing an amino modified probe along with EDC was injected at 500 

seconds. Figure 4.8 shows that the binding of the probe to the surface is instantaneous.   

 

 

 
 
Figure 4.8 DNA kinetics; injection of DNA probe in QCM at 500 seconds. 

 

4.3.4 Hybridisation temperature curves of NH2-modified and unmodified probes 

 

The results presented previously suggest that there is a significant amount of binding of 

the probe to the surface through its backbone.  

Hybridisation was investigated from 20 °C to 62 °C, near the melting temperature of 

this length of double-stranded DNA molecule with 100 % base matching (Tm = 64 ± 4 

°C). This temperature was calculated using the Wallace rule [203], which assigns 2 °C 

in melting to each A-T pair (2 H bonds) and 4 °C to each G-C pair (3 H bonds).  
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If probes were bound covalently to the surface at multiple points, the bases bound 

through BB amines would be unavailable to hydrogen bond to the target, causing a 

decrease in fluorescent signal due to DNA melting below the Tm for the fully 

hybridised double helix. Figure 4.9 shows that at room temperature, there was a high 

fluorescent signal for the target binding to both the NH2-modified and un-NH2-modified 

probes on the surface; signals for both decrease with each increase in temperature. The 

loss of signal from the labelled target with temperature increase well below Tm 

indicates significant numbers of missing H bonds between probe and target for both 

with and without NH2 modification. While it is challenging to quantify the exact 

number of nucleobases bound to the surface, each probe strand includes 13 primary 

amines and 22 secondary amines available for BB binding, plus the primary amine on 

the terminus in the case of the NH2-modified probe, which is available for covalent 

binding. The large and qualitatively similar decrease in the amount of target binding 

with increasing temperatures well below the Tm for both probe types suggests that the 

terminal amine of the amino-modified probe, while enabling somewhat improved 

hybridisation, was not the sole binding point.  

 

 
Figure 4.9 Melting curve: fluorescence intensity as a function of temperature. Results are for T(Cy3) 

hybridised to NH2-mod-P and unmod-P, plus background signal. Error bars are equal to the standard 

deviation of three fluorescence intensity measurements, n=3.  
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Control experiments were performed to prove that hybridisation signal was valid, figure 

4.10. For Control 1, NH2-mod-P was spotted onto ox. PMMA in the absence of EDC. 

For Control 2, T(Cy3) was spotted directly onto ox. PMMA. For Control 3, NH2-mod-P 

was spotted onto non ox. PMMA in the presence of EDC. All three controls resulted in 

negligible fluorescent signal, see figure 4.10, demonstrating that, firstly, the EDC linker 

is required for covalent immobilisation of the DNA probe; secondly, the target does not 

bind non-specifically to the surface during the hybridisation step; finally, PMMA must 

be oxidised in order to reliably covalently immobilise aminated biomolecules. For 

comparison, figure 4.10 also shows the result of the binding of the target T(Cy3) to 

NH2-mod-P spotted onto ox. PMMA in the presence of EDC, which produces a readily 

measured response. It can be concluded, therefore, that the hybridisation signal obtained 

was specific for the target binding to the DNA probe on the appropriately treated 

surface. 
 

 

Figure 4.10 Fluorescence Intensity of DNA controls; binding of T(Cy3) to NH2-mod-P spotted onto ox. 

PMMA in the presence of EDC. Scanned at instrument gain of 80. 

 

When considering whether the unmodified DNA probe covalently bound to the surface 

in the presence of EDC; F. Everaerts et al. demonstrated that EDC can interact with 

hydroxyl groups as well as amines [204], i.e., that there was still the possibility that the 
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DNA strands could be binding to the surface through the hydroxyl groups on the 

phosphates. However, if this were the case, then the mismatching would not have 

occurred as described above, as the phosphates would not have been involved in 

hydrogen bonding between base-pairs, and there would have been no significant 

melting of the double strand below its Tm.  

Taken together, the results of figures 4.9 and 4.10 imply that, while EDC linking 

chemistry is effective in promoting bonding to ox. PMMA, the opportunity for BB 

binding makes it a less-than-ideal method for immobilisation of ssDNA probe onto 

carboxylic acid substrates.  Therefore click chemistry immobilisation was investigated 

as an alternative.  

 

4.3.5 Improving hybridisation efficiency using click chemistry 

 

The surface of ox. PMMA was modified in order to create a functional alkyne (-C CH) 

layer so that click chemistry could be used to immobilise azide-modified DNA probes 

on an (initially) carboxylic acid surface. Water contact angle measurements were used 

to characterise the alkyne layer and to ensure functionalisation. There is an increase by 

approx. 15°C from ox. PMMA to the functional alkyne (-C CH) layer, figure 4.11. The 

increased hydrophobicity is consistent with the formation of the alkyne layer. 

 

 
Figure 4.11 Water contact angle (°) of ox. PMMA and further functionalised alkyne surface. Error bars 

are equal to the standard deviations of three measurements. 
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Figure 4.12 shows height images as seen by AFM of the ox. PMMA surface, alkyne 

surface and alkyne surface with immobilised probe. The root mean square (RMS) 

roughness for each surface was calculated to be 1.2 nm, 1.28 nm and 1.33 nm, 

respectively. These results show that the surfaces are very smooth in general and that 

roughness increases upon immobilisation of the probe. 

 

 

 
 

 

Figure 4.12 Surface topography as measured by AFM of a) prepared ox. PMMA; b) prepared alkyne 

surface; c) alkyne surface with DNA probe immobilised by click chemistry (10µM, washed three times). 

 

After confirming the smoothness of the surfaces, next step was to proceed to probe 

immobilisation and hybridisation. To the immobilised probe, Cy3-labelled target 

(T(Cy3)) was added and hybridisation efficiency at different temperatures was 

measured. In the case of immobilisation via CC, there are no functional groups available 

to react with the alkyne on the surface other than the azide in the DNA probe’s terminal 

position. It was hypothesized that this would preclude BB binding and therefore enable 

hydrogen bonding of all complementary bases for the probe-target pair, hence melting 

of the DNA double helix would be anticipated to occur at or near the Tm.  

Figure 4.13 shows the results of conducting the hybridisation at several different 

temperatures (fluorescence was measured after the surfaces were washed). Despite the 

temperature increase, the fluorescence signal for the hybridisation remains stable, with 

the double-stranded helix beginning to melt at temperatures near the Tm (64 oC, 

theoretically calculated as described above). The decrease of signal beginning at 60 oC 

could be due to the uncertainty of ± 4 °C in Tm, to the energetic range of the melting 
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process, or to minor fluctuations in the temperature of the oven. The fact that the DNA 

did not detach or de-hybridise much below Tm indicates that the probe was covalently 

bound via the modified terminus, not via physical adsorption.  

Two controls were used to confirm the specificity of binding: in Control 4, T(Cy3) was 

spotted directly onto ox. PMMA and for Control 5, T(Cy3) was spotted directly onto the 

alkyne-modified surface. As shown in figure 4.13, there was minimal NSB of the target 

to either ox. PMMA or alkyne surfaces.  

 

 

 
Figure 4.13 Melting curve: fluorescence intensity as a function of temperature. T(Cy3) hybridised to N3-

mod-P, immobilised via click chemistry and washed. Black part at the top of each bar represents the 

background signal. Error bars are equal to the standard deviation of fluorescence intensity measurements, 

n=3. Scanned at instrument gain of 90. 

 

It was suspected that the higher efficiency for CC relative to EDC is due to the fact that 

the DNA probe can only bind via the alkyne-modified end, rather than at multiple points 

for the EDC linker, making more DNA probes available for hybridisation for CC and 

also making the hybridisation more specific. This difference in overall hybridisation 
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fluorescence signal can be explained, in effect, as a DNA orientation issue: if the 

ssDNA probe binds at multiple points along the strand when EDC linking is used, 

vertical orientation of the DNA on the surface would generally not be achieved, see 

figure 4.14, limiting the number of strands available for hybridisation on a given surface 

area of the slide. In the case of CC, single-stranded DNA molecules bind to the surface 

only via their terminal azide modification, enabling the immobilisation of a higher 

density of ssDNA and hence more captured target.  

 

 

 
 

	
	
Figure 4.14 Schematic diagram describing single-stranded DNA molecule immobilisation and qualitative 

details of orientation for EDC and click chemistry immobilisation techniques. 
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4.3.6 Direct and sandwich DNA binding experiments: EDC versus CC probe 

immobilisation  

 

The main aim in this paragraph was to compare and determine the most suitable 

immobilisation method to be used in sandwich nucleic acid assays, which results in 

good hybridisation efficiency and low limit of detection (LOD). Direct assay was used, 

as it is easier to perform and contains less steps than sandwich assay. Once all the 

parameters were established, the use of sandwich assay was next. Both methods are 

described in detail below.  

The hybridisation efficiency as a function of DNA target concentration for both probe 

immobilisation techniques was measured here, EDC linking and CC, in order to 

compare hybridisation efficiency as a function of immobilisation technique. Two 

different types of DNA assays were performed: direct and sandwich. A number of 

controls were applied in order to ensure that the hybridisation was specific. The first 

control for EDC immobilisation was used to determine if the NH2-modified probe binds 

non-specifically in the absence of EDC linker. For CC, a control was used to determine 

if the azide-modified probe (CP-azide) could bind in the absence of CuSO4 and sodium 

ascorbate. The respective control experiments were carried out to determine if target 

could bind non-specifically to either ox. PMMA or the alkyne-modified surface during 

hybridisation. Finally, controls experiments were performed to investigate if the 

aminated or azide-terminated probes bind non-specifically to non-oxidized PMMA. All 

controls showed negligible fluorescence intensity, confirming the specificity of the 

experiments.  

Experiments were carried out in parallel with the same concentrations of immobilized 

DNA probe, either CP-amine or CP-azide according to the surface used, and target/ 

reporter probe mix, T(unlabeled)/RP(Cy5), as described above. Nonetheless, for direct 

and sandwich assay experiment target hybridisation efficiency was consistently higher 

for CC-immobilized probes than for EDC-bound probes; as shown in figure 4.15 and 

4.16.  
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Figure 4.15 Direct DNA binding experiment on DNA probe immobilized by EDC linker chemistry and 

click chemistry: T(Cy3) was hybridized to NH2-mod-P immobilized via EDC onto –COOH modified 

surface and to NH2-mod-P immobilized via CC to the alkyne-modified surface. Error bars are equal to the 

standard deviation of three fluorescence intensity measurements, n=3. 

 

Figure 4.16 Sandwich DNA binding experiment on short DNA probes immobilized by EDC linker  and 

click chemistry: T(Cy3) was hybridized firstly to a reporter probe and then the above was hybridized to 

the capture probe on the surface. Error bars represent the standard deviations of three fluorescence 

intensity measurements. Data was fit using a power fit curve. Scanned at instrument gain of 80. 
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The LOD for all assays was calculated, see the formula below: 

 

LoB = meanblank + 3(SDblank) 
LoB is estimated by measuring replicates of a blank sample and calculating the mean 

result and the standard deviation (SD). 

 

LoD = LoB + 3(SD low concentration sample) 
LoD is determined by utilising both the measured LoB and test replicates of a sample 

known to contain a low concentration of analyte. The mean and SD of the low 

concentration sample is then calculated according to the formula above [170].  

 

For the direct binding assay, an LOD of 95.7 pM was calculated for the EDC probe 

assays and 14.69 pM for the CC probes, showing that the CC assay was over six times 

more sensitive. A similar trend is seen in the sandwich assay where LODs of 23.57 pM 

for the EDC probes and 4.6 pM for the CC probes were calculated (over 5 times more 

sensitivity). QCM measurements were performed in order to verify the quantity of 

probe bound to the ox. PMMA via CC and EDC methods. The QCM results confirmed 

the above statement, with values of 9.94 x 1011 DNA strands/cm2 and 217 x 1011 DNA 

strands/ cm2  for immobilisation with EDC linker and with CC respectively. The amount 

of DNA probe bound to ox. PMMA is 20 times more for CC method while compared 

with EDC linker. The higher efficiency for CC relative to EDC is due to the fact that the 

DNA probe can only bind via the alkyne-modified end, rather than at multiple points for 

the EDC linker; if the ssDNA probe binds at multiple points along the strand when EDC 

linking is used, vertical orientation of the DNA on the surface would generally not be 

achieved, limiting the number of strands available for hybridisation on a given surface 

area of the slide. In the case of CC, single-stranded DNA molecules bind to the surface 

only via their terminal azide modification, enabling the immobilisation of a higher 

density of ssDNA and hence more captured target. Therefore a conclusion was drawn 

that the method to immobilise DNA via CC rather than EDC made more DNA probes 

available for hybridisation and thus the hybridisation more specific.  
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4.4  Summary and conclusion 
 

An investigation comparing EDC linking and CC as two methods to immobilise single-

stranded DNA probes to carboxylic acid surfaces for the purpose of binding 

complementary ssDNA targets is reported in this chapter. A full description of 

techniques and protocols in preparation and activation of the functionalised surfaces as 

well as DNA immobilisation and hybridisation is included. For EDC linking, results are 

consistent with the binding of DNA probes at least in part through the primary amines 

on the DNA backbone, a process that decreases the number of -H bonds available to 

bind target to probe, as confirmed by melting curve analysis. As an alternative to EDC 

linking chemistry, CC is demonstrated to enable terminus-selective immobilisation of 

azide-modified probes without interference of any groups on the DNA backbone. To 

facilitate the CC immobilisation, ox. PMMA was modified with 1-amino-3-butyne to 

form a functional alkyne-activated surface. The increased amount of DNA probe bound 

to the surface was observed while compared to the use of EDC linker, by QCM 

analysis. The assumption has been made that the orientation of immobilised molecule 

has an effect on the amount of the DNA immobilised. DNA conjugated with EDC 

linker is immobilised via multiple points on the back bone, which may result in 

molecule being less flexible and possibly takes up more surface area than a flexible 

molecule which is attached to the surface via only terminated end (CC conjugated).  

 A blocking step was suggested to improve the hybridisation efficiency and to minimize 

NSB. Ethanolamine was used as a blocking agent and was applied after incubation of 

probe prior secondary DNA strand being hybridised. However there were no significant 

difference observed between assays blocked with ethanolamine and one without the 

blocker. 

Finally, direct and sandwich assays have been performed in order to determine LOD. 

The hybridisation efficiency is compared between the EDC-immobilised DNA and CC-

immobilised DNA, with the latter shown to be more specific and more sensitive (i.e. a 

lower LOD). For the direct binding assay, an LOD of 95.7 pM was calculated for the 

EDC probe assays and 14.69 pM for the CC probes, showing that the CC assay was 

over six times more sensitive. A similar trend is seen in the sandwich assay where 

LODs of 23.57 pM for the EDC probes and 4.6 pM for the CC probes were calculated 

(over 5 times more sensitivity). This makes CC linker more suitable for point-of-care 

devices, as the CC-enabled assays can be performed at room temperature with greater 

hybridisation efficiency and lower LOD can be achieved.  
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The improvement of immobilisation technique will have a great impact on assay 

development, as it allows specific immobilisation of DNA onto a carboxylic acid 

surface at room temperature. EDC linking technique is most commonly used for as a 

DNA anchoring method [9,100,204,205], hence this finding may be beneficial to other 

users.  

 

 
Table 4.3 Summary of chapter 4 – key messages. 

CHAPTER 4 – key messages 

• EDC linking - DNA probes bind via the primary amines on the DNA 

backbone 

• Click chemistry (CC) suggested as an alternative 

• CC – no interference of any groups on the DNA backbone 

•  Hybridisation efficiency:  CC is more specific and more sensitive (i.e. lower 

limit of detection) than EDC 

• CC-enabled assays can be performed at room temperature with greater 

hybridisation efficiency (while compared to EDC) 
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Chapter 5 

5 DNA orientation investigated on ox.PMMA 
and other surfaces/films. 

 
5.1  Introduction 
 

This chapter investigates the hypothesis relating to DNA orientation changes on –

COOH surfaces; that for single stranded DNA, the phosphate backbone is repelled by 

the carboxyl groups causing it to face away from the surface up into the buffer. This 

leaves the bases to face the surface and make favourable non-covalent interactions with 

functional groups on the surface.  Upon hybridisation and formation of the double helix, 

the negative phosphate groups oriented on the outside of the helical structure cause the 

double strand DNA to be repelled by the negatively charged surface and stand up, see 

figure 5.1.  

 

 
 

Figure 5.1 DNA orientation change phenomenon. 
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It was previously observed in this research group that DNA analogues of micro RNA 

probes change orientation upon hybridisation with a complementary target on 

TEOS/AA coated surfaces [103]. The phenomenon was described as an orientation 

change in an oligonucleotide probe upon hybridisation of a matched target as a possible 

result of the incorporation of a surface coating. The surface was modified using plasma 

enhanced chemical vapour deposition (PECVD) process comprising of a TEOS 

adhesion layer followed by a layer of acrylic acid (AA) providing carboxyl group 

functionality.  Covalently immobilised amino-modified oligonucleotides were anchored 

onto the surface through a covalent bond between their –NH2 and the surface carboxyl 

groups.  Due to the negative charge of the carboxyl groups in buffers with pH above 

4.0, it was expected that the negative phosphate backbone of single stranded DNA 

would be repelled causing the DNA to stand up away from the surface.  However, upon 

immobilisation of ssDNA probes on the TEOS/AA surface, it was observed that the 

probes were lying down.  Upon introduction of the complementary target strand, 

hybridisation occurred and the orientation of the probes changed to a standing up 

configuration. This orientation change phenomenon could potentially be developed into 

a reagent-less measurement platform based on the quenching of a fluorophore when in 

close proximity (less than 7 nm) to a metal.  Oligonucleotide probes would be 

immobilised at one end and labelled with a fluorophore at the opposite end.  The 

substrate would have a layer of gold underneath the TEOS/AA surface.  In the absence 

of a matched target strand, the probe would be flat down on the surface bringing the 

fluorophore within a few nm of the Au layer causing emission to be quenched.  Upon 

binding of a complementary target strand, the probe would stand up perpendicular to the 

surface brining it outside the range of quenching and allowing it to emit a photon.  As 

the orientation change does not occur with non-specific hybridisation (introduction of a 

mis-matched target), this measurement would provide very high selectivity and 

sensitivity. In order to explain why this phenomenon happens, assumption has been 

made that it could be an electrostatic effect. 

This chapter describes results relating to the investigation of the orientation of miR16 

probe upon hybridisation with miR16 target (referred as a positive control) and miR195 

target (referred as a negative control) on various substrates. A number of different 

surfaces were investigated, including TEOS/AA, MUA, SA, APTES. Techniques used 

for investigation of DNA orientation on the surfaces were as follows: dual polarization 

interferometry (DPI), Quartz Crystal Microbalance (QCM) and Total Internal 

Reflection Ellipsometry (TIRE). 
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5.2 Experimental details: 
	
Orientation changes of fully hybridised DNA on –COOH functionalised solid supports 

were investigated in this chapter. To investigate such changes, label free Dual 

Polarization Interferometry, Quartz Crystal Microbalance and Total Internal Reflection 

Ellipsometry techniques were employed.  

	

5.2.1 Materials and instrumentation 

 

PMMA sheets (0.25 mm thick, impact modified, MW ¼ 120 000) were sourced from 

Goodfellow Cambridge Limited(Huntingdon, England). Zeonor® substrates, injection-

molded cyclic olefin polymer (COP) slides (Zeonor® 1060R, 25 mm x 75 mm, 1 mm 

thick) were sourced from Sigolis (Uppsala, Sweden). Gold-coated standard glass 

microscope slides (Ti/Au, 5 nm/30 nm, 25 mm x 75 mm, 1.1 mm thick) were sourced 

from PhasisSarl (Geneva, Switzerland). Q-sense QCM crystal/sensors were sourced 

from Biolin Scientific ( Stockholm, Sweden). PTFE filter (pore size 0.25 µm) (Chroma-

filXtra PTFE-20/25 Macherey-Nagel, Duren, Germany). 1-Ethyl-3-(3- 

dimethylaminopropyl) carbodiimide (EDC), 2-(N-morpholino) ethanesulfonic acid 

buffer (MES), sodium dodecyl sulfate (SDS), saline-sodium citrate (SSC), 11-

Mercaptoundecanoic acid 95 % (MUA), Succinic anhydride ≥99 % (GC), and toluene 

(anhydrous, 99.8 %), Tetraethyl orthosilicate (TEOS/AA) reagent grade 98%, (3 – 

Aminopropyl)trethoxysilane (≥98%)  were purchased from Sigma Aldrich (Arklow, 

Ireland). Thiol modified DNA, -NH2 modified DNA, DNA target were purchased from 

Eurofins MWG Operon (Duren, Germany). All chemicals were used as received 

without further purification. 

 

Instrumentation used in support of this work in chapter 5: 

 

• Spin coater 

• UV/O3  

• DPI 

• QCM 

• TIRE 
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5.2.2 Preparation of spin coated poly (methyl methacrylate) surfaces 

 

Protocol for preparations of spin coated PMMA is as follows: 

• Take off protection film from the PMMA sheet 

• Cut PMMA sheet into small pieces  

• Weight out 0.001 g of PMMA pieces for 0.1 PMMA concentration 

respectively 

• Place into a glass vial with 10 ml of 80 % ethanol to result in 0.1 % 

PMMA concentration.  

• Use sonicator at 40 ° for 30 minutes to dissolve the PMMA pieces  

• Filter dissolved PMMA solutions through PTFE filter (pore size 0.25 

µm) 

Cleaning of the substrates prior spin coating: 

• Fill the tank with 2 % of Micro90 detergent for cleaning step 

• Place the slides in a slider holder and submerge them in Micro90 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Fill another tank with isopropanol and submerge slides 

• Sonicate for 30 minutes 

• Rinse slides in water 

• Dry with nitrogen stream 

Spin coating of dissolved PMMA protocol: 

• Place a slide/DPI chip at the centre of spin coater’s holder 

• Apply vacuum to immobilise the slide 

• Place 1 ml of dissolved PMMA solution on the middle of the slide 

• Set the settings: 3000 rpm, 5 seconds acceleration for 1 minute 

• Press start 

• Take the slide off and transfer to a holder  

The curing process protocol: 

• The PMMA films are cured in an oven at 80 °C for 1 h or in the fume 



	

	 161	

hood over night. 

Oxidation of spin coated PMMA surfaces: 

• Place cured PMMA samples (do not touch the interface, pick up by the 

edge of the slide) onto UV/O3 device 

• Initiate oxidation for 4-8 minutes as required 

• Remove samples from the device 

• Alternatively oxygen plasma can be used to activate the surface (4-8 

minutes). 

The coating of PMMA films onto glass slides required an additional step, due to 

the hydrophobicity of the glass. The water contact angle of glass is very low; 

hence, the PMMA solution could not gain contact with it during spin coating. In 

order to modify the hydrophobicity of the glass, the deposition of a silicon oxide 

layer was applied to ensure adhesion of the PMMA. The silicon oxide was 

deposited with a plasma enhanced chemical vapour deposition (PECVD) method 

using a Plasmalab 100 system. The precursor reagents for this process were 

oxygen gas and hexamethyldisiloxane (HMDSO). The silicon oxide layer 

thickness was approximately 30 nm. 

 

5.2.3 PIRANHA – cleaning of QCM, DPI and gold coated chips 

	
Piranha solution must be prepared with great care in the designated area. 

• Measure 30 ml of Sulfuric acid 

• Slowly add 10 ml of 30 % hydrogen peroxide 

• Be aware that the solution is extremely exothermic, avoid touching the beaker 

• Place substrate in a designed Teflon holder 

• Leave it for 10 minutes, to allow remove most of the organic matter 

• Place substrate in a holder onto a beaker with water 

• Dispose of PIRANHA solution accordingly 

• Dry substrate with stream of nitrogen. 
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5.2.4 Preparation of wet chemistry APTES 

	
The protocol for chemically depositing APTES is as follows: 

• Substrate (glass, Zeonor, silicon) needs to be oxidised - either through 

oxygen plasma treating or other methods like UV-Ozone treatment 

• Dip the freshly oxidized substrates in the deposition solution (92:5:3 

mixture of isopropanol/ethanol, DI water, and APTES) 

• Store the substrates for 2 hours at room temperature in solution 

• Sonicate substrates in isopropanol for 15 minutes twice 

• Rinse the substrates with isopropanol 

 

 

• Bake the substrates in oven for 1 hour at 80 o C (substrates may stick to 

holder during baking so care must be taken) 

• Cool the substrates for 30 minutes at room temperature 

• Coated slides can then be stored as needed. 

5.2.5 Preparation of 11-Mercaptoundecanoic acid, self assembled monolayer 

surfaces 

 

SAM on gold were prepared as follows: 

• Incubate gold substrates in freshly prepared thiol solutions (5mM) using 

ethanol for 12 h.  

• After the formation of SAMs, rinse gold substrates with a copious 

amount of ethanol and DI water,  

• Use stream of nitrogen gas to dry substrates.  

Water contact angle was used as a confirmation test of the successful depositions and 

should be around 55 °.  
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5.2.6 Preparation of 11-Mercaptoundecanoic acid (MUA) on substrate other than 

gold 

 

Use of MUA on substrates other than gold requires introduction of a linker. Protocol of 

preparing MUA on DPI chips (silicon oxide) is as follows: 

• The DPI chips were coated with liquid APTES (see section 2.2.3.)  

• DPI chip coated with liquid APTES is submerged in sulfo-SIAB (5 mM) 

solution prepared with PBS (pH 6.5) for 30 mins to let amine-to-thiol 

conjugation 

• Substrates then were washed with DI water and dried using stream of 

nitrogen gas.  

• Modified surfaces in this manner were then ready for MUA incubation 

overnight (see section 2.2.4) 

• After formation of the SAM, substrates were rinsed with a copious 

amount of ethanol and DI water, and finally dried using a stream of 

nitrogen gas.  

 

5.2.7 Preparation of Succinic Anhydride surfaces 

 

An adapted protocol [129] for SA immobilisation was used, see the protocol: 

• Primary amino groups in APTES films were initially converted to 

carboxyl groups by incubation in THF containing 5 mg/ml SA and 5 % 

v/v triethylamine (TEA) for 4 hours  

•  Rinse with DI water.  

 

5.2.8 QCM – DNA hybridisation protocol 

 

• Spin-coat clean QCM crystals (with PIRANHA, see protocol 5.2.3.) with 0.1 % 

PMMA, as per protocol 5.2.2 section  

• Use MES buffer as a baseline  

• Let it run until signal stabilises 

• Inject 10 µL of NH2-mod-P with 990 µL of MES/EDC into a closed circulation  

• Allow immobilisation to take place for c. 1 hour or until signal stabilises 
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• Wash/inject MES buffer (baseline) to remove excess probe 

• Wait until signal stabilises 

• Inject 1 µL miR195 probe with 990 µL of MES into a closed circulation 

• Allow hybridisation to take place for c. 1 hour or until signal stabilises 

• Wash/inject MES buffer (baseline) to remove excess probe 

• Analyse the results 

 

5.2.9 DPI – DNA hybridisation protocol 

 

• Spin-coat clean DPI chip (with PIRANHA, see protocol 5.2.3.) with 0.1 % 

PMMA, as per protocol 5.2.2 section  

• Perform calibration of the instrument first 

• Use MES buffer as a baseline  

• Let it run until signal stabilises 

• Inject 10 µL of NH2-mod-P with 990 µL of MES/EDC  

• Allow immobilisation to take place for c. 30 minutes - 1 hour or until signal 

stabilises 

• Wash/inject MES buffer (baseline) to remove excess probe 

• Wait until signal stabilises 

• Inject 1 µL miR195 probe with 990 µL of MES  

• Allow hybridisation to take place for c. 1 hour or until signal stabilises 

• Wash/inject MES buffer (baseline) to remove excess probe 

• Analyse the results 

 

5.2.10 TIRE – microfluidic cell assembly 

 

Figure 5.2 represents assembly of microfluidic flow cell in PMMA and pressure 

sensitive adhesive (PSA) [126]. 

• (a) top PSA layer containing five reaction microwells (the volume of each 

microwell is 4.7 µl),  

• (b) connecting hole PMMA layer,  

• (c) PSA channel layer,  
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• (d) bottom PMMA layer,  

• (e) bonding of top PSA layer and connecting hole PMMA layer,  

• (f) bonding of PSA channel layer and bottom PMMA layer, 

• (g) complete four-layer microfluidic flow-cell  

   
 

Figure 5.2 Assembly of microfluidic cell [103]. 

	

5.2.11 TIRE – DNA hybridisation protocol 

 

• Spin-coat clean gold half slide (with PIRANHA, see protocol 5.2.3.) with 0.1 % 

PMMA, as per protocol 5.2.2 section  

• Apply microfluidic cell (as per 5.2.10), make sure there are no air bubbles 

• Place the BK7 prism on the top of the sensing substrate with an refractive index 

matching oil and secure by tape, see figure 5.3 
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Figure 5.3 Fully assembled microfluidic flow cell and BK7 prism. 

 

• Connect a syringe pump (Harvard Apparatus, Boston, USA) to the outlet of one 

microwell of the flow cell via polymer tubing and a PDMS connector 

• The flow rate was controlled to within 4–5 µl/min.  

• Use MES buffer as a baseline  

• Let it run until signal stabilises 

• Inject 10 µL of NH2-mod-P with 990 µL of MES/EDC, The volume of analyte 

should be in excess to the volume of the microwell (4.7 µl) in order to make sure 

the microwell is always filled with analyte 

• Allow immobilisation to take place for c. 30 minutes - 1 hour or until signal 

stabilises 

• Wash/inject MES buffer (baseline) to remove excess probe 

• Wait until signal stabilises 

• Inject 1 µL miR195 probe with 990 µL of MES  

• Allow hybridisation to take place for c. 1 hour or until signal stabilises 

• Wash/inject MES buffer (baseline) to remove excess probe 

• Analyse the results 
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5.3 Results and discussion 
	
In this chapter’s section miRNA (DNA) orientation changes on TEOS/AA surface are 

described, as well as on other functionalised surfaces, including: self assembly 

monolayer – Mercaptoundecanoic Acid, Succinic Anhydride, APTES (liquid and 

PECVD), ox.PMMA and plain gold. Additionally a new technique – Total Internal 

Reflection Ellipsometry was introduced to determine thickness/orientation changes of 

DNA.  

	

5.3.1 miRNA (DNA) orientation changes on TEOS/AA 

 

DPI can record thickness changes based on thickness, mass and density changes. The 

aim here was to determine thicknesses after single stranded probe immobilisation and 

then the thickness increase after complementary DNA probes hybridisation. Dimensions 

of single stranded DNA are c. 7/8 nm – 1.5 nm and fully hybridised double helix are c. 

7/8 nm – 3 nm.  

Table 5.1 DPI measured thickness, mass and density for positive and negative control. 

Name Thickness (nm) Mass (ng/mm2) Density (g/cm3) 

mir16 probe 0.238 0.286 1.201 

mir16 target 8.375 1.710 0.204 

mir16 probe 0.271 0.207 0.761 

mir195 target 1.590 0.809 0.509 

 

As can be seen in table 5.1, immobilised single stranded probe caused increase of 

thickness to 0.238 nm along with mass and density increase, suggesting a successful 

DNA immobilisation to the surface.  Upon addition of secondary DNA strand, 

hybridisation takes place and double helix changes its position to vertical. The full 

length of 22-mer miRNA (DNA) is approx. 7-8 nm, hence the thickness change from 

0.238 nm to 8.375 nm while in standing up position. Mass also increased, however 

density decreased as expected. Decrease in density can be explained with the analogy 

that if something is sticking up/standing up density is less than if the same was lying 

flat. 
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Based on the result above, further testing was suggested and use of QCM technique was 

proposed as an alternative method to continue investigation of DNA behaviour on 

TEOS/AA and other substrates.  

QCM measurements give areal mass and dissipation values. Areal mass is defined as an 

increase of a mass per unit area [100]. Dissipation can be defined as a parameter 

quantifying the damping in the system, and it is related to the samples viscoelastic 

properties [100], which can be interpret as thickness. Hybridisation between miR16 

DNA probe and miR16 DNA target (complimentary strands) or miR195 DNA probe 

and miR195 DNA target (complimentary strands) is referred as positive control and 

hybridisation between (non complimentary probes) miR16 DNA probe and miR195 

DNA target or miR195 DNA probe and miR16 DNA target is referred to as negative 

control in this chapter.  

 

 

  

 

 

 

 

 

 

 

Figure 5.4  Positive control on TEOS/AA, time (secs) vs. areal mass (ng/cm3), red arrows represent shift 

between baselines for either immobilisation or hybridisation. 
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Figure 5.5 Negative control on TEOS/AA, time (secs) vs. areal mass (ng/cm3), red arrows represent shift 

between baselines for either immobilisation or hybridisation. 

 

QCM results in figure 5.4 and 5.5 show DNA behaviour for positive and negative 

control full hybridisation, respectively. A real mass increase is observed by the 

indication of a significant shift between baselines. However in terms of dissipation or in 

other words thickness, results are unclear.  

The results observed in table 5.1 have proven hard to reproduce despite the multiple 

repetition and modifications of the experiment conditions. At this point, the explanation 

was not as clear, so decision has been made to investigate other -COOH functionalised 

substrates with an alternative technique to observe orientation changes and to continue 

with the investigation. Films developed and discussed I chapter 2 were applied in this 

chapter to investigate the relationship between the surface and DNA orientation 

changes.  

 

5.3.2 miRNA orientation changes on MUA 

 

SAM MUA was used as another type of carboxylic acid surface. It was used to 

determine if orientation changes occur on other –COOH prepared substrates, as was 

seen previously on TEOS/AA. QCM, DPI and TIRE were the techniques used for both 
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positive and negative controls.  

  

Figure 5.6 Positive control on MUA, time (secs) vs. areal mass (ng/cm2). Increase in areal mass (red 

arrow) indicates 50 % hybridisation rate. 

 

 

Figure 5.7 Positive control on MUA, dissipation. Small shift in dissipation, DNA film remains rigid. 
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Table 5.2 Areal mass and dissipation for miR16 probe immobilisation and miR16 probe – miR16 target 

hybridisation. 

  

  

 

 

Figure 5.6 represents increase in areal mass from 206.08 ng/cm2 to 299.53 ng/cm2, 

which indicates 50 % hybridisation rate. Only every second probe was hybridised with 

its complementary target. Figure 5.7 shows a small shift of the dissipation or damping, 

which is the sum of all energy losses in the system per oscillation cycle. A soft film 

attached to the quartz crystal gives high dissipation. In contrast, a rigid material gives 

low dissipation [94], which is a small shift, illustrated in Figure 5.6 and 5.7.  From the 

results summarised in table 5.2, it can be stated that DNA formed double helix in 50 % 

and dissipation data shows no orientation change upon binding of target on MUA 

surface. Hybridised DNA on MUA surface is considered to be a rigid film, as not more 

than 2.00x10-6 changes in dissipation for every 10 Hz change in frequency was 

observed.  

  

Figure 5.8 Negative control on MUA, time (secs) vs. areal mass (ng/cm2); Increase in areal mass (red 

arrow) indicates 23 % hybridisation rate. 

Positive 

control 

Areal mass 

(ng/cm2) 

Dissipation 

miR16 probe 206.08 ng/cm 2 2.07*10-6 

miR16 target 299.53ng/cm2 2.3*10-6 
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Figure 5.9 Negative control on MUA, dissipation. Small shift in dissipation, DNA film remains rigid. 

 

Table 5.3 Areal mass and dissipation for miR16 probe immobilisation and miR16 probe – miR195 target 

hybridisation. 

 

Positive control Areal mass (ng/cm2) Dissipation 

miR16 probe 139.76 ng/cm2 0.64*10-6 

miR195 target 181.25 ng/cm2 1.10*10-6 

 

Figure 5.8 represents increase in areal mass from 139.76 ng/cm2 to 181.25 ng/cm2, 

which indicates 23 % hybridisation rate. It is much lower rate that in case of the positive 

control, which is expected. Non – specific target can still hybridise but at much lower 

rate due to its mis - match. Figure 5.9 shows a small shift of the dissipation, which 

indicates rigidness of the film. In summary, positive control hybridises at a higher rate 

that negative control, table 5.3. In both cases DNA does not change its orientation upon 

hybridisation with target on MUA coated substrate.  

	
Air	bubbles	
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QCM data can be hard to interpret in terms of thickness measurements. In order to 

confirm the above results, DPI was used to complement the data. QCM uses gold-

coated chips as oppose to DPI, which requires use of specially fabricated silicon oxide 

chips. Monolayer of MUA can be obtained on gold surface. Since DPI is silicon oxide 

type of material further linking was required. Combination of wet chemistry (APTES) 

and sulfo – SIAB linker was applied. The distribution or monolayer of –COOH groups 

is dependent on uniformity of the first layer, which is liquid APTES. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Graph represents real time measurement, time (secs) vs. TM (rads) on LA – SS – MUA 

substrate. 
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miR16 probe  0.3934  0.3217  0.8177 

mir16 target  2.0728  0.9329  0.4501 

miR16	probe		
immobilisation	

miR16	probe	
–	miR16		
target	
hybridisation	

CALIBRATION	

	

Time	(secs)	

TM
	(r
ad
s)
	



	

	 174	

From the graph 5.10 and table 5.4, miR16 probe immobilises to the surface, which 

results in mass increase up to 0.3217 ng/mm2, thickness increase up to 0.3934 nm and 

density increase up to 0.8177 g/cm3. Upon addition of specific target thickness increases 

to 2.0728 nm and mass increases to 0.9329 ng/mm2, which indicates successful 

hybridisation but no orientation changes upon hybridisation. The width of double helix 

varies between 2-3 nm.  

 

 

Figure 5.11 Graph represents real time measurement, time (secs) vs. TM (rads)for negative control on LA 

– SS – MUA substrate. 

 
Table 5.5 Changes in thickness (nm), mass (ng/ mm2) and density (g/cm3) of probe only and hybridised 

target. 

  Thickness (nm)  Mass (ng/ mm2)  Density (g/ cm3) 

miR16 probe  0.7951  0.469  0.5898 

mir195 target  2.3268  1.1852  0.5094 

 

From figure 5.11 and table 5.5, miR16 probe immobilises to the surface, which results 

in mass increase up to 0.469 ng/mm2, thickness increase up to 0.7951 nm and density 

increase up to 0.5898 g/cm3. Upon addition of specific target thickness increases to 

2.3268 nm and mass increases to 1.1852 ng/mm2, which indicates successful 

hybridisation but no orientation changes upon hybridisation.  
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DPI measurements confirmed results obtained by QCM technique. DNA does not stand 

up upon hybridisation with complimentary strand on MUA surface. Studies done by 

Eva Huang et al. show similar results. Her observations were that DNA molecules 

appear to reside on top of the MUA films with the strands parallel to the underlying 

gold substrates. In her experiment all the DNA helixes are lying flat on the substrate 

surface [100].  

5.3.3 TIRE analysis 

 

TIRE is a method used to obtain a precise refractive index and thickness of the formed 

layers. Therefore it was used for determination of DNA orientation changes on MUA 

surface coatings. Experiment for positive (miR195 probe – miR195 target) and negative 

control/mismatch (miR195 probe – miR16 target) was performed on TIRE instrument. 

The four-layer ellipsometric model summarized [103] in table 5.6 was used in the fitting 

of the measured Ψ and Δ spectra by using DeltaPsi 2 software (HORIBA Jobin Yvon, 

France) to deduce the thickness of each organic layer added to the gold surface [126]. 

This model was designed and used previously by fellow researcher in the group.  

Table 5.6 Four-layer model used in the fitting of the measured Ψ and Δ spectra [126]. 

Layer Materials Thickness Refractive index 

(all fixed)  

 

1 BK7 ∞ SCHOTT BK7 data 
sheet  

2 Au 52 nm (fixed)  From Palik [103]   

3 Organic layer 
(Zeonor, COOH, 
 DNA or protein)   

Variable Cauchy: A + B/l2 + 
C/l4 A=1.415, 
B=0.01 nm2, C=0 
[103] 

4 Water ∞ From Palik  [103] 
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Ψ and Δ spectra of the complete DNA hybridisation assay are plotted in figure 5.12. 

The introduction of the capture aminated miR195 ssDNA solution and then the 

complementary miR195 target ssDNA solution should result in large shifts in both Ψ 

and Δ spectra from the initial Ψ and Δ spectra of the -COOH surface when the micro-

well was filled with the buffer (positive control). The negative control experiment, 

conducted by incubating the aminated miR195 ssDNA probe solution and then the non-

complementary miR16 target ssDNA solution should result in small or no shifts in both 

Ψ and Δ spectra from the initial Ψ and Δ spectra of the -COOH surface when the micro-

well was filled with the buffer (negative control). However, the interpretation of the 

results proved to be too complicated and inconclusive. No large shifts were observed, 

which could indicate no orientation changes, but to confirm it correct modelling and 

results analysis is required.   

A decision has been made to continue the study with other characterisation techniques, 

which had no limitation in terms of understanding and interpreting the data and 

modelling issues. 

 

 

Figure 5.12 TIRE data: (left) positive control, (right) negative control. 
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5.3.4 DNA orientation changes on Succinic Anhydride 

 

Since it was observed that DNA does not change its orientation on MUA, another 

surface was tested – SA. SA is hydrolysed amino surface to produce carboxylic acid 

negatively charged surface and as oppose to MUA it is not monolayer. The uniformity 

of the surface depends on the coverage of the wet chemistry – APTES. Both positive 

(miR195 probe – miR195 target hybridisation) and negative controls (miR195 probe – 

miR16 target hybridisation) were performed and results are shown in figure 5.13. 

 

 

 

Figure 5.13  Graph represents real time measurement, time (secs) vs. TM (rads) for positive control on 

SA substrate. 
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Table 5.7 Changes in thickness (nm), mass (ng/ mm2) and density (g/cm3) of probe only and hybridised 

target 

  Thickness (nm)  Mass (ng/ mm2)  Density (g/ cm3) 

miR16 probe  0.3797  0.1814  0.4777 

miR16 target  2.8493  0.9661  0.3391 

 

As seen in figure 5.13 and table 5.7, the successful DNA single probe immobilisation 

was observed, which is represented in thickness increase up to 0.3797 nm and mass 

increase up to 0.1814 ng/mm 2. Hybridisation also took place as represented by increase 

thickness from 0.3797 nm to 2.8493 nm and mass increase from 0.1814 ng/mm 2 to 

0.9661 ng/mm 2. The results on SA surface are comparable with measurements on LA – 

SS – MUA substrate and can be interpreted that DNA does not stand up upon 

hybridisation with complimentary strand.  

 

 

 

 

Figure 5.14  Graph represents real time measurement, time (secs) vs. TM (rads) for negative control on 

SA substrate. 
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Table 5.8 Table shows changes in thickness (nm), mass (ng/ mm2) and density (g/cm3) of probe only and 

hybridised target. 

  Thickness (nm)  Mass (ng/ mm2)  Density (g/ cm3) 

miR16 probe  0.4742  0.2734  0.5766 

mir195 target  5.5492  0.8315  0.1498 

 

 

The successful DNA single probe immobilisation that is represented in thickness 

increase up to 0.4742 nm and mass increase up to 0.2734 ng/mm2 is seen in figure 5.14 

and table 5.8. After addition of secondary non –complimentary strand thickness 

increased up to 5.5492 nm, which would indicate about orientation change. However 

the assumption has been made that this substantial thickness increase is caused by a 

large amount of non – specific binding. Secondary strand is probably very attracted to 

immobilised strand by its electrostatic charge. This result wasn’t as expected, but it was 

repeated and results were reproducible. In order to minimize NSB harsher washing step 

is required. Mass increase was comparable to the other negative control experiments 

and it went up to 0.8315 ng/mm2. Density decrease was substantial, which could 

possibly indicate that DNA is standing up, but it is more probable that secondary 

strands are stacked up one on top of another being attracted by probe’s charge, see 

figure 5.15. Thickness changes calculations on DPI are based on average of thickness 

throughout measured area.  

 

Figure 5.15 DNA ‘‘towers’’, miR195 targets stacked up on miR16 probe on SA substrate. 

DPI	chip	coated	
with	SA	
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5.3.5 DNA orientation changes on liquid APTES 

 

APTES depositions were prepared by wet chemistry and results in positively charged –

NH2 coverage. This surface was used in order to see DNA behaviour on positively 

charged surface as oppose to the negatively charged carboxylic acid coated surfaces.  In 

order to adhere DNA probe covalently onto the surface, addition of a homo bi-

functional cross-linker molecule such as glutaraldehyde to enable attachment of 

aminated biomolecules is required. An experiment with no glutaraldehyde linker was 

performed in order to see the binding strength and DNA attraction to the surface (non 

covalently). Results are presented in figure 5.16 and table 5.9.  

 

 

 

Figure 5.16  graph represents real time measurement, time (secs) vs. TM (rads) for positive control on 

liquid APTES substrate. 
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Table 5.9 Table shows changes in thickness (nm), mass (ng/ mm2) and density (g/cm3) of probe only and 

hybridised target. 

 

  Thickness (nm)  Mass (ng/ mm2)  Density (g/ cm3) 

miR16 probe  0.2684  0.1814  0.6758 

miR16 target  2.5367  0.2354  0.0928 

 

 

DNA probe is immobilised in the same manner on positively charged surface as on 

negatively charged surface. The values increase for thickness and mass on APTES were 

comparable with thickness and mass increase on MUA. Upon hybridisation with 

complementary strand, DNA is still lying flat. This means that not every ‘’tower’’ of 

probe – secondary targets has thickness of 5.5492 nm. Some of the ‘’towers’’ may be 

higher and/or shorter giving a final thickness average of approx. 5.5 nm. This 

assumption was based solely on mass changes. It was observed that the mass increase is 

at the same rate as for negative control on previously described surfaces, which 

indicates not every probe was stacked up with the same amount of targets.  

 

5.3.6 DNA orientation changes on plain gold 

 

QCM chips are coated with gold. The experiment was carried out to investigate DNA 

orientation on plain gold chip without any functionalised coatings. In order to 

immobilise DNA probe onto a bare gold surface anchoring point is required. The DNA 

probe had to be modified with a -thiol end to be able to covalently adhered to the 

surface.  
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Figure 5.17  Positive control on bare gold, significant shift means successful immobilisation. 

 
 

 

 

 

 

 

 

 

Figure 5.18 Positive control on bare gold, dissipation. Not significant shift, DNA film remains rigid. 

 

Table 5.10 Areal mass and dissipation for miR16 probe immobilisation and miR16 probe – miR16 target 

hybridisation. 

 Areal mass (ng/cm2) Dissipation 

miR16 probe - SH 240 ng/cm2 0.5*10-6 

miR195 target 500 ng/cm2 0.9*10-6 
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From figure 5.17 it can be clearly seen that thiolated DNA probe was successfully 

immobilised onto the bare gold surface. Hybridisation also took place based on areal 

mass decrease from approx. 240 ng/cm2 to 500 ng/cm2, table 5.10, which indicates that 

almost every single stranded probe was hybridised with its complimentary target. In 

terms of dissipation, or in other words rigidness of the film, the shift from immobilised 

probe to hybridised target is not significant, see figure 5.18. Hence, the assumption that 

DNA is not standing up on bare gold surface.  

5.3.7 DNA orientation changes on ox. PMMA 

 

Ox. PMMA was another suggested carboxylic acid negatively charged surface. N. Le et 

al. observed a large increase in thickness corresponding to 6.5 nm for the hybrid helix 

micro RNA of complementary strands [126]. The following experimentation was 

performed to confirm the above the results. DNA analogues of micro RNA were used 

instead; positive and negative controls on PMMA prepared surfaces are presented 

below.  

Table 5.11 Positive control on PMMA; thickness, mass and density changes. 

  Thickness (nm)  Mass (ng/ mm2)  Density (g/ cm3) 

miR16 probe  0.3569  0.1334  0.3737 

miR16 target  2.1842  1.2449  0.5699 

 

Table 5.12 Negative control on PMMA; thickness, mass and density changes. 

  Thickness (nm)  Mass (ng/ mm2)  Density (g/ cm3) 

miR16 probe  0.3279  0.2323  0.7085 

miR195 target  3.3326  1.2259  0.3679 

 

Positive and negative control on ox.PMMA were performed multiple times and results 

were reproducible. DNA probe immobilisation was comparable with other surfaces in 

terms of thickness changes. There were no orientation changes observed upon 

hybridisation with specific nor non - specific control, see table 5.11 and 5.12. 

Hybridisation took place in both cases, positive and negative control.  
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5.4 Summary and conclusion 
 

There was an extensive investigation carried out in order to assess the DNA orientation 

changes phenomenon. An attempt was made to replicate and understand the previous 

results [103], which sparked the idea of the DNA standing up upon hybridisation with 

the complimentary strand. In order to understand it, the decision was made to employ 

other carboxylic acid group surfaces and compare the results. Also a control, APTES, 

was used to see if surface charge has an effect on the mentioned phenomenon.  

Despite previous observations by N. Le et al in this research group [103], results proven 

to be hard to replicate and the orientation changes recorded by DPI were not observed. 

However, N. Le prepared his surface coatings on a different tool using a different 

plasma process configuration, resulting in a different interaction between the plasma 

and the substrate. Consequently, the nature of the surface chemistry will be different. 

This could possibly cause the difficulty in repeating the results. The assumption has 

been made that the amount and distribution of carboxylic acid groups can differ in the 

functionalised surfaces and can possibly have an effect on the DNA orientation changes.  

Additionally QCM is not most suitable technique for thickness/height measurement, as 

referred to Jiri Janata, Principles of Chemical sensors: ‘’(…) a limitation arises from the 

operation of these [QCM] devices in a liquid phase. In such media the output signal of 

the sensor is affected not only by the incremental mass due to the above reaction, but 

also by frictional effects at the sensor – liquid interface that affect the energy loss. 

Water is the required environment for most biological reactions, so it follows that the 

biological means of achieving chemical selectivity are not generally suitable for this 

type of sensor [98] ’’. To summarise the above statement, QCM technique is not suited 

to determine the DNA molecule orientation, as it relies too much on assumptions.   
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Table 5.13   Summary of chapter 5 – key messages 

CHAPTER 5 – key messages 

• Despite the extensive investigation, results were inconclusive 

• Possible difficulty in repeating the results:  

• Le et al prepared his surface coatings on a different tool using a different plasma 

process configuration, resulting in a different interaction between the plasma and the 

substrate. 

• Consequently, the nature of the surface chemistry was different 

• A decision has been made to focus on development of surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

	 186	

6 Major findings and future directions 
 

6.1  Major findings 
 

Work in this thesis was focused on the improvement and development of functionalised 

films and immobilisation method for bio-conjugation of the biomolecules to solid 

supports with future application as biosensors. Point-of-care (POC) devices are valuable 

tools in diagnostics field. However they possess a number of limitations including non-

specific binding as well as sensitivity and fabrication challenges. Hence, new formats 

for POC platforms are required in order to improve overall performance of the devices. 

Two major findings are described below. 

 

Chapter 3 includes investigation of the use of surface treatments to oxidise PMMA to 

form a carboxylic acid surfaces in order to enable the covalent attachment of 

biomolecules, such as DNA or protein. Synthetic polymers are a promising alternative 

substrate for biosensors because of their low specific gravity, a selectable range of 

mechanical and surface properties, and a number of well-established high-volume, low-

cost manufacturing techniques [58,162]. Amine functionalised surfaces [194,201] and 

self assembly monolayers [163,179] are also techniques used for development of 

microarrays and biosensors. Although spin coating PMMA is a relatively well-known 

process [126], to date there has been no direct comparison of the different oxidation 

methods to activate the surface, nor has oxidised spin coated PMMA been used as a 

platform for DNA hybridisation or immunoassays. This thesis addressed the above and 

tested stability, functionality and fabrication process of both spin coating and oxidation 

methods to produce robust films [3]. Hence, the major finding is work published to 

show the superiority of ox. PMMA while compared to other films such as self-assembly 

monolayers or films prepared by PECVD.   

 

Chapter 4 examines the immobilisation of amino-modified single-stranded DNA onto 

carboxylic acid surfaces using EDC linkers, which leads to binding at multiple 

anchoring sites. Orientation of single stranded DNA has the effects on DNA probe 

distribution and availability for further hybridisation [100]. An alternative conjugation 

method was proposed; click chemistry, which shows to improve the quantity and 

quality of target binding and lowering limit of detection (LOD) of hybridisation. The 

CC immobilisation technique is another major finding during this work (submitted to be 
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published) , and proves to be a great improvement to currently used immobilisation 

methods including EDC chemistry [9,205] or thiol-ene chemistry [175].  

To summarise, listed below are two major findings as a result of work carried out: 

• a suitable and novel surface has been developed for biomolecules bio-

conjugation, in application for microarray and further application of biosensors 

[3]  

• a new and improved approach of DNA probe immobilisation to the ox.PMMA 

surface  has been developed to improve assay LOD, sensitivity and specificity 

(paper submitted to be published).  

 

6.2  Future directions 

The ultimate goal would be a development of fully automated DNA sensor for the 

purpose of early disease diagnosis, ie: breast cancer, from a blood sample. The 

sensitivity (low LOD) and specificity (low NSB) of the test would be of the paramount 

importance. It would also be beneficial to adapt the platform, so that multiple 

biomarkers could be detected in selective manner at low concentration levels. This 

chapter lists few ideas, which could be incorporated in the future.   

After successful development of functionalised surface and DNA immobilisation 

method suitable for DNA sandwich assay (miR-195), the next step would be to test 

DNA analogues of biomarkers other than miR-195 in order to expand applicability of 

the assay design. For instance studies done by other research groups have shown that 

miRNA-451 (miR-451) is widely deregulated in human breast cancer [206,207] and 

plays a critical role in tumorigenesis and tumour progression [208]. MiR-451 has the 

potential in cancer diagnosis, prognosis, and treatment. Research done by Dan Li et al. 

implies that both miR-195 and miR-497 play important inhibitory roles in breast cancer 

malignancy and may be the potential therapeutic and diagnostic targets [28]. Another 

work published by Luo Q. et al reports that MicroRNA-195-5p is a potential diagnostic 

and therapeutic target for breast cancer. Mir-195-5p may act as a tumour suppressor in 

BC [27].  
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Next step in this study would be to use possibly miR-451 DNA analogues with 

sandwich assay on developed substrates during this PhD work to determine the ability 

of target detection. After full assay optimisation, DNA analogues should be replaced 

with micro RNA and LOD of target detection should be determined.  

As mentioned in the paragraph above, a full assay optimisation with miRNA would be 

the next step. The difference between DNA analogues and miRNA is in its bases; DNA 

base thymine is replaced by uracil in RNA structure. No assays optimisation with 

miRNA were performed, hence full adaptation of the novel surface and immobilisation 

the miRNA capture probe would be required. The environment and handling of miRNA 

for assays would have to be more sterile and strict, as miRNA are not as robust as DNA; 

they are sensitive to RNase which is a type of nuclease that catalyses the degradation of 

RNA into smaller components, consequently denaturing the molecule. 

 The assay would need to be tested for NSB for miRNA. Other RNAs structurally 

similar to the one tested should be included, ie: Mir-16 - a housekeeping miRNA in 

human’s body, also used as an endogenous control to standardise miRNA expression 

[4] does not significantly differ from mir-195 sequence. Hence to avoid false positive 

results, the biosensor must be able to distinguish between similar sequences of micro 

RNAs even at very low concentration levels. Currently, minimum NSB with DNA was 

obtained, however this needs to be tested for other molecules and their binding. The 

comparison of LOD for DNA and miRNA would be beneficial for the device 

development. This process would need to result in improving LOD to the range of pico-

molar (denoting one trillionth, a factor of 10−12), as the biomarkers are present in blood 

at the above range.  

 

Following the goals achieved above, next step would be to use clinical samples, whole 

blood. For this type of BC sensor, blood sample is ideal as obtaining it is neither too 

invasive nor complicated. However whole blood has a number of other molecules, 

which may interfere and compromise sensors selectivity and sensitivity. Therefore the 

sample needs to be purified and RNA needs to be extracted.  Ideally the assay would be 

transferred onto a chip and microfluidic systems would have to be incorporated. 

Technologies involving microfluidic lab-on-a-chip have many advantages over other 

techniques, including ability to automate and reduce the time-to-result of bio analytical 

assays, and ultimately make them more accessible at the point of need. There is a large 
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range of on-chip detection techniques, however there are only few microfluidic devices 

for nucleic acid testing integrating sample preparation with detection [209,210].  

Work done by the fellow researcher reports for the first time rotationally controlled 

extraction of total RNA from cell homogenate through novel, solvent-dependent routing 

on a centrifugal microfluidic platform. This method allows for sample to be prepared 

and analysed on a single microfluidic chip/device [211,212]. This technique could be 

used with the functionalised films developed in this study and further optimised in 

terms of hydrophobicity, which is important for the flow of the liquid. At the moment 

the hydrophobicity of the ox. PMMA is not too high and not too low, which may be an 

advantage, but this would have to be further tested.   

PMMA could be easily adapted for incorporation into a disk like device, due to its ease 

of preparation and fabrication. With the click chemistry immobilisation technique the 

whole assay can be performed at room temperature with specific and accurate results. 

Therefore no heating device would be necessary, which makes the device design easier 

and does not require incorporation of complicated and expensive heating elements.  

 

The ability to detect BC at an early stage with the help of biomarkers is of a huge 

interest in order to reduce mortality, because BC as most of the cancers detected an 

early stage is more curable than metastatic disease. Therefore biomarkers predicting the 

occurrence of metastatis in the patient are extremely important. In some cases a panel of 

biomarkers is required in order to predict a result. Hence, incorporation of few channels 

into the device developed here and the ability to perform multiple tests simultaneously 

would be ideal. For instance the combination of three independent biomarkers: 

urokinase – dependent plasminogen activator system (uPA), the plasminogen activator 

inhibitor (PAI) and the Thomsen-Friedenreich (TF) antigen applied for an early 

diagnosis. Other combination of other three independent biomarkers which found its 

application as a potential panel of biomarkers for the prediction of metastatic disease 

include: Mammaglobin, osteopontin, snail, twist, Zeb-1, fibroblast growth factor 

receptors (FGFR), phosphatase and tensin homolog (PTEN) and sirtuins (SIRT) [20]. 

The DNA assay format may not necessary fit the purpose of the detection for the above 

molecules. However the novel surface and immobilisation technique may prove useful 

in the device adaptation.  
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