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ABSTRACT  

The sensing of biological compounds is of vital importance to the screening and diagnosis 

of disease. The importance of such assays is due to the correlation observed between the 

observed levels of biological compounds and diseases such as cancer and diabetes 

mellitus. Compounds such as sugars and proteins are included in this useful class of 

molecules which can be used to detect pathology. Currently the detection of these 

compounds is achieved through the use of other biologically derived molecules- typically 

antibodies and enzymes. However, sensors based on these compounds can be limited in 

terms of their stability and suitability. Therefore there is a constant drive for novel 

detection methods for such molecules. 

In this context, the aims of the work described herein, are to produce synthetic sensing 

systems for the selective detection of saccharides and glycoproteins. This work will use 

principles of nanotechnology and self-assembly to produce surface sensors which exploit 

the revisable interactions of boronic acids to bind compounds of interest, and which 

employ surface plasmon resonance spectroscopy to enable the label free reporting of 

these binding events.  

Chapter 1 - This chapter aims to provide the reader with a prospective and an 

understanding about the current state of the art in the field of nanotechnology, self-

assembly and sugar/glycoprotein sensing. Over the course of the subsequent pages a 

number of broad and varied topics will be introduced in order to allow the reader to 

appreciate the intricacies and applications of techniques discussed in subsequent 

chapters of this thesis. 

Chapter 2 - In this chapter the various techniques and methods used to characterise 

materials and surfaces will be reviewed. The aim of this chapter is to provide a brief 
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explanation of the techniques which will be discussed in later chapters of this thesis. 

Particular attention will be paid to techniques suited to the investigation of modified 

surfaces. 

Chapter 3 – This chapter will describe the fabrication of a glucose selective surface 

sensor. This sensor employs self-assembled monolayers on gold generated from a bis-

boronic acid bearing a thioctic acid moiety, whose intramolecular distance between the 

boronic acid moieties is well defined. Using surface plasmon resonance, we are able to 

reveal this surface demonstrates a higher affinity towards glucose than other saccharides 

Chapter 4 - In this chapter the design, synthesis and characterisation of components of a 

novel system for the production molecularly imprinted modified surface for the selective 

detection of glycoproteins will be described, along with subsequent surface reactions. 

Chapter 5 - Following the design, synthesis and characterisation of each element of the 

proposed molecularly imprinted surface sensors, this chapter will detail their application. 

This chapter will describe the development of molecularly imprinted surface sensors to 

target compounds RNAse B and PSA. The ability of the produced sensors to bind these 

proteins along will be assessed and compared with other non-target proteins in order to 

demonstrate their affinity and selectivity.  

Chapter 6 - Conclusions and future work  

Chapter 7 – Methods 

Chapter 8 – References   
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ABBREVIATIONS USED 

AABA (Acrylamido)phenylboronic acid  

Az-OEG O-(2-Azidoethyl)heptaethylene glycol 

BA Boronic acid 

bis-BA Bis-boronic acid 

BE Binding energy 

BOC Tert-Butyloxycarbonyl 

BSA Bovine serum albumin 

CCD Charged coupled device  

CV Cyclic voltametry 

DCC N,N'-Dicyclohexylcarbodiimide 

DFC Difunctional cysteine  

DHU Dicyclohexylurea  

HRP Horseradish peroxidase 

IR Infrared spectroscopy  

MI Molecular imprint 

MS Mass spectrometry 

NHS N-Hydroxysuccinimide 

NMR Nuclear magnetic resonance  

NPA n-phenylacramide  

NSB non-specific binding  

OEG of oligo(ethylene glycol)  

PSA Prostate Specific Antigen 

RNAse Ribonuclease 

SPR Surface Plasmon Resonance  

TEGT tri(ethylene glycol)-terminated thiol  

TEMED Tetramethylethylenediamine 

TM Transverse Magnetic 

UHP Ultra High Pure  

XPS X-Ray Photoelectron Spectroscopy 

 

  



2 

 

ABSTRACT ................................................................................................................ i 

Acknowledgements ............................................................................................. iii 

ABBREVIATIONS USED .............................................................................................. 1 

CHAPTER 1: INTRODUCTION ...................................................................................... 8 

1.1 Chapter Outline .............................................................................................. 9 

1.2 Introduction to sugars ................................................................................. 10 

1.2.1 Carbohydrates .................................................................................................... 10 

1.3 Sugar Sensors .............................................................................................. 15 

1.2.1 Monosaccharide systems ................................................................................ 15 

1.4 Introduction to glycosylation ...................................................................... 16 

1.5 Roles of glycosylation in health and pathology ........................................ 18 

1.5.1 Prostate cancer .................................................................................................. 19 

1.6 Boronic Acids and Lectins .......................................................................... 20 

1.6.1 Lectin History...................................................................................................... 20 

1.6.2 Boronic acids ...................................................................................................... 20 

1.6.3 Boronic acids as sensor binding sites ................................................................. 21 

1.6.4 Monosaccharide selectivity ................................................................................. 23 

1.6.5 Nanomaterials and Boronic acids ....................................................................... 26 

1.7 Nanotechnology ........................................................................................... 28 

1.7.1 Self-assembly ..................................................................................................... 28 

1.7.2 Self-assembled monolayers ............................................................................... 29 

1.7.3 Thiols on Gold .................................................................................................... 30 



3 

 

Surface orientation of SAM Molecules ..................................................................... 35 

1.7.4 SAM defects ....................................................................................................... 37 

1.7.5 Mixed SAMs ....................................................................................................... 38 

1.8 Applications of SAMs................................................................................... 41 

1.8.1 Generation of Biocompatible and Protein Resistant Surfaces ............................. 41 

1.8.2 Biosensor Fabrication ......................................................................................... 44 

1.9 Molecular Imprinting .................................................................................... 46 

1.9.1 Molecularly imprinting proteins ........................................................................... 49 

1.9.2 Surface imprints ................................................................................................. 53 

1.10 Concluding remarks ................................................................................... 55 

CHAPTER 2: SURFACE CHARACTERISATION TECHNIQUES .......................................... 57 

2.1 Introduction .................................................................................................. 58 

2.2 Ellipsometry .................................................................................................. 58 

2.3 Contact angle goniometry ........................................................................... 63 

2.4 X-Ray Photoelectron Spectroscopy............................................................ 65 

2.5 Surface Plasmon Resonance ...................................................................... 69 

2.6 SPR Biosensors ........................................................................................... 74 

2.7 Cyclic Voltammetry ...................................................................................... 77 

CHAPTER 3: GLUCOSE SELECTIVE SPR-BASED BIS-BORONIC ACID SURFACE SENSOR

 ............................................................................................................................. 80 

3.1 Introduction .................................................................................................. 81 

3.1.1 Our approach ..................................................................................................... 86 



4 

 

3.1.1 Motivation for Label Free Detection .................................................................... 87 

3.2 Sensor Surface Design ................................................................................ 88 

3.3 Results and discussion ............................................................................... 89 

3.3.1 Kinetics of SAM formation .................................................................................. 89 

3.3.1.1 Contact angle ............................................................................................... 89 

3.3.1.2 Ellipsometry ................................................................................................. 91 

3.3.2 Formation of Mixed SAMs .................................................................................. 92 

3.3.3 X-ray Photoelectron Spectroscopy (XPS) ........................................................... 95 

3.4 Detection of Saccharide Binding via SPR .................................................. 99 

3.5 Conclusions ................................................................................................ 102 

CHAPTER 4: SYNTHESIS AND CHARCTERISATION OF COMPONENTS FOR MOLECULAR 

IMPRINTED SURFACES ........................................................................................... 104 

4.1 Introduction ................................................................................................ 105 

4.1.1 Chapter outline ................................................................................................. 106 

4.2 Our approach .............................................................................................. 106 

4.3 SAM Molecule Design ......................................................................................... 108 

4.3.1 Click Chemistry ............................................................................................. 109 

4.4 Synthetic strategy ...................................................................................... 112 

4.4.1 DCC/NHS coupling chemistry ........................................................................... 113 

4.4.2 Characterisation ............................................................................................... 114 

4.5 Surface Preparation and Characterisation. .............................................. 118 

4.5.1 SAM formation .................................................................................................. 118 



5 

 

XPS- DFC SAM ..................................................................................................... 120 

4.5.2 Acrylic Reactions .................................................................................... 123 

4.5.2.3 XPS – AABA modified DFC........................................................................ 131 

4.5.3 Click reaction optimisation ................................................................................ 134 

4.5.3.1 Surface Click Reaction Optimisation .......................................................... 134 

4.5.4 Click DFC XPS ............................................................................................. 136 

4.6 Conclusion .................................................................................................. 139 

CHAPTER 5: MOLECULAR IMPRINTED SURFACES: SELECTIVE DETECTION OF 

GLYCOPROTEINS .................................................................................................. 140 

5.1 Introduction ................................................................................................ 141 

5.2 Protein resistance of click surfaces ......................................................... 141 

5.3 Boronic acid surfaces ability to bind RNAse A and B ............................. 144 

5.3.1 Ability to Bind RNAse B .................................................................................... 147 

5.3.2 Imprinted Surfaces ........................................................................................... 149 

5.4 Molecular Imprints with AABA and Az-OEG ............................................ 153 

5.4.1 Optimum boronic acid ratio ............................................................................... 153 

5.5 RNAse B imprinted Sensor ........................................................................ 155 

5.5.1 Assessment of sensor affinity and selectivity .................................................... 155 

5.5.2 Discussion of sensor affinities .......................................................................... 156 

5.6 PSA Imprinted Sensor................................................................................ 158 

5.6.1 Assessment of affinity and selectivity of PSA Surface ...................................... 159 

5.7 Sensor Reusability ..................................................................................... 161 



6 

 

5.8 Serum compatibility ................................................................................... 163 

5.9 Conclusion .................................................................................................. 164 

CHAPTER 6: CONCLUSIONS AND FUTURE WORK ..................................................... 165 

6.1 Conclusion .................................................................................................. 166 

6.2 Future Work ................................................................................................ 167 

6.2.1 The Problem- Highlighted by Prostate Cancer .................................................. 167 

6.2.2 Boronic Acid and the Importance of pKa ........................................................... 168 

6.2.3 Proposed Future Research ............................................................................... 169 

6.3.4 Target Compound General Design and Requirements ........................ 170 

CHAPTER 7: METHODS ......................................................................................... 171 

7.1 General methods ........................................................................................ 172 

7.1.1 Contact Angle ................................................................................................... 172 

7.1.2 Ellipsometry ...................................................................................................... 172 

7.1.3 X-ray photoelectron spectroscopy (XPS) .......................................................... 172 

7.1.4 Surface Plasmon Resonance (SPR) ................................................................. 173 

7.2.1 Chromatography ............................................................................................... 173 

7.2.2 NMR Spectroscopy........................................................................................... 173 

7.2.3 Mass Spectrometry........................................................................................... 174 

7.2.4 Infrared Spectroscopy (IR) ................................................................................ 174 

7.2.6 Thin-layer chromatography (TLC) ..................................................................... 175 

7.3 Synthesis of DFC ........................................................................................ 175 



7 

 

7.3.1 (2R,2'R)-Bis(2,5-dioxopyrrolidin-1-yl)3,3'-disulfanediylbis(2-((tert-

butoxycarbonyl)amino)propanoate)........................................................................ 175 

7.3.2 Di-tert-butyl((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-

3,2-diyl))dicarbamate (2). ....................................................................................... 176 

7.3.3 (2R,2'R)-3,3'-Disulfanediylbis(2-amino-N-(prop-2-yn-1-yl)propanamide) (3). . 176 

6.3.4 N,N'-((2R,2'R)-Disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-

diyl))diacrylamide (4 (DFC)). .................................................................................. 177 

7.4 Glucose Selective Surface Preparation and Affinity Calculations ......... 178 

7.4.1 SAM Preparation .............................................................................................. 178 

7.4.2 Kinetics Study ................................................................................................... 179 

7.4.3 Saccharide affinity via Surface Plasmon Resonance (SPR) ............................. 179 

7.5 DFC Surface Preparation, Modification and Affinity Calculations ......... 180 

7.5.1 Self-assembled monolayer (SAM) preparation ................................................. 180 

7.5.2 Crosslinking between the DFC SAM and AM-BA .............................................. 180 

7.5.3 O-(2-Azidoethyl)heptaethylene glycol (Az-OEG) immobilisation on the DFC SAM 

via a copper catalysed azide alkyne cycloaddition (Cu-AACA) .................................. 181 

7.5.4 Fabrication of molecularly imprinted surfaces ................................................... 181 

7.5.5 Protein interactions with MI sensor via Surface Plasmon Resonance (SPR) .... 182 

7.5. NMR Spectra .............................................................................................. 183 

CHAPTER 8: REFERENCES .................................................................................... 199 

  



8 

 

CHAPTER 1: INTRODUCTION  

This thesis will describe the production of sensors for biologically relevant compounds. 

Molecular sensing relies on the success of two distinct processes: the selective binding of 

the target compound and the transduction of this interaction into a signal which can be 

measured, which is ideally proportionate to the concentration of the target compound 

present. This chapter aims to provide the reader with a prospective and an understanding 

about the current state of the art. Over the course of the subsequent pages a number of 

broad and varied topics will be introduced in order to allow the reader to appreciate the 

intricacies and applications of techniques discussed in subsequent chapters of this thesis.  
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1.1 Chapter Outline 

This chapter aims to introduce a number of broad and varied topics in order to allow the 

reader to appreciate the intricacies and applications of techniques discussed in 

subsequent chapters of this thesis. It will begin by introducing simple carbohydrates- 

outlining their structures and the roles which they play in biological systems. This will then 

lead onto a brief overview of methods of sensing these compounds, with emphasis being 

placed on the detection of monosaccharides.  

The next section then discusses how more complex carbohydrate groups are used to 

modulate the function of proteins in a process known as glycosylation. Here the roles of 

these structures in health and disease are discussed, with particular attention to how such 

structures could be exploited to improve the detection of malignancies such as prostate 

cancer. Next follows an account of the molecular tools commonly employed to bind 

carbohydrates, which will pay particular attention to boronic acids, and their application to 

sugar sensing including their use in nanoscale systems. 

Next, a more detailed overview of nanotechnology will be discussed, which specifically 

focus on self-assembled systems, notably self-assembled monolayers and their 

application to sensor fabrication. In the final section, the concept of molecular imprinting 

will be introduced. Here its applications and limitations will be discussed to provide the 

reader with an overview of the current state of the art in this field of binding site 

fabrication. 
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1.2 Introduction to sugars 

Saccharides represent a uniquely versatile class of molecule utilised by many 

physiological systems. They may be found in mechanical-structural compounds, energy 

sources and structures involved in cell communication and recognition. [3] In addition 

carbohydrate groups may be added to protein molecules as post-translational 

modifications that allows the modulation of protein function or half-life.[4] Their role in 

many biological systems drives the demand for methods of detection and measurement in 

a range of sample types. Current methods typically involve the use of saccharide specific 

enzymes, however such methodologies are limited as they consume the analytes of 

interest during the assay, require mediators and their sensitivity can be hindered by 

limited mass transport of target analytes. [5] These limitations have fuelled the 

development of new systems that are able to use alternative and novel methods of 

detection and quantification. 

1.2.1 Carbohydrates 

Monosaccharides are the simplest carbohydrates and can be defined as aldehydes or 

ketones which have two or more hydroxyl groups. The empirical formula for many 

monosaccharides is (C-H2O)n, where n is between three and seven. The structure of 

monosaccharide’s is innately complex and heterogeneous, owing to the chain of chiral 

carbons which make up the backbone of their structure.[6]  

There are a number of different methods to represent carbohydrates, which represent 

various aspects of their structures.   Fischer projections are commonly used to show the 

overall structure of the open chain form of monosaccharides as they provide clear and 

simple views of the stereochemistry at each carbon centre (figure 1a). Haworth 

projections are commonly used to depict the cyclic structures of monosaccharides (figure 

1b). [7] 
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Figure 1: Diagram demonstrating a) Fischer projection and b) Haworth projection of α-D-glucose 

Monosaccharide species are defined by the number of carbon atoms and configuration of 

hydroxyl groups around each chiral carbon- with the exception of the carbon furthest from 

the aldehyde or ketone group configuration of which is used to designate the ‘L’ or ‘D’ 

forms of each species, as shown in figure 2.[6] 

 

 

Figure 2: Chemical structures of D-glucose and L-glucose 

The structures of some common (‘D’) monosaccharides are shown in figure 3. 

Examination of the species shown demonstrates that an increase in the length of the 

carbon chain is accompanied by an increase in structural diversity. For example the linear 

form of D-glucose contains four stereocentres, and consideration of the aldohexoses 

alone presents us with 16 stereoisomers, which translates to 8 monosachhrides species, 

each of which has a ‘L’ and ‘D’ isoform (figure 3).[8] 

 

a) b) 
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Figure 3: Chemical structures of some common monosaccharides.[6] 

The structural properties of pentose and hexose monosaccharides is further complicated 

by the ability of these molecules, when placed in aqueous solution, to form ring structures. 

This occurs through the formation of an intramolecular hemiacetal or hemiketal, via 

reaction of the carbonyl group with the alcohol groups, often those of the most distal chiral 

carbon. Monosaccharides are able to from one of four ring structures, α-pyranose, β-

pyranose, α-furanose, and β-furanose, as shown in figure 4. [5] 

These ring structures are, for most species of monosaccharides, more energetically 

stable and predominate over the open chain form of the monosaccharide in solution.[9, 

10] Ring formation results in the creation of a further asymmetric centre at the carbonyl 

carbon atom. This results in two possible isoforms of the ring structure, designated α- or 
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β- if the hydroxyl group occurs on the opposite or same side to the terminal carbon atom, 

respectively [6]. 

 

 

Figure 4: The various configurations adopted by glucose (A) α-pyransose,  (B) α-furanose, (C) acyclic 

form, (D) β- furanose and (E) β- pyransose  [9, 11] 

The distribution of these structural forms in solution is in dynamic equilibrium: cleavage of 

the hemiacetal ring allows interconversion between the pyranose and furanose ring forms 

via an acyclic intermediate, with inversion of configuration at the anomeric centre 

equilibrating the α- and β- enantiomers, as shown for a glucose molecules in figure 5. [9] 

This process, termed mutarotation, can occur on a time scale of minutes and leads to a 

mixture of five forms. The distribution frequency is typical of each monosaccharaide 

species, for example the distributions of glucose and fructose, are shown in Table 1. [5]  It 

should be considered that there is evidence that the solvent conditions have been 

reported to affect the rate of this exchange. For example, dimethyl sulfoxide is known to 

reduce the rate of mutarotation significantly, and can affect the distributions of molecular 

forms of some sugars including arabinose, ribose, and galactose, as evidenced by early 

NMR studies.[12-14] 
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Figure 5: The process of maturation from the pyranose form to the furanose form via a cyclic 

intermediate , as shown for a glucose molecule. 

Individual saccharide molecules are able to conjugate through the formation of glycosidic 

linkages.  Chemically this bond is formed by a nucleophilic displacement of a leaving 

group, for example water.[15] In this way complex polysaccharide molecules can be 

produced, such as those seen in biological systems. In vivo this process is catalysed by 

two large group of enzymes glycosyltransferases, and glycosidases which are able to 

transfer saccharide groups from monosaccharide, oligosaccharide or activated glycosides 

onto the growing saccharide polymer.[16] 

 
Table 1 The relative distributions of forms for the monosaccharides glucose and fructose in water, 

293 K. 

  

Sugar Form distribution (%) 

 α-pyranose β-pyranose α-furanose β-furanose 

Fructose 39.4 60.2 0.2 0.21 

Glucose 2.0 68 6.0 23.0 
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1.3 Sugar Sensors 

1.2.1 Monosaccharide systems 

In recent years a number of systems have been produced for the detection of 

monosaccharide species. The potential clinical application of glucose assays has led to 

these systems coming to the fore of current research.  This interest is well deserved as 

such assays have potential uses in diagnosis and monitoring of diabetes mellitus, a 

chronic condition which current reports claim that worldwide up to 2.8% of all people may 

be affected, with this expected to rise to 4.4% by 2030. [17] 

Some of the earliest methods of glucose quantification were based on chromogenic 

reduction of a copper solution by glucose. [18] Unfortunately, these methods were poorly 

selective and would be superseded by enzymatic assay. However, despite the inherent 

problems with specificity, non-enzymatic methods of glucose assay have continued to be 

developed through the 20th century to this day. [19] The detection element of non-

enzymatic systems is commonly electrochemical or colorimetric and modern detection 

systems now use a variety of supports, including nanoparticles and carbon nanotubes to 

optimise the performance of such assays. [20, 21] 
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1.4 Introduction to glycosylation  

Interest in the study of the molecular interactions of carbohydrates has grown significantly 

in recent years (Figure 6). This interest has been fuelled by an increased understanding 

of the role played by biologically active sugars in cellular recognition, signalling, protein 

function and how aberrations in these control and signalling systems can lead to 

pathologies- the most notable of which is cancer.[22-24] We now know that functions of 

proteins can be tuned by cells, through the addition non-peptide groups following their 

production, a process known as post-translational modification (Figure 7).[25] While the 

twentieth century saw dramatic advances in our understanding of the function of proteins 

and the process by which these molecules are encoded by cells, it is only now that we are 

beginning to understand the mechanisms used by cells to control the function of the 

proteins they produce.[26] 

 

 

Figure 6: The number of publications by year on the subject of ‘glycomics’, taken from PubMed 

database (December 2013) 

This lack of understanding, of what is acknowledged as fundamental processes in cellular 

biology, can be explained by the difficulty posed by the challenge of analysing 
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glycosylation structures. Their highly conserved structures make sugar species inherently 

difficult to discriminate and, furthermore, as they are assembled together in the large 

branched networks (commonly seen in protein glycans) this problem becomes ever more 

complex. [27, 28] Fortunately, as biotechnology and material science advances, methods 

of detecting and understanding the biological signals encoded by these glycosylations are 

becoming more wide spread.  We are currently in an exciting phase of discovery whereby 

the advances in our understanding and technical ability serve to inform each other in a 

self-accelerating cycle. 

 

Figure 7: Outline of a) how post-translational modifications are added to proteins b) how such 

additions are able to increase the diversity of the proteome c) examples of post-translational 

modifications.   

 

a) 

b) c) 
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1.5 Roles of glycosylation in health and pathology  

The post-translational modification of proteins is known to increase the size of the 

proteome (the spectrum of proteins produced by a cell) and acts to add diversity to protein 

function (Figure 7b).[25] In humans, more than 50% of the proteome is known to be 

glycosylated.[29] Glycosylation may occur in several different ways; N-linked glycosylation 

occurs through the linkage of glycans to proteins via aspargine residues; O-linked 

glycosylation is now known to be linked via serine and threonine, most commonly, but 

also in a smaller number of cases, by tyrosine and hydroylysine.[30] 

Glycosylation is one of the most common co- or post-translational modifications made to 

proteins.[31] Inside cells, complex glycosylation pathways assemble these 

oligosaccharides and attach them to proteins and lipids as they travel to the cell 

surface.[32] Owing to their location, typically on the surface structures of cells, 

oligosaccharide epitopes on proteins or lipids exert key functions which are shown to be 

important in intercellular communication processes such as fertilization, immune 

response, cell adhesion, pathogen anchoring, healing and metastasis.[32-41] 

Functional glycomics aims to define the paradigms by which protein-carbohydrate 

interactions mediate biological function.[42] Although the field is somewhat in its infancy, 

there are some known functional interactions which have already been well-characterised, 

notably those which are able to control the differentiation and phenotypic properties of 

cells. Specific types of glycosyl residues modulate particular signalling pathways and can 

regulate cell phenotypes.[43] Many glycan structures have been implicated in the 

modulation of cellular behaviour.[44] There have been suggestions that the over 

expression of some glycoslyations is able to subvert the immune system, resulting in 

suppression of immune cell function, including T-cell dysfunction and death.[45, 46] Thus 

glycans can play potentially vital roles in the transformation of cells into neoplasms and 

the establishment of such cells in cancer genesis.  
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1.5.1 Prostate cancer 

Prostate cancer is the most common male malignancy in the western world.[47, 48] The 

two principle methods of prostate cancer detection are digital rectal examination of the 

prostate and through the measurement of serum levels of prostate specific antigen 

(PSA).[48] Unfortunately, increased PSA levels are poorly correlated with prostate cancer. 

Prostate disease, both malignant and benign, produces disruption to the structure of the 

prostate resulting in the escape of PSA into the blood stream.[48] As a result, such 

assays are associated with considerable problems with sensitivity and specificity, 

complicating the distinction of the various forms of prostate disease by such assays. The 

majority of patients (65–75%) who undergo a prostate biopsy due to a moderate PSA 

elevation have no evidence of cancer and a quarter of the prostate cancer patients are 

known to present with PSA levels within the normal range. [49] 

Therefore one of the most urgent requirements in prostate cancer diagnosis is the 

development of a minimally-invasive test which is able to distinguish prostate cancer from 

the non-pathological condition of benign prostate hyperplasia.[50] Assessment of PSA 

glycosylation could be used to address this challenge. For example, it has been shown 

that a reduced level of glycosylation is associated with highly infiltrative histological 

patterns and behaviours of prostate carcinoma cells.[51] Indeed, abnormalities in protein 

glycosylation patterns have been observed in a majority of cancers, thus making this a 

vital area of research for the improvement of cancer detection and treatment. [52] 
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1.6 Boronic Acids and Lectins 

1.6.1 Lectin History 

Lectins are proteins which are able to bind carbohydrate groups, somewhat akin to 

antibodies and their ability to bind peptide antigens.[53] It is this property which has led to 

the interest in their use in glycomics applications. Many lectins are in fact plant proteins, 

for example Concanavalin A (ConA) was originally extracted from Canavalia ensiformis 

(commonly known as the Jack Bean) while Sambucus nigra agglutinin is extracted from 

the Common elder.[54] While there is some controversy, it is generally presumed that the 

biological role for these plant compounds is to act as a form of plant defence and 

immunity. Such molecules are able to protect the organism from invasive pathogens, such 

as bacteria, by recognition and agglutination and also can infer protection from predation 

due to the innate toxicity of some lectins.[55, 56] 

1.6.2 Boronic acids 

Boronic acids represent a potentially useful molecular species which can act as artificial 

lectin by forming intermolecular esters with glycols (Scheme 1).[57] The reversible 

interaction of boronic acids and polyols in water was first examined in detail in the ground-

breaking study conducted by Lorand and Edwards.[58] Using the pH depression 

technique, they were able to demonstrate that the formation of ester complexes between 

phenylboronic acid and saccharides is more favourable at increased pH. This reaction is 

now known to proceed via the formation of reversible cyclic boronate esters between 1,2- 

and 1,3-diol found on glycan structures and the boronic acid centre.[59-64]  
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Scheme 1: Schematic of how boronic acids are able to form reversible esters with compounds 

containing diols 

Boronic acids behave as Lewis acids, accepting electrons from bases, and in the process 

releasing protons. Although the molecular boronic acid is triganol planar in arrangement, 

when complexed with a diol the most favourable structure is found to be a tetrahedral 

complex. This is due to the hybridization of boron from sp2 to sp3 formation, the net result 

of this is a release of angle strain of the subsequent complex.[8] As this reaction occurs, 

an electron pair is accepted from hydroxide ions, which results in the generation of one 

proton and one water molecule.[65] However, as phenyl boronic acids are typically weakly 

acidic under neutral conditions (with a pKa of 8.8) the interaction between the boronic 

acid and diols is not favourable.[66] Therefore, many of the early attempts to use boronic 

acids as saccharide sensors required an elevated pH, dependent upon the pKa of both 

the boronic acid and the target species. Typically the pH required is above the pKa in 

order to favour the ionisation of the acid and subsequently its bond with the target 

diols.[66] 

1.6.3 Boronic acids as sensor binding sites 

Given that most biologically relevant species are found in media at mild physiological pH, 

it can be desirable for the interaction between boronic acids and diols to proceed well 

under such conditions. Several groups have investigated supramolecular strategies to 

enable this interaction to proceed efficiently at neutral pH. Examples include the use of 

electron withdrawing groups on the phenyl ring, such as carbonyl, nitro and sulphonyl 

groups, to promote the ionisation of the boronic acid, as demonstrated in the series of 

compounds in Figure 8.[2] 
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Figure 8: Examples of boronic acid species with their pKa values. The change in adjacent functional 

groups can be seen of affect the pKa and thus the properties of the bonric acid group [2].  

A second method, pioneered by Wulff, uses intermolecular amines adjacent to the boronic 

acids to form co-ordinate complexes with the boronic acids, thus promoting their 

ionisation at lower pH due the amine stabilising the ionised form.[67, 68] The most 

common substituent used for this purpose is an adjacent secondary or tertiary amine. The 

nature of the nitrogen-boron (N-B) interaction may be considered to be comparable to a 

hydrogen bond.[69] However, in protic solvents, solvent insertion can occur to generate a 

zwitterionic species (Figure 9). The energy of nitrogen – boron interaction has been 

calculated to be between 15 and 25 kJ mol-1, as demonstrated by potentiometric 

titration.[70]  
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Figure 9: The mechanistic basis for the ability of adjacent nitrogen groups to allow the ionisation of 

boronic acids at lower pHs. [2] 

More recently, the stabilising effect of N-B interactions have been shown to work 

intermolecularly, and have been demonstrated to stabilise the  binding of boronic acids to 

nitrogen containing sialic acids at neutral pH with a much higher affinity than other glycols, 

particularly at lower pHs.[71] This effect has been exploited by Kataoka and co-workers to 

selectively target high sialic acid containing tumour cells with boronic acid functionalised 

micelles.[72] These structures were demonstrated to induce sialic acid selectivity in the 

polymers at both pH 7.4 and 6.5, when compared to other monosaccharides including 

glucose, mannose and galactose. 

1.6.4 Monosaccharide selectivity  

Boronic acids have been used extensively in recent years for the solution-phase detection 

of monosaccharides, many using elegant fluorescent reporting systems.[8, 73, 74] 

Despite the highly conserved nature of monosaccharide structures, boronic acids are able 
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to display different binding profiles to each monosaccharaide species. In their native form, 

phenyl boronic acids display a higher affinity to fructose than to other common 

saccharides. This is due to the geometric configuration of the fructose molecules in 

solution. [75] However, the clinical utility of fructose sensors is quite limited. In contrast, 

glucose selectively has been a topic of focus, given the huge health care burden posed by 

the increasingly common disease type 2 diabetes mellitus, which is typified by an 

increased concentration of glucose in the blood due to the collapse of physiological 

regulatory systems.[76]  

The first glucose selective bis-boronic acid based sensor was pioneered by James and 

Shinkai (Figure 10).[77] The basic principle of the sensor is that two intramolecular 

boronic acid units are able to bind a single glucose molecule. In this compound the 

anthracene unit acts as both the core and the fluorophore.  This acts to produce a 

much more stable bi-dentate type complex, and as a result the affinity of the interaction is 

increased significantly.[77] 

 

 

Figure 10: The first example of a bis-boronic acid compound, developed by James et al for the 

selective binding of glucose.[78]  

Further works have since demonstrated that the selectivity of such sensors may be 

modulated by changing the spacing between the two boronic acid groups. In order to 
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facilitate this, modular series of boronic acids were synthesised and based upon the same 

core molecular design (Figure 11). By varying the length of the linker element, the spacing 

of the boronic acids was controlled, to produce a series of related compounds which 

contain boronic acids spaced by different number of carbons, and thus spaced by 

different distances. 

 

Figure 11: The structure of a modular bis-boronic acid species which was developed to investigate the 

effect of spatial separation on monosaccharide selectivity. Note; ‘n’ refers the number of carbons in 

the spacer unit between the boronic acids.  The structures of the monosaccharides are included for 

reference. 

 Over the series it was observed that the glucose selectivity was favoured with links of 

between 4 and 6 carbons with the optimal affinity to glucose being recorded at 6 carbons. 

However any further extension to the linker group results in the loss of glucose selectivity, 

with galactose selectivity being observed (Figure 12a). Examination of the structures of 

glucose and galactose (Figure 12b) can help explain this observation; the 1, 2- and 4, 6- 

diols of D-glucose point in the same direction (down), but in D-galactose the 1,2-diol is 

down and the 4,6-diol is up.  Thus the inter-diol distances of D-glucose are shorter than 

those of D-galactose.[79]  
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Figure 12: a) The observed relative stabilities of each member of the series of bis-boronic acid 

sensors with the monosaccharides glucose, mannose, galactose and fructose. ‘n’ refers the number 

of carbons in the spacer unit between the boronic acids.  b) The structures of the monosaccharides 

are included for reference. [79] 

 

1.6.5 Nanomaterials and Boronic acids 

Compared with biological lectins, boronic acids have a number of advantages, which has 

made them popular targets for sensor fabrication research. Their popularity can be 

attributed to their diversity of application: they can be incorporated with relatively ease into 

a wide range of chemical synthesises, facilitating the fabrication of synthetic saccharide 

and glycoprotein binding systems. As compared to biological lectins, which contain a 

mixture of chemical groups homogenously dispersed among their structure, boronic acids 

afford molecular engineers a more defined and predictable chemical group to use in the 

synthesis of sensor platforms. In addition the physical size of the boronic acid groups are 

b) 

a) 
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considerably smaller than peptide lectins, which combined with their more defined 

chemical structure, allows for them to be incorporated with much greater ease into 

nanoscale detection systems. To this end, boronic acids have been engineered into 

nanostructures such as carbon nanotubes and nanoparticles to produce sensors with 

much larger surface areas to offer increasingly amplified binding signals.[80-87] These 

methods should help to produce increasingly sensitive systems which can then be used to 

detect quantities of analyte down to even the picomolar range.[88, 89] Boronic acid 

modified nanostructures have also been employed to facilitate the enrichment of 

glycoproteins from protein mixtures, including magnetic nanoparticles, which have been 

demonstrated to selectively enrich the glycoproteins from peptide mixtures.[80, 90, 91]  
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1.7 Nanotechnology 

1.7.1 Self-assembly  

The process of self-assembly is commonly found in nature; many cellular components, 

machinery and processes are reliant upon the principles of energetically favourable self-

assembly.[92] However, the term self-assembly is now widely used in broadly related 

fields.  

Self-assembly can be observed in many different systems, and a precise definition is 

often difficult. However, a number of general rules may be formulated which must be met 

in order for a process to be considered as self-assembly. In general the process must be 

exothermic (or at least energetically favourable) and able to produce a stable final state 

built from individual molecules.[92] In addition, it is often considered that the steps by 

which the final state is produced should not result in restricted intermediates; rather the 

intermediates must able to adjust or un-form to allow order to be introduced into the 

system.  Without this ability, the system is likely to suffer from defects due to the 

inappropriate incorporation of monomer into the final macro-structure.[93] 

Nature produces organisms which can be considered to be islands of order in a chaotic 

universe.[94, 95] To reinforce this proposition a great number of living processes are 

driven by self-assembly. The interactions of monomers and polymers of the three primary 

biological compounds, carbohydrates lipids and proteins, are all governed by such 

processes.[96] Take for example proteins; they are in basic terms, produced by cells as 

linear biological polymers which typically consist of heterogeneous amino acid subunits 

covalently joined. However at a higher level of structure, such peptide chains can 

coalesce via self-assembled mechanisms, governed by intermolecular forces, to produce 

globular protein subunits which themselves interact non-covalently to form dynamic 

functional structures.[97] 
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Examples of such structures are diverse and include structural components of cells 

including elements of the cytoskeleton, microtubules, actin filaments, and viral 

capsids[98]. Because most interactions are non-covalent, both assembly and disassembly 

are reversible reactions that can be readily controlled and adapted and although 

unwanted interactions are able to occur, as they are less stable, there is a constant force 

promoting desirable interactions and structures. [99]  

1.7.2 Self-assembled monolayers  

Self-assembled monolayers (SAMs) form spontaneously through the adsorption of an 

active surfactant, from liquid or vapour phase, on to a solid support. This process is 

mediated by the same intermolecular forces discussed above and the interactions 

between the chemical groups and properties inherent within the molecular units of the 

SAM play a critical role in the formation of its final structure. Thus, the physical properties 

of the SAM can be easily manipulated by control of the structures of the molecules.[100] 

Properties which can be controlled by the inclusion of specific chemical groups in the 

surfactant building blocks include: thickness; stability and surface energy. SAMs of thiols 

on gold and triethoxy silanes on silicon dioxide are two widely used examples of SAMs 

employed to modify the surface properties of metallic and inorganic substrates, 

respectively.[101] 

The typical molecule used for the formation of SAMs has a structure which can be divided 

into three functionally distinct parts: the head group, backbone and terminal group (Figure 

13). The head group guides the physical or chemical adsorption of the SAM molecules to 

the surface. Intermolecular interactions between the backbones are able to mediate the 

efficient packing of surfactant molecules into a monolayer structure, producing a densely 

packed monolayer.[102] 

The terminal group provides the desired physiochemical properties of the SAM. It can be 

passive, affecting only the physical properties of the interface (such as the wettability) or it 
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may be chemically active, to provide an anchor point for additional modification of the 

monolayer (for example via the attachment of biomolecules and the formation of 

nanostructures).[103-105]  The terminal group confers specific properties to the surface 

(hydrophilic, hydrophobic), and can also be used to anchor different molecules, 

biomolecules, or nanostructures by weak interactions or covalent bonds.[100] 

 

 

Figure 13: The general structure of a SAM molecule. The head group allows attachment of the 

compound to a surface, while the head group controls the physical and chemical properties of the 

monolayer formed.  

SAMs can be characterised using a number of surface analytical techniques, including X-

ray photoelectron spectroscopy (XPS), ellipsometry and contact angle goniometry. A 

detailed explanation and discussion of these techniques will be included in chapter 2 of 

this thesis.  

 

1.7.3 Thiols on Gold 

Beyond the examples observed from the natural world, in the more sterile laboratory 

environment, one of the best understood examples of self-assembly is the system of self-

assembled monolayers, such as those formed from thiols on gold.[100] Such systems 

have been studied extensively and are relatively stable under ambient conditions and 
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versatile in their application. They can be easily modified with a wide range of functional 

groups and thus can display a range of physical properties.[100]This fact has since been 

exploited to investigate not only the effect of changing chemical properties on the self-

assembly of the SAM, but also to probe the effect that modification of surface properties 

can have on other processes such as crystal formation on the SAM surface. [92] Beyond 

such fundamental research, SAMs have also been employed in the fabrication of modified 

surfaces for application in fields such as bio-recognition and sensor design, microfluidics 

and self-healing surfaces.[106] 

SAMs of octadecanethiol on clean Au(111) surfaces are, perhaps, the archetype system 

of thiol based systems. Through the studies of such systems the fundamental physical 

processes which underpin the formation of these structures has been investigated. It is 

now known that the formation of SAMs from dilute solutions of thiols occurs in two main 

distinct phases.[101] Kinetics studies of SAM formation indicate that the first step is a fast 

process which occurs within minutes cleaned gold surfaces being immersed into thiol 

solution.[107] Here, the relatively rapid adsorption of the SAM molecules is able to occur 

through physisorption of molecules to the surface (figure 14b). During this phase the 

physical characteristics of the SAM begin to become apparent, with thickness and contact 

angles moving towards 80-90% of their final values.[107] The second step is generally 

considered to be much slower, occurring over several hours, although the time taken for 

this phase can be dependent on a number of factors including SAM molecular structure 

and solvent conditions.[108] During this phase the molecules adsorbed onto the surface 

begin to form covalent bonds with the gold substrate (figure 14c). Finally, through a 

process of desorption and reabsorption, the order of surface components increases 

(Figure 14d). This process can be considered similar to the formation of a two-

dimensional crystal.[101] 
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Figure 14: Schematic of process of SAM formation. As the SAM molecules reach the gold surface (a), 

they becoming physisorbed (b). this step occurs almost instantly. The next, slower, step occurs as 

chemical bonds are formed between the sulphur head groups of the SAM molecules and the gold 

surface (c). Finally as more SAM molecules become chemisorbed, the order of the film increases 

forming a complete SAM (d). 

The head group guides the self-assembly process on each type of substrate, acting to link 

the molecule to the metal surface through a strong bond with a specific surface site. In the 

case of thiol gold SAMs this is via the formation a gold-sulphur covalent bond. The 

formation of this bond is an energetically favourable and exothermic process, and the 

resultant bond is relatively strong, with an enthalpy change of around 210 kJ mol-1.[109]  

The interactions among backbone hydrocarbon chains (involving van der Waals and 

hydrophobic forces) ensure an efficient packing of the monolayer and contribute to 

stabilize the structures with increasing chain length. Such interactions also play a role in 

the formation of SAMs, as the intermolecular interactions between chains act to promote 

the organisation of adsorbed surfactants into islands structures of higher order.[110] Over 

time, as additional adsorption of surfactant takes place, these island structures coalesce, 

leading to the final structures of complete SAMs.[100] 
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The two phases of this process can be written as the following reactions, in this case a 

generic alkanethiol (RSH), where R is a alkyl carbon chain, is chosen to represent the 

surfactant: 

RSH + Au  RSHphysAu   (1) 

RSHphysAu  RS-Au + 1/2H2   (2) 

Reaction (1) corresponds to the physical adsorption of the surfactant onto a gold surface, 

while reaction (2) illustrates the overall chemisorption process. However, while the overall 

reaction is known, there is currently no single consensus on the exact mechanism 

followed by this process. It has been assumed that the reaction proceeds via oxidative 

adsorption of the thiol RS-H bond to the gold surface, however it is not known whether 

this involves an ion, radical or other species. This lack of understanding is rooted in the 

fact the kinetics of SAM formation have been shown to be affected by a number of 

factors, including surface coverage, the surfactant species and the cleanliness of the gold 

substrate. [108]  

The adsorption process is believed to be similar for other sulphur containing species, 

such as disulphides, which are also known to form bonds with gold. Disulphides are an 

interesting species for the investigation of such phenomena, due to the steric constrains 

imposed upon them; in order for disulphides to adsorb they require two adjacent and 

available gold absorption sites, as suggested by reaction three.[102] 

RS-SR + 2Au  2 RS-Au    (3) 

This overall reaction has been confirmed with data from experiments comparing SAMs 

formed from both disulphides and thiols showing that, following SAM formation, the 

resultant sulphur species are indistinguishable by detailed examination by XPS, therefore 

indicating that both sulphurs are involved with bonding to the gold. [111] However, 

investigations have suggested that the adsorption of thiols and disulphides may occur at a 
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different rate, with thiols adsorbing more readily, assuming that chemical structures of the 

molecules are otherwise comparable.[112]   

Together such observations lead to the conclusion that, in the case of disulphides, as 

there are only a finite number of binding sites on the gold surfaces, sulphur groups 

already bound to the surface must be able to rapidly diffuse and migrate across the 

surface to provide space for the adsorption of further disulphides. Further evidence for 

this hypothesis can be observed in experiments which demonstrate the ability of adsorbed 

surfactant molecules to exchange with those in solution.[113]  

The ability of disulphides to form SAMs has been increasingly exploited in recent years, 

as they can offer several advantages when compared to thiol systems. Principally, they 

are easy to store and resistant to oxidation[114]. This chemical stability can also simplify 

synthetic procedures, as they generally do not require the addition of protecting groups 

during synthetic steps sometimes required for thiols. There is also evidence that 

disulphides are more resistant to surfactant exchange reactions than thiols.[115] 

Finally, there are several organically derived compounds which contain both disulphides 

and other functional groups which facilitate the facile synthesis of SAMs with a wide range 

of functionalities using only simple and well established chemical methods and reactions. 

Taken together this makes them desirable for incorporation in the design and fabrication 

of biosensors.[116] Two examples of such compounds commonly found in literature are 

cystine and thioctic acid (Figure 15).[117-119]  

 

Figure 15: The structures of cystine and thioctic acid, two compound which can be easily modified to 

produce molecules suitable for formation of SAMs. 
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Surface orientation of SAM Molecules 

The final structure of thiol and disulphide SAMs on gold has been shown to be dependent 

upon a number of factors, including the structures of the surfactant molecules themselves, 

the condition of the gold substrate and the solvent conditions. It is no coincidence that the 

factors which affect the kinetics of SAM formation are also at play in governing the final 

configuration adopted by such structures, as the two are intimately linked.[102]  

Packing and structural modes of thiol and disulphide SAM systems on Au are mainly 

determined by the Au-S interaction, inter-chain van der Waals interactions, and interchain 

functional group interactions.[120] Studies of SAMs formed from alkyl chains which 

contain 12 or more methyl units form well-ordered, dense monolayers on Au (111) 

surfaces, with the majour intra molecular force driving their formation being the van der 

Waals interactions between adjacent chains. Thiols are believed to attach to the three fold 

hollow sites of the gold surface, which are arranged in a hexagonal geometry, an 

arrangement known as the (3√ x 3√)R30° over layer structure.[101]  When considering Au 

(111), the distance between each adsorption sites is 0.497 nm, which results in each 

adsorbed molecule being placed in an area of 0.214 nm2 since the van der Waals 

diameter of an alkanethiol is too small to completely occupy this area, is it energetically 

favourable to the chains to adopt a tilted formation, with an angle of approximately 30-35° 

relative the surface normal.[100] 

In addition to the effect of interactions between the alkane chains, the final macro-

structure and stability of SAMs can also be affected by the other groups present in the 

surfactant molecules. Typically, these are the chemical species contained in the terminal 

group of the molecule.[101, 121, 122] However, evidence also suggest that interactions 

such as hydrogen bonding between groups ‘buried’ within the SAM can also influence the 

final structure and stability of the monolayer.[123] 
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The interplay between these factors can vary with the functional groups and chain lengths 

present within the SAM molecules;  investigations show that as the length of the SAM 

chain is reduced, the greater the relative effect of functional groups on SAM formation and 

structure.[124]  For example, the adsorption of L-cysteine molecules on Au (111) has 

been reported to yield an ordered monolayer with a (4√ x 7√) R19° structure, due to the 

hydrogen bonding between the carboxylic acid groups (Figure 16).[117]  However, there 

remains some controversy regarding this conclusion as other structures of cysteine SAMs 

have been reported.[120, 125, 126] Furthermore, it has been demonstrated that change in 

the pH of the SAM formation solution can also produce differently structured SAMs, 

notably for amino terminated surfactants a raised pH can produce alternative binding 

mechanisms such as nitrogen mediated adsorption. [118, 127] 

 

Figure 16: The proposed organisation adopted by cysteine  molecules on gold, with a (4 x √7) R19 

[117] 
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1.7.4 SAM defects 

In many publications which one may find in literature, SAMs are presented as perfect 

monolayers, free from defects with all molecule, well packed arrangement. However, in 

reality there are a number of defect types known to exist in SAMs that the reader should 

be made aware of. The most common defect types are pin hole defects, disorder defects 

and domain defects. Pin hole defects (Figure 17a) are characterised by small areas of the 

surface where there can be a small number of missing molecules. In domain defects 

(Figure 17b), the imperfection occurs at sections of the SAM where frontiers of the 

crystalline lattice meet. This can occur at the boundary between regions of the same 

lattice structure which contain molecules in a mismatching orientation and also between 

areas where two lattice types meet. [102, 113] Disorder defects (Figure 17c) refer to 

regions of the monolayer where the hydrocarbon chains of the surfactants are not fully 

extended, and instead adopt a gauche configuration which is defined as an area of 

disorder in the SAM, caused by the interruption of a sequence of ordered SAM 

components. Typically this is caused by an approximately 120° rotation about the 

backbone bond. [128] 



38 

 

  

Figure 17: Examples of SAM defects which can affect the formation of complete monolayers. a) Pin 
hole defects are caused by missing SAM molecules leading to small ‘hole’ defect in the surface. b) 
Domain defects are found where two (incompatible) super structures of SAMs meet. c) Disordering of 
the chains of the SAM molecules leads to poor packing in areas of the SAM.  

1.7.5 Mixed SAMs 

While the discussion to this point has focused on SAMs comprised of single componets, it 

is important to stress that mixed solutions of thiolated compounds have been observed to 

form mixed monolayers. The results of producing mixed monolayers can be varied and 

may have mutiple benefits as the use of different surfactants can produce surfaces which 

have hybrid properties when compared pure SAMs of each surfactant type.[129] This 

technique of producing SAMs from multiple components has been used increasingly for 

the fabrication of engineered surfaces, such as those seen in the field of biosensors.  An 

b) 

c) 

a) 
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example of this can be seen in the formation of mixed oligoethylene glycol thiol (OEGT) 

and biotinylated peptides to produce surfaces able to resist the non-specific adoption of 

‘unwanted’ proteins yet simultaneously take part in the selective binding of 

neutravidin.[130] A second common application of mixed SAMs is to reduce the steric 

hindrances which may occur between adjacent molecules in the monolayer. A mixture of 

SAM components can be used to effectively space out ‘active’ (i.e. binding site 

containing) molecules with ‘passive’ surfactant molecules.[131] The aim of such a 

strategy is to reduce the risk of steric hindrances for binding complex formation between 

the surface bound anchor sites and their respective ligands (Figure 18), which is of great 

importance in biosensor fabrication.  This principle can also be found in published works 

which investigate the fabrication of switchable surfaces. Here, mixed SAMs are required 

for effective switching to take place; without them there is not the ‘space’ for the 

movement of switching components on the surface.[130-132] 
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Figure 18: Examples of how steric hindrance can affect functionalities of monolayers (a) by blocking 

the interactions of immobilised ligands with their solution analytes, and how these problems can be 

overcome using mixed monolayers to reduce the crowding of functional groups via the addition of 

spacer molecules (b).  

Depending upon the desired structure and subsequent function of a mixed SAM, the 

ratios of components can be important. However, although it is easy to calculate the ratios 

of these components in solution, it is seldom the case that the ratio of components 

adsorbed to the surface follows solution concentration, due to the preferential adsorption 

of one of the components.[130] This finding highlights the importance of surface 

characterisation techniques to accurately determine the exact surface composition of 

mixed SAMs.[130, 133] Such methods will be discussed in detail later chapters of this 

thesis.  

 

a) 

b) 
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1.8 Applications of SAMs 

SAMs have found applications in a number of fields of research including biosensing, 

catalysis, and generation of biocompatible and protein resistant surfaces.[100, 134] 

Among these, the generation of biocompatible and protein resistant surfaces used in 

biosensor fabrication will now be discussed in detail. 

1.8.1 Generation of Biocompatible and Protein Resistant Surfaces 

The ability of protein to adhere to surfaces can be considered to be a natural 

phenomenon; in living creatures the ability of specific proteins to bind with self and non-

self, and subsequently elicit activation of biological pathways is vital for many immune and 

homeostatic processes.[135] The importance of such events can be highlighted by the 

fact that in multicellular organisms cell growth is regulated by attachment of cells to 

basement membranes and support tissues.[136] In bacterial cells adhesion to surface can 

bring about changes in cellular phenotype and or behaviour.[137] However, while vital to 

cellular functions, these phenomena can be undesirable in industrial and some medical 

contexts. 

In industrial, processing and marine applications, the build-up of organic matter is 

problematic due to its ability to reduce the efficiency of industrial machinery and 

processes.[138] In fields of healthcare and medicine, challenges are found due 

interactions between proteins and materials found in prostheses, catheters and implants, 

as these unwanted interaction can impact on the function of such devices.[139] This can 

be particularly problematic with devices which are implanted into individuals - contact of 

such devices with blood and tissue fluid can give rise to the adhesion and activation of 

platelets, leading to thrombus generation, and recruitment and activation of immune cells 

which act to reduce the functionality of the devices.[140] All such processes are 

commonly initiated by non-specific interaction between protein and surfaces. Typically this 

interaction is undesirable, and represents one of the first steps in bio-fouling which can 
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ultimately result in loss of function in materials such as nanofabricated surfaces and can 

lead to limitations the useful life span of such technologies.[141] Therefore, the generation 

of biocompatible surfaces is vital for a number of biological and medical applications. 

Proteins are the most common and functionally diverse group of biological 

macromolecules and surfaces are the points at which biological and synthetic systems 

meet. Thus, the ability to tailor and control the ways in which proteins and surface interact 

is vital to the design and production of functional materials.[142] 

One common strategy employed to render interfaces resistant to protein adsorption is to 

modify surfaces with chemical groups. Ethylene glycol derivatives, such as poly(ethylene 

glycol) (PEG) and oligo(ethylene glycol) (OEG), have become popular compounds for this 

application.[143] Their success in this application has been attributed to the high surface 

water retaining capacity, charge neutrality, as well as steric repulsion and surface 

exclusion effects. [144] However, the exact mechanism of how ethylene glycol derivatives 

are able to facilitate a resistance to protein adhesion remains open to debate, as different 

model system may operate via different mechanisms.[145] The picture of the interactions 

that occur between glycols and proteins is complex; despite the well documented ability of 

PEG to resist protein adsorption, there have been studies which demonstrate that in free 

solution, PEG is able to interact with proteins.[146] This finding combined with 

investigations into the of the effect of PEG graft density on surfaces ability to resist protein 

suggests that the protein resistance observed is a property of the bulk PEG on a surface 

rather than an intrinsic property of the molecule itself.[140, 147-151] A general 

explaination for these observations is that if the surface contains large amounts water in a 

similar state to the surrounding bulk water, then no free energy can be gained via 

adsorption of protiens to the surface.[152] 

Many works have described how surfaces which are unable to resist the adsorption of 

proteins can be chemically modified to reduce protein adsorption. For example, works by 
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Wu et al have demonstrated that protein resistance can be introduced to surfaces which 

are non-resistant to adsorption by the introduction of PEG chains.[153] These surfaces 

were also able to selectively bind plasminogen (via lysine residues incorporated into the 

surface) which was able to retain functionality, forming plasmin and degrading clotting 

proteins compared with non-plasminogen modified surfaces. PEG  dendrimers have also 

been conjugated to thioctic acids molecules to produce SAMs able to resist nonspecific 

adsorption of proteins.[154]  

Although there is not a set of surface properties which provide protein resistance that can 

be easily defined, there appears to be some common properties found between different 

protein resistant surfaces. The most commonly shared properties are that the surfaces 

are hydrophilic and non-charged. Proteins are known to adhere more easily to 

hydrophobic surfaces, though if such surfaces are modified to become more hydrophilic 

protein adsorption may be suppressed.[155] However, it would appear that charged 

groups should be avoided despite hydrophilic groups being required for the proteins 

resistance- there is considerable evidence that charged groups can promote the adhesion 

of proteins and also cells at interfaces.[132] Despite this observation, some degree of 

charge can be used in protein resistant surfaces if the net charge of the surface is neutral 

such as those described in reports which have demonstrated that the use of zwitterionic 

surfaces can produce protein resistance.[156] 

Literature on protein adsorption to hydrophobic surfaces, in general, reports that ,when 

exposed to proteins, hydrophobic surfaces will quickly become fouled. This observation is 

believed to be caused by hydrophobic residues in the proteins interacting with the 

hydrophobic groups on the surface to exclude water and thus providing an entropic 

driving force for adsorption.[157] Typically, this event leads to the denaturation of the 

protein, a process which is allows the exposure of further hydrophobic residues which 

would normally be ‘buried’ in the core of the protein to become exposed to the 
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surface.[158]  This effect is well known for many hydrophobic polymers and the effect of 

the adherence of like-hydrophobic groups can result in the denaturation of the adsorbed 

proteins.[139, 159] 

1.8.2 Biosensor Fabrication 

SAMs have found popularity in the field of sensor fabrication. They provide a foundation 

from which sensors can be built, using an array of biologically and synthetically derived 

components. Perhaps the most common sensor type which utilises SAMs is the 

biosensor. Here, the SAM is used to immobilise biological molecules which are able to 

bind or interact with the analyte of interest. The most common biomolecules employed in 

such sensors are antibodies and enzymes, which offer a high affinity binding site for the 

target molecules.[160]  More recently nucleic acids have also been employed as 

recognition units, in the form of aptamers.[161] When combined with an appropriate 

reporting strategy, binding events occurring at these recognition sites can be monitored. 

In the case of enzymes, this strategy is often based upon the consumption or generation 

of electrochemically detectable species, which is monitored via voltammetry or other 

similar methods, to produce a signal with magnitude proportional to analyte concentration 

(Figure 19).[162] However, while enzymes generally offer a high affinity binding site and 

convenient reporter method, they are not ideal, they commonly rely on co-factors for 

effective function, result in the breakdown of the analyte of interest and can suffer from 

poor stability, limiting their use and shelf-life.[79] 
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Figure 19: Schematic of an enzymatic biosensor. The reduction of the active enzyme or co-factors can 

be used to generate a electrochemical signal upon encountering an analyte. [163] 

Antibodies and aptamers offer less destructive alternative binding elements to enzymes. 

In antibody based sensors, the reporting method used is commonly different to that used 

in enzymatic sensors. For example, additional binding interactions may be required to 

fluorescently or enzymatically label and detect the bound analyte.[164] Such 

arrangements can be used to probe the analyte content in a range of sample types.  If the 

fabrication of the sensor is appropriate, then detection can be achieved even in complex 

matrices.[165]  If such materials are combined with techniques such as Surface plasmon 

Resonance (SPR) , then the binding kinetics of analytes with their binding sites on the 

sensor may be monitored in real time.[166] This is a powerful method of investigating 

biological interactions and will be discussed further in chapter 2.  However, both protein 

and nucleic acid based sensors can face problems in the due to their potential instability. 

Aptamers can be limited due to their sensitivity to nucleases, while protein based 

recognition units are susceptible to thermal damage and break down by proteases, 

resulting a limited shelf-life.[161] Typically the effective number of active molecules will 

reduce over time due to the degradation of the biological elements of the sensor and in 

addition there is often a requirement of cold storage of these proteinaceous elements of 

the sensor, which is a limit to their commercial application.[167] 
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1.9 Molecular Imprinting 

Molecular imprinting is a technique which allows production of materials possessing 

specific cavities designed to provide complementary binding sites for target 

molecules.[168] It offers the possibility of producing molecular structures which can act as 

synthetic binding sites and has the potential to offer alternatives to the antibody-based 

binding sites commonly seen in many sensors.[169] In addition, as the structures are 

synthetic, there is a much greater scope for the rational design of binding site components 

which can improve their efficacy.[170] 

 

Figure 20: Diagram illustrating the general principle used in a) ‘traditional’ polymer monolith 

molecular imprinting. Here the target compound is mixed with functional monomers and crosslinking 

monomers (1) allowing the functional monomers to interact with complementary sites on the target. 

(2) The polymerisation of this monomer-target complex in the presence of the crosslinking monomer 

acts to ‘fix’ the functional monomers in position producing an imprint of the target. (3) The target is 

then removed, leaving behind the empty imprint of the target. This process occurs in three 

dimensions, producing a monolith imprinted structure.[171] 

Molecularly imprinted binding sites are produced by using target molecules as templates 

around which molecular structures are produced.[169] A typical strategy is to use a 

mixture of functional and crosslinking monomers and the target molecule in a suitable 
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solvent. The functional monomers initially form a complex with the target molecule which 

then is co-polymerised with the crosslinking groups to form a three-dimensional and rigid 

polymer network around the target molecule.[172] Subsequent removal of the imprint 

molecule leaves cavities with a size, shape and chemical functionality complementary to 

those of the template (Figure 20).  In this way, a ‘molecular memory’ is introduced into the 

polymer, which is capable of selectively binding the target with affinities comparable to 

those of immunosorbents.[168]  

The choice of the compounds used to interact with the target molecules is of vital 

importance in order to produce a selective imprint system.[173] A wide range of 

monomers containing differing functional groups have been used to in attempts to exploit 

a number of interactions types including non-covalent interactions, reversible covalent 

interactions, or metal ion mediated interactions. [174] For molecules of low molecular 

weight such as organic compounds, antibiotics and herbicides large numbers of differing 

molecular imprinting methodologies have been reported.[171, 175] Of these approaches, 

methods which utilise a strategy based around non-covalent interactions appear to be the 

most common.[176]   

Small organic compounds have, in general, well defined structures and are soluble in 

organic solvents. This is convenient for the design and production of molecular imprints of 

such compounds as it allows for the selection of monomers with ideal properties to 

produce effective binding sites. For example, imprints have been produced for drug 

molecules such as diazepam and theophylline which utilise methacrylic acid as a 

functional monomer in order that the carboxylic acid groups present in the imprint 

structures are able to form ionic and hydrogen bonds with the amine and polar groups 

present in the target compounds respectively (Figure 21).[177] However, techniques for 

bio-macromolecular targets such as proteins are not so widely reported.[178]  
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Figure 21: An example of a molecular imprint formed by the exploitation of carboxylic acid groups 

present in the imprint structures to form ionic and hydrogen bonds with amine and polar groups 

present in the target compounds.[177] 

Although in many examples of molecular imprint formation a single type of interaction is 

used to mediate the imprint formation, there are also examples of molecular imprinting 

methods which utilise both covalent and non-covalent interactions to produce the final 

imprint. For example,  previous publications have described using a covalent interaction 

to attach the target compound to imprint monomers prior to their polymerisation. Following 

polymerisation, this strategy then allowed the covalent bond to be broken and the target 

to be released, while maintaining the rest of the imprinted binding site. In addition the 

method used to degrade the covalent bond also generated a potential biding site via the 

formation of a hydroxyl group which is then able to participate in hydrogen bonding with 
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the target compound (cholesterol) (Figure 22). It was found that these methods were able 

to distinguish cholesterol from is structural isomers, which suggests that this method of 

controlling orientation can be very effective for producing successful molecular 

imprints.[179]  

 

Figure 22: An illustrated example of a molecular imprint prepared by covalent immobilisation of the 

target compound prior to polymerisation. Following production of the molecular imprint, the covalent 

interaction between the target and the imprint is degraded to allow release of the target and facilitate 

subsequent rebinding. [179] 

1.9.1 Molecularly imprinting proteins 

One of the challenges to the production of molecularly imprinted sensors specific for bio-

macromolecules such as proteins is the potential fragility of these targets.[180] Unlike 

small molecules such as drugs, herbicides and antibiotics (all of which have successfully 

being used in molecular imprints), proteins and other biological molecules are vulnerable 

to changes in temperature, UV exposure and organic solvent conditions.[171] This acts to 

severely limit the options for template formation, as all reactions are limited to aqueous 

media and mild conditions of temperature and pH, limiting the chemical strategies 

available for use.[181] 

Molecular size, complexity, conformational flexibility and solubility can also be 

problematic—traditional polymer-based molecularly imprinted monoliths tend to be 
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relatively dense, leading to difficulty in a macromolecular template reaching (or leaving) 

any formed binding site. Such poor mass transport and permanent entrapment results in 

inadequate recognition properties.[182] This also limits the choice of monomers available 

for selection as many monomers commonly used in molecular imprints of small molecules 

are insoluble or partially soluble in water. This makes imprinting in aqueous solutions 

necessary to produce systems with optimal selectivity, as specific imprints of proteins 

should be tailored to the native structure to be of any use in an assay or sensor 

system.[180] The influence of water competing for binding sites is an important factor that 

has to be considered, but it has been shown that this effect is more pronounced with 

small molecule binding, and thus using a macromolecular template with increased surface 

interactions can lower or remove this effect.[171] 

Due to their complex nature, bio-macromolecules contain many sites that could potentially 

serve as molecular recognition sites, such as charged amino acids and regions of 

differing hydration. The result is that the variation of the molecular imprints produced to 

target these compounds can be high.[176] This heterogeneity produces a greater 

potential for non-specific binding to occur in molecularly imprinted systems based on such 

target compounds.[183] As a consequence, appropriate selection of imprint components 

is vital to produce a functional and selective system. In addition, there is a requirement 

that the methods used to produce protein imprints must be suitable for use in aqueous 

conditions, in order to avoid damage and changes to the conformation of the protein.[170] 

This requirement is evidenced by the effect of ‘solvent memory’- where molecular imprints 

produced in organic solvents perform poorly when used in aqueous conditions.[176] Akin 

to the common methods used in examples of molecular imprints produced for small 

molecules, protein targets have been successfully imprinted using non-covalent type 

systems. In such systems, a number of relatively weak interactions are able to come 

together to produce the final imprint. Typically, these methods use only one simple type of 

interaction to produce the sensor.  One such example uses polymerised sugar groups as 
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hydrogen bonding sites to produce imprints to proteins. Here, the hydroxyl groups are 

able to form hydrogen bond interactions with the amino acid side groups present in the 

proteins (Figure 23). Using such a system, the authors were able to produce imprints 

selective for several proteins. However, the assay relied on labelling based detection 

method which limits is potential application.[184]  

 

Figure 23: Illustration of the non-covalent interactions between the hydroxyl groups present on 

surfaces and the amino acid side chains present on proteins.[184] 

More recent publications have begun to focus on the development of increasingly 

selective and more sensitive methods for monitoring binding events on a time scale more 

suitable for use in high throughput clinical settings. Recently, a method was described 

employing the use of polyphenol to produce binding sites as part of nanofabricated 

surface sensors for detection of the proteins human ferritin and calmodulin. In this 

example, imprinted polymers were formed on the top of nanotubes which were embedded 

in a second supporting polymer (Figure 24). Here, the affinity of the surface to the 

proteins was mediated by the non-covalent interaction between the protein and the 
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polymer. The non-conducting properties of the polyphenol are then used to allow 

detection of protein binding by electrical impedance spectroscopy, as the binding of 

proteins to their binding sites produced an increase in the resistance of the system. While 

this system is effective at detection down to very low levels, the system still suffers with 

protein entrapment in the imprint sites, which could inhibit the performance of the 

sensor.[169] 

 

Figure 24: a) Illustration of a molecularly imprinted sensor formed on the tips of a nanotube array, and 

b) detection of protein re-binding to the sensor by electrical impedance spectroscopy [169] 

Boronic acids have also been investigated for use in molecular imprints, and have been 

found to offer some useful characteristics, such as the ability to form covalent interaction 

which can be controlled by pH to allow the binding and release of target compounds, 

particularly target molecules which contain diols.[175] However, to date, the full potential 

of boronic acids in molecular imprints remains to be realised. The potential of boronic 
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acids and their derivatives can be attributed to their physical and chemical properties. In 

addition to their well-documented ability to form reversible covalent interactions with diols, 

they are also able to act as hydrogen bonding groups, and can offer the possibility of ionic 

and electrostatic interactions. Together these possibilities make boronic acids extremely 

interesting compounds from which to produce molecular imprinted sensors for proteins 

and glycoproteins.  

1.9.2 Surface imprints 

Recently, there have been published examples of a new class of molecular imprinted 

sensors which move away from the production of large polymer networks. Instead, 

imprints are produced in thin films or fixed to a supporting surface.[171] By producing 

molecular imprints in such a manner, limitations of bulk polymer imprints can be avoided, 

producing systems with high mass transfer, easy integration with sensor platforms, and 

increased robustness.[185] A recent example of a surface imprinted system has 

demonstrated that imprinting is possible using a relatively simple SAM-based method. 

Here, 11-mercapto-1-undecanol was used to form SAMs in the presence of the target 

molecules (Figure 25), such as proteins and virus structures and shown to be effective at 

producing imprints, although the selectivity/promiscuity of the protein imprints was not 

investigated. However, the virus template SAMs were shown to be able to discriminate 

between two species of virus based on their molecular size- imprints Poliovirus (27 nm) 

and adeno virus (70-100 nm).[186, 187] Although this technique was demonstrated to 

work with the targets investigated, its application to a wider range of targets is limited due 

to the presence of cysteine groups in proteins which would act to bond the protein to the 

gold surface which may also act to cleave sulphur bridges present in many proteins.  

Additionally, it is known that proteins can irreversibly attach and subsequently change 

conformation or denature when exposed to a bare gold surface.[188-190]   
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Figure 25: Illustration of a method of producing molecular imprints using SAM based system, 

employing 11-mercapto-1-undecanol as the SAM molecule. [191] 

Surface imprints are, however, not without limitations. A commonly cited problem is that 

the surface methodology can produce unwanted interaction due increased levels of 

heterogeneity in the binding sites produced (Figure 26). This can be compared to the 

differences in selectivity and cross reactivity observed with monoclonal and polyclonal 

antibodies- here monoclonal species have little or no variation in their structure while 

polyclonal antibodies have a wide variation, resulting in comparably lower levels of cross 

reactivity in monoclonal antibodies.[192] Thus, there remains a great potential for the 

improvement of molecular imprinted sensors through the development of new methods 

and technologies for their production, in order to improve both the selectivity and 

sensitivity of molecular imprinted binding sites to proteins.  
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Figure 26: Illustration of how molecular imprints homogeneity affects selectivity. In a) a low degree of 

homogeneity produces binding sites with an increased variation, producing more sites for the 

potential cross reactivity of other compounds. In b) an imprint is formed with high homogeneity and 

subsequently the potential for cross reactivity with unwanted compounds is reduced.  

1.10 Concluding remarks  

As understanding of the roles played by post-translational modifications, such as 

glycosylation, grows so does the need and desire to produce technology able to detect 

such changes. Currently the ‘gold standard’ methods of detection and profiling of 

glycosylation, that is to say HPLC and mass spectrometry, are used for preliminary 

research work, but they are poorly suited to the needs of more large scale investigations. 

This is due to the fact that such technologies rely on extensive samples preparations and 

instruments which have high setup and running costs. Therefore, novel methods for the 

a) 

b) 
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easy detection of glycoproteins are becoming increasingly sought after for applications in 

biology, healthcare and medicine. In particular, those methods which offer a cost effective 

and high throughput potential would be highly valued, as they would facilitate the large 

scale investigation of links between glycosylation changes and diseases, such as cancer. 

Furthermore, these qualities would also be desirable in order for such technologies to be 

employed as clinical screening tools.  

In this chapter, we have discussed a number of topics which, in the subsequent chapters, 

will be brought together to produce sensing systems which aim to meet the needs just 

described. Thus, the remained of this thesis will describe the fabrication of a sensor 

system which is able to detect saccharides and glycoproteins which are associated with 

human pathology. In addition, these systems act as proof of principles of the production of 

synthetic sensors able to distinguish different glycoforms of the same protein. This aim 

can be divided into the following two goals: 

 Production of a bis-boronic acid surface sensor for the selective detection of the 

monosaccharide species glucose. 

 The design, synthesis and characterisation of a molecular imprinted surface 

sensor which is able to detect glycoproteins.  

Both of these systems will be based around self-assembled monolayer systems and 

contain boronic acids which act as binding units. As these systems are fabricated on a 

nanoscale, specialist methods of characterising the structures are needed. Discussion 

and explanation of the techniques will now follow in chapter two.  
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CHAPTER 2: SURFACE CHARACTERISATION 

TECHNIQUES 

In this chapter the various techniques and methods used to characterise materials and 

surfaces will be reviewed. The aim of this chapter is to provide a brief explanation of the 

techniques which will be discussed in later chapters of this thesis. Particular attention will 

be paid to techniques suited to the investigation of modified surfaces.  Techniques such 

as ellipsometry (for surface thickness), X-ray photoelectron spectroscopy (XPS) (for 

surface elemental analysis), contact angle (wettability and surface composition) and cyclic 

voltammetry (CV) (for surface chemistry and stability) are employed to characterise 

prepared surfaces. Other techniques such as Surface Plasmon Resonance (SPR) are 

discussed, as they provide a convenient means to study the interactions between 

solutions based species and surfaces.   
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2.1 Introduction 

One of the challenges of nanoscale science is the confirmation that structures and 

modifications on this scale have been effective. Fortunately, there exists a number of 

characterisation techniques which can be used to overcome these problems.  The 

methods used in the following chapters of this thesis will be concerned with investigating 

the properties of modified surfaces. Such techniques provide information about the 

composition and structures of modified surfaces, including the elemental composition, the 

thickness and physical and chemical properties of surfaces. A summary of the methods 

available is shown in Figure 27. In the rest of this chapter the methods will each be 

discussed in turn.  

 

Figure 27: Illustration of some of the various surface characterisation techniques involved in this 

thesis. 

2.2 Ellipsometry 

Ellipsometry, is a non−destructive optical technique which can be used to calculate, in−

situ, changes in polarisation of light upon reflection from a surface, in order to probe the 

dielectric properties of a sample. As changes in the polarization are measured, rather 

than the absolute intensity of light, ellipsometry sensitive to changes in surface properties, 

such as those induced by thin films such as self-assembled monolayers (SAM). The 
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origins of the technique can be traced to the late 19th century, when P. Drude (1863-1906) 

was the first to build an instrument to investigate the effect of surface adsorbed 

compounds on the optical constants of metals.[193] The equipment built by Drude is 

surprisingly very similar to many types of ellipsometry instruments in use today. However, 

the technique received little attention until the 1970’s and 1980’s, when ellipsometry 

became widely utilized.[194] 

Ellipsometry uses elliptically polarized monochromatic light to determine the thickness of 

a SAM surface.[195] Before discussing this further a definition of the components of light 

is included for completeness:  

An electromagnetic wave, such as light, consists of an electric field E and a magnetic field 

B. The field vectors are mutually perpendicular and also perpendicular to the propagation 

direction as given by the wave vector k. All states of polarization for such waves are 

classified according to the electrical field vector during one period. The electric field vector 

can be described by the sum of two components, defined ‘s’ and ‘p’ which are 

perpendicular to each other and the direction of the waves travel.[196] To produce linearly 

polarised light, the electric field vector, E, must oscillate within a plane, and in order for 

this to happen the ‘s’ and ‘p’ components of E must be in phase (figure 28a). If the 

components are out of phase, then the result is that the E vector of light rotates as the 

wave propagates (Figure 28b). If the amplitude of ‘s’ and ‘p’ components are equal then 

the wave will rotate in a circular motion, however, if the amplitudes of these components 

are different, then the wave will trace the shape of an ellipse as it propagates. [194] 
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Figure 28: Diagram illustrating the ‘s’ and ‘p’ components of a) linearly polarised light and b) circularly 

polarised light  [194] 

 

  

a) 

b) 
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When linearly polarized light interacts with the SAM surface at an angle, it resolves into its 

‘s’ and ‘p’ component due to the refraction of light by surface appended molecules, 

producing changes in the phase and amplitude of the components of the light. When the 

reflected ‘s’ and ‘p’ polarized components are combined, the result is the elliptically 

polarized light (Figure 29).[194] 

 

 

Figure 29: Digram demonstrating how  the polarisation of light is changed from linear to elliptical 

following interaction with a surface [197] 

A typical ellipsometry experimental set up is depicted in Figure 30. Light with a well-

defined state of polarization is shone on a sample and differences in its state of 

polarization and are measured and quantified in an ellipsometry experiment. An 

ellipsometric measurement allows one to quantify the phase change between ‘s’ and ‘p’ 

and the change in the ratio of their amplitudes. This polarisation change allows the 

calculation of the reflection coefficient, ρ, which is equal to the ratio between the reflection 

coefficients of the ‘p’ and ‘s’ polarised light and can also be expressed in terms of the 

amplitude ratio, Ψ, and the phase difference, Δ, as depicted in Equation 1.[194] 
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Figure 30: Illustrated representation of the experimental set up used in ellipsometry measurements 

 

 

Eq. 1    ρ =  
rp

rs
=  tan(Ψ)ei∆   

 
As ellipsometry is an indirect method, the measured parameter such as Ψ and Δ cannot 

be converted directly into a thickness measurement for the sample. Therefore, a model is 

required which is able to take into account the refractive index and thickness parameters 

of all layers forming the sample. By using the model and by applying an iterative 

procedure (least−squares minimisation) the unknown optical constants and/or thickness 

parameters are varied, and Ψ and Δ values are calculated using the Fresnel equations. 

The calculated Ψ and Δ values which best match the experimental data are used to 

provide the optical constants and thickness parameters of the sample. The self-

assembled monolayers (SAMs) thickness value is based on the model of Air/SAM/Solid in 

which SAMs are assume to be defect free (homogenous) and with a refractive index of 

1.51. This model is based on the Cauchy equation, which considers the SAMs as a 

transparent layer.[198]  
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2.3 Contact angle goniometry 

A contact angle goniometer measures the static and dynamic contact angle of a drop of 

solvent on a surface. Contact angle is defined as the angle formed at the intersection 

between the boundaries of the solid liquid interface and the liquid vapour interface 

(Figure 31). The technique can be traced back to the to the early 17th century, however 

the origin of the technique in its modern form can be pinned down a publication by 

Thomas Young in 1805, where he correctly identified the forces acting on a sessile liquid 

drop on a solid surface.[199] 

Contact angle measurement, although simple to conduct, can be useful to probe the 

properties of surfaces and modified surfaces, such as SAMs.[200] Furthermore, the 

assessment of the contact angles can be used to infer other, more difficult to measure, 

surface properties.[201]  

The general set up of a contact angle goniometer consists of a syringe filled with a solvent 

(e.g. water), a fibre optic capable for illuminating the surface and a charge-coupled device 

(CCD) camera connected to a computer for analysis. The solvent is added as a droplet 

onto the surface for contact angle measurements.[202] 

 

Figure 31: A liquid drop on a solid surface forming a contact angle. 

The contact angle (θ) is formed at a point of contact between the solid, liquid and vapour 

phases. The angle is the tangent measured at the three phase contact point, as shown in 
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figure 31. The contact angle is governed by Young’s Equation (Equation 2) where γSL is 

the free energy of solid surface in contact with liquid, γLV is the free energy of the liquid-

vapour interface and γSV is the free energy between the solid and the vapour. [200, 201] 

Eq. 2    γSL + γLVcosθ = γSV   

When a water droplet is in contact with a hydrophilic surface, the water spreads onto the 

surface to minimise free surface energy, which produces a low contact andgle (<30 °). In 

contrast, hydrophobic surfaces tend to have lower free surface energy and the water 

droplet does not spread onto the surface, therefore, producing a high contact angle 

(>100 °) as shown in Figure 32. 

 

Figure 32: A liquid drop on a solid surface forming a contact angle on a) a hydrophilic surface and b) a 

hydrophobic surface.  

The contact angle is measured by a free standing drop of a liquid on the surface, known 

as static contact angle (no syringe) or measured by a captive drop of liquid known as 

dynamic contact angle (with syringe) (Figure 33). All contact angles discussed in this 

thesis were measured using the captive drop technique. The dynamic contact angle is 

measured by adding and withdrawing water through the needle, where the addition of 

water produces the advancing contact angle (θa) and the withdrawal of water produces 

the receding contact angle (θr). 
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Figure 33: An illustrated representation of advancing and receding contact angles when water is 

added to or withdrawal from the surface. 

The difference between the advancing and receding contact angles is known as the 

contact angle hysteresis (Δθ = θa-θr). A small hysteresis (greater than ~ 5 °-10 °) 

indicates a homogenous, well ordered and crystalline SAM, whereas a large hysteresis 

suggests the surface is contaminated, non-homogenous and/or relatively rough.[201] 

2.4 X-Ray Photoelectron Spectroscopy  

X-Ray photo electron spectroscopy (XPS) is a technique which is able to provide both 

qualitative and quantitative information about the compounds present within a 

sample.[203] It a based upon the photoelectric effect; an x-ray photon is used to induce 

the ejection of an electron from either a tightly bound core level orbital or from more 

weakly bound valence and molecular orbitals from atoms within the sample, and the 

energy of the emitted photoelectrons is analysed by the spectrometer to produce a graph 

of intensity vs electron energy.[204] A schematic of the experimental set up is shown in 

Figure 34. 
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Figure 34: A schematic of  the experimental setup used for XPS analysis 

The raw data from the experiment is measured in units of electron kinetic energy. This 

value, however, is not absolute; it is dependent on the photon energy of the x-rays used. 

Therefore it is common place for the kinetic energy values to be converted into a value 

known as binding energy (BE), which is given by the following equation; 

Eq. 3    𝐸B = ℎ𝑣 − 𝐸K − 𝑊 

Where hv is the photon energy, EK is the kinetic energy of the electron, and W is the 

spectrometer work function. As all the values are known or measureable, it is simple 

matter to calculate the binding energy of the electron.[205] 

The spectra produced by XPS analysis can be thought of as a reproduction of the 

electronic configuration of the element being analysed, with the electronic radius 

extending out with the growing kinetic energy, or conversely with decreasing binding 

energy. The well-defined peaks observed are caused by electrons which are able to 

escape the pull of the atomic nuclei without loss of energy, while ejected electrons which 

are inhibited in their escape by inelastic scattering produce the broad and decaying signal 
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observed between the sharp peaks due to the loss of energy caused by such 

interactions.[206] 

By its nature XPS, is best suited to the analysis of surfaces and surface structures such 

as SAMs and thin films.[203] This effect is due to two factors; firstly the energy of photons 

generated by typical x-ray sources are able to penetrate only a short distance into the 

bulk of the sample in the order of 1 µm, therefore most generated photoelectrons will 

originate near or at the surface of the sample. Secondly, generated photoelectrons at or 

close to the surface have a much greater probability of leaving the solid without energy 

loss than photoelectrons generated from within the bulk of the sample.[207] Taken 

together, such factors result in XPS being useful for characterisation of materials within 10 

nm of the sample surface.[206] 

Due to the ease at which low energy electrons can be scattered by other particles such as 

gasses, there is a requirement for XPS systems to be operated under ultra-high vacuum 

(UHV) conditions, where pressures of 10-8 to 10-10 mbar. Loss of vacuum will result in a 

decrease in the total intensity of the spectra will decrease while the noise spectra will 

increase. An important consideration for experimental design is the samples ability to 

conduct; if the sample is insulating there is the requirement for methods of charge 

compensation.[208] Due to the ejection of electrons, if the sample is insulating, there will 

be a build-up of positive charge on the sample surface. This issue is most severe in the 

case of highly focused monochromic X-ray sources, which can produce localised regions 

of highly differential charge, which in turn can broaden and distort specta. [206] To avoid 

this problem the sample can be earthed with a conducting material or the positive charge 

can be mitigated by the use of a ‘flood-gun’ which provides a source of low energy 

electrons to neutralise any differential in surface charge.[205] 

Using most common x-ray sources, XPS spectra containing signals from at least one core 

level for each element may be observed, with the exception of Hydrogen and Helium. 
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Furthermore, the binding energies of the signal peaks on the are generally distinct enough 

to permit the identification of the signal, although for a small number of elements there 

can be overlap between signal peak which can prove problematic. This is especially the 

case for first row elements, as these compounds contain only the 1s level. For 

compounds with more complex electronic configurations, overlapping signals can be more 

easily resolved by considering the peaks for other orbitals.[206] 

Elemental analysis of a sample can therefore be achieved using a wide ‘survey’ scan, 

assuming appropriate resolution and signal: noise ratio. Furthermore, as the intensity of a 

peak is directly proportional to the density of atoms from which it is produced, XPS is 

inherently quantitative. Therefore, in a homogenous sample the relative atomic 

concentration of any chosen element, A, can be obtained from the following equation: 

Eq. 4     𝐶𝐴 =  

𝐼𝐴
𝑆𝐴

∑ (
𝐼𝑛
𝑆𝑛

)𝑛

 

Where CA is commonly expressed as the atomic % of all elements determined, excluding 

hydrogen, and Sn is the relevant sensitivity factor for each element.[209] 

In addition to elemental composition, XPS data can reveal information about the chemical 

environment inhabited by atoms. Such insight can be provided as although the core-level 

binding energy of elements are unique enough to allow elemental identification, they are 

not fixed values; the same atom in different chemical can give rise to distinct core level 

signal components. Such relative shifts in the BE, known as chemical shifts, are, in 

molecular solids, influenced primarily by the electronegativity of surrounding atoms.[207] 

Although a rather simplified view, in general atoms adjacent to strongly electronegative 

atoms will exhibit an increase in signal BE. However, the magnitude of chemical shifts for 

any element is actually quite small, typically less than 10 eV.[206] Since peak widths are 

in the order of 1 eV, discrete signals due to chemical shifts are not always observed. This 

can lead to the need to engage in curve fitting to de-convolute the contributions made by 
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over lapping chemical shift signals. An example of such fitting can be seen, along with 

assignments for each signal, in figure 35. 

An additional effect which should also be recognised when interpreting chemical shifts is 

the appearance of additional peaks due to the reorganisation of the electronic 

configuration caused by the ejection of core level electrons. To the valence electrons, 

such photo emissions are equivalent to an increase in nuclear charge. This results in the 

major reorganisation of valence electrons, and can lead to a final state in which a valence 

electron is promoted to a higher unfilled level. However, as the energy required for this 

transition is not available to the primary photoelectron, this is a two electron process, 

producing a discrete structures at the higher BE side of the primary peak.[206] 

 

Figure 35: Examples of a high resolution spectra of the nitrogen region for the nitrogen doped 

graphene. As indicated on the spectra, nitrogen atoms in different chemical environments produce 

distinct signals in the spectra which are proportional to their relative abundance. [210] 

2.5 Surface Plasmon Resonance  

The phenomenon of surface plasmon resonance was first observed by Woods in 1902, 

when during experiments with metal-backed diffraction gratings, Transverse Magnetic 

(TM) polarised light was shone through such a grating, he noted the appearance of 

unusual dark bands in the reflected light (Figure 36). Interestingly this effect only 
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appeared with TM polarised light, and only if the light’s electric vector was at right angles 

to the grating ruling. [211-213] 

 

Figure 36: An example of the Wood’s anomalies observed in the reflection spectra of diffraction 

gratings.[214] 

Wood’s observations of these bands, now referred to as Wood’s anomalies, were 

examined by several of his contemporaries, including Lord Rayleigh, one of the early 

pioneers of the theory of diffraction gratings.[213] However, despite the efforts of several 

scholars, a satisfactory explanation for these anomalies was not reached until 1941 when 

Fano correctly identified their source as the resonant excitation of surface electro-

magnetic waves, and it was not until 1968 that the experimental excitation of surface 

plasmons was demonstrated by Otto, Kretschemann and Raether. Due to its versatility, 

the experimental setup used by latter is still is use to this day in commercially available 

SPR instruments. [213, 214] 

Surface plasmon resonance is a charge-density oscillation that may exist at the interface 

of two media with dielectric constants of opposite signs, for example, a metal and a 

dielectric. The charge density wave is associated with an electromagnetic wave, the field 

vectors of which reach their maxima at the interface and decay into both media.[211] 

There are several approaches that all result in the dispersion relation for a surface 

plasmon, that is, a relationship between the angular frequency, ω, and the wave vector, k. 

For any interface between two media, the complex reflection coefficient, rp , for p-

polarized incident light electric field is described by Fresnel’s equations, where Ei and Er 
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are the incident and reflected electric fields, respectively, and the angles α and β are 

defined as the angle of incidence and refraction, respectively, as shown in Equation 

5.[213] 

Eq. 5    𝑟p =
𝐸i

𝐸r
=  |

tan (α−β)

tan (α+β
| 𝑒𝑖𝜑 

The angles α and β are related by Snell’s law and  in addition, a phase change j of the 

reflected field relative to the incident field occurs, depending on the refractive indices of 

the materials involved. For the reflectance, Rp, defined as the ratio of the reflected 

intensities, the following relationship holds, as shown in Equation 6. 

Eq. 6    𝑅p = |𝑟p|
2

  

These relationships lead to two circumstances where interesting phenomena become 

apparent: if α+β= π/2, then the denominator of Equation 5 becomes very large and as a 

result reflectance becomes zero. This situation describes the Brewster angle, where there 

is no reflection for p-polarized light. The other special case occurs when α-β= π/2- here 

reflectance becomes infinite as there is a large Er for a very small Ei. This circumstance 

corresponds to resonance, and is the effect that is exploited to produce SPR sensor 

systems. However, this effect cannot be immediately utilised as the wave vector and 

angular frequency cannot be matched appropriately with ‘normal’ light to cause resonance 

of surface plasmons.[213] 

Fortunately, optical excitation of the surface plasmon can be achieved in the so-called 

Kretschmann configuration, where p-polarised, light beam undergoes total internal 

reflection through a prism, at a glass/thin-metal-film/dielectric interface, as depicted in 

figure 37d) . Here, the two interfaces require two dispersion equations- one for each 

interface. It can be observed that the line representing the dispersion relation for ‘normal’ 

light in medium 1 (line b) intersects the SP dispersion line for the metal/medium 3 
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interface. This indicates that light incident from medium 1 can achieve the required wave 

vector to produce resonance with the surface plasmons. Therefore by proper adjustment 

of the incoming angle α (Figure 37d), we can tune the incoming wave vector to match the 

wave vector necessary for SP excitation. In this way, any wave vector between the two 

lines in figure X a and b in Figure 37, can be set. As an example, one such line, labelled 

c, is indicated.[213] 

The angle at which the resonance occurs is extremely sensitive to any change in the 

refractive index of the medium adjacent to the metal surface, which in the case of 

biosensors is typically the buffer system. Such changes can be monitored by recording 

intensity of reflected light when the system goes out of resonance, for example when 

addition molecules are adsorbed onto the environment next to the surface.[212] 

 

Figure 37 Dispersion relation for surface plasmons. Curves I and II represent the surface plasmon 

dispersion for the interfaces ε3/εm and ε1/εm, respectively. The lines a and b are the dispersion 

relations for ‘normal’ light in medium ε1 and ε3, respectively, which are dependent on the angle of 

incidence a in the experimental setup as indicated in the inset. By varying a, any line c between the 

lines a and b can be realized. [213] 
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In order to demonstrate how these effects produce an effective sensor for molecular 

interactions, a situation can be imagined where molecules, such as proteins, are allowed 

to adsorb to the water/metal interface. This process can be imagined as an event where 

water molecules in the environment close to the metal suface are replaced by protein 

molecules. Because, generally, the refractive indices (and consequentially the dielectric 

constants) for the protein will be different to the water, the average dielectric constant 

close to the interface will change, which produces a change of the wavevector kx required 

to achieve resonance which can be monitored by the SPR instrument. In addition, as the 

surface plasmon field is evanescent in the direction perpendicular to the interface, a 

change of the dielectric constant e2 is only detectable in surface plasmon characteristics if 

this change occurs within the penetration depth of the field. Consequently, an SPR sensor 

will only be sensitive to adsorption events which occur at a distance to the metal surface 

that is roughly half the wavelength of the used light.[215] 

We now understand that an essential requirement for the production of an SPR signal is 

the presence of free electrons at the interface between two materials. In practice this 

essentially means that one of the materials must be a metal, where free conduction 

electrons are abundant. However, in the case of SPR spectrometry, the second material 

must be a dielectric, such as aqueous buffer.[211] In this case, due to the properties of 

the metal (its large plasma frequency) the wave vector of the light required will be beyond 

the properties of visible light radiation, leading to an inability for such radiation to induce 

resonant excitement of the surface plasmons in the sample. One method (commonly 

known as the Kretschmann configuration or attenuated total reflection) to produce larger 

wave vectors using visible light is to launch a wave inside a second dielectric medium with 

an incidence angle greater than the critical angle. This third medium is often a glass 

prism, as shown in Figure 38.[215] The wave is totally internally reflected and has a wave 

vector property which is high enough to couple with surface plasmons, which  allows the 

generation of an evanescent wave on the other side of the interface, in the metal layer 
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and out into the sample. An additional advantage of this arrangement is that the total 

internal reflection of the light can be used to detect the angle at which the resonance 

occurs and monitor change in this angle bought about by changes in the resonant 

properties of the surface plasmons.[216] 

 

Figure 38: Schematic of the Kretschmann configuration commonly used in SPR biosensors. [215]  

Prism couplers represent the most frequently used method for optical excitation of surface 

plasmons. In the Kretschmann configuration of the attenuated total reflection method, a 

light wave passes through a high refractive index prism and is totally reflected at the base 

of the prism, generating an evanescent wave penetrating a thin metal film. The 

evanescent wave propagates along the interface with the propagation constant, which 

can be adjusted to match that of the surface plasmon by controlling the angle of 

incidence. Thus, the matching condition can be fulfilled, allowing the evanescent wave to 

be coupled to the surface plasmon.  

2.6 SPR Biosensors 

SPR spectroscopy has become a commonly used system for the development of label 

free sensor systems. In general, and in the case of SPR spectroscopy, the second 

material will be a dielectric, i.e. the sample (e.g. a self-assembled monolayer) and 

surrounding buffer. Typically for biosensor applications, the materials will be gold and an 

aqueous buffer, and with a light source of wave length 700 nm, this will produce a wave 
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which is able to penetrate each gold and water/buffer to depths of 26 nm and 238 nm 

respectively.[213] Therefore changes in the refractive indices of the materials within the 

scope of the evanescent wave will have an effect on the resonance property of the 

Plasmon wave. In the case of a sensor, if the content of the buffer close to the surface is 

altered, such as by the adsorption of a protein molecule, the refractive index of the 

material proximal to the surface will change. As a result the properties of the light, the 

angle required to produce the resonance will also change. It is this phenomenon which is 

monitored by SPR spectrometers.[217] Thus, a surface immersed in a solution into which 

a surface active molecule can be injected can be monitored by SPR to reveal the 

characteristics of adsorption events. 

 

Figure 39: a) Illustration of the the experimental set up for an SPR instrument. b) representation of 

how changes in the resonances frequency of the reflected light is tracked to produce the SPR plot.  

SPR systems can be further divided into three sub-groups, depending on the methods 

used to monitor change in the refractive index of the surface: fan-shaped beam, fixed 

angle and angle scanning instruments. Results described in this thesis are obtained using 

a) b) 
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the fan-shaped beam system, and a general schematic of the instrumental setup is shown 

in Figure 39a. Therefore, this system is described in greater detail. 

In a fan-shaped beam instrument, a converging or diverging beam of p-polarised light is 

coupled to the higher refractive index medium (sensor chip) using a cylindrical or 

triangular prism. In a converging beam fan-shaped instrument, the beam focuses on a 

very narrow line on the sensor chip, whereas the diverging fan-shaped beam focuses on 

a large area on the sensor chip. A photodiode array detector is used to detect the 

reflected diverging beam with the SPR dip as shown in Figure 39b.[213] 

Commonly the change in the resonance angle is plotted against time to produce a 

sensorgram, such as the one shown in Figure 40.  The typical SPR experiment is 

performed as a cycle. The first part of this cycle is the setting of a stable baseline by 

flowing buffer over the surface. This is then followed by an injection of the analyte (in the 

same buffer) over the surface. As this injection proceeds, binding events are monitored by 

the change in SPR response. Once the injection is complete, buffer is once again passed 

over the surface, and a dissociation phase is produced as bound analyte is removed from 

the surface. The surface is then re-conditioned using a regeneration solution to remove 

any analyte which remain on the surface following the dissociation phase. The 

regeneration returns the SPR response to its original value and experiment can be 

repeated. The complete sequence is shown in figure 41.  
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Figure 40: The steps commonly involved in an SPR experiment. Following the establishment of a 

baseline, injection of analyte produces the association phase. Once the injection is completed, buffer 

is once again flowed over the surface, leading to the dissociation of bound analyte. Finally the surface 

is regenerated before a baseline is re-established and the sequence may be repeated.  

 

2.7 Cyclic Voltammetry  

The earliest examples of cyclic voltammetry can be traced back to the 1980’s, with 

examples of being published by Armstrong-James et al as early as 1981. Although the 

presentation of data is different when compared to contemporary methods, the essential 

details of the experiment are present.[218] Later this technique was used by Millar and 

co-workers to quantify biologically relevant compounds, primarily for neuroscience 

research applications.[219]  

The typical cyclic voltammetry experiment involves applying a potential to a working 

electrode which changes over time. Over the course of the experiment the potential is 

swept reversibly between E1 and E2, resulting in a triangular potential cycle as shown in 

Figure 41.[220] 
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Figure 41: The wave form of the potential applied to the working electrode over the course of a cyclic 

voltammetry experiment.  

Over the course of the experiment, a graph is produced demonstrating the current flowing 

through the working electrode as a function of potential. This plot is known as a 

‘voltammogram’ and an example of such as plot, for a single electron process, is shown in 

figure 16. The cyclic voltammogram produced can be used to detail a wide range of 

information about the electrochemical behaviour of the surface.[221] The peaks observed 

are due the oxidation and reduction of compounds being examined, as shown in 

Equation 7.  

Eq. 7   a) Oxidation   A
-
 A + e

-
 

b) Reduction  A + e
-
  A

- 

As the potential is swept, either the oxidation or reduction reaction is driven, producing the 

currents observed in the voltammogram due to the acceptance or liberation of electrons to 

or from the working electrode. In this example, it is assumed that the solution contains 

only a single electrochemical reactant. In the voltammogram displayed in Figure 42, the 

potential applied (V1) is initially positive to ensure that the species of interest are 

completely oxidised as the experiment commences (A). The potential, V1, is then swept 

from the initial voltage to lower values, until the the lower limit of the potentials to be 

examined is reached. During this processes, as the reduction potential (−Vred
p) of A is 

approached, the current will increase until a maximum value (−ired
p) is observed depicting 
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the reduction of A to A−. following this peak, the current will be observed to reduce as the 

concentration of A is depleted close to the electrode surface (V2), thus reducing the rate 

of electron transfer. 

 

Figure 42: A typical voltammogram produced by cyclic voltammetry. See text for detailed discussion.  

If the electrochemical process being investigated is chemically reversible,  when the 

applied potential sweep is reversed, it will reach a potential (Vox
p) that will re-oxidise A−

 to 

A, producing a current of reverse polarity from the forward scan (iox
p) caused by the 

transfer of electrons back from the electroactive species to the working electrode. 

Typically, this oxidation peak will have a comparable shape to the reduction peak. As a 

result, information about the redox potential and electrochemical reaction rates of the 

compounds is obtained.[221] 
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CHAPTER 3: GLUCOSE SELECTIVE SPR-
BASED BIS-BORONIC ACID SURFACE 

SENSOR 

This chapter is based on the manuscript “Glucose selective Surface Plasmon Resonance-
based bis-boronic acid sensor” Stephenson-Brown, A. Wang, H. C. Iqbal, P. Preece, J. A. 

Long, Y. Fossey, J. S. James, T. D. Mendes, P. M. Analyst, 2013, 138, 7140-7145 

 
Saccharides – a versatile class of biologically important molecules – are involved in a 

variety of physiological and pathological processes, but their detection and quantification 

is challenging. Herein, we describe the fabrication of a glucose selective surface sensor. 

This sensor employs self-assembled monolayers on gold generated from a bis-boronic 

acid bearing a thioctic acid moiety, whose intramolecular distance between the boronic 

acid moieties is well defined. Using surface plasmon resonance, we are able to reveal this 

surface demonstrates a higher affinity towards glucose than other saccharides probed, 

namely D-galactose, D-fructose and D-mannose. 
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3.1 Introduction 

Carbohydrates play a vital role in a great number of varied and functionally diverse 

biological processes ranging from cellular recognition to respiratory metabolism 

(Figure 43). The monosaccharide glucose is a universal nutrient preferred by most 

organisms and serves fundamental roles in energy supply, carbon storage, biosynthesis 

and cell wall formation.[222-224] However, in humans, the aberrant control of glucose 

metabolism leads to the condition of diabetes mellitus, a chronic and potentially 

debilitating disease, which is estimated to affect 2.8% of the global population- a figure 

expected to rise to 4.4% by 2030.[17] Delayed detection and poor control of blood 

glucose in sufferers is correlated with poor clinical outcomes and increased risk of co-

morbidities. Thus; to reduce complications, improve patient management and quality of 

life; the sensitive, timely and selective methods of glucose measurement are required to 

improve diagnosis and management of disease. 

Carbohydrates

Metabolism

Cellular 
recognition

DNA

Mechanical 
structure 

Energy storage

SurfactantsImmunity

Modulation of 
protein function

 

Figure 43: The varied and central role played by carbohydrates in living systems. Carbohydrates are 

involved in fundamental processes such as energy and information storage, recognition and 

immunity, and mechanical applications such as cell wall formation and maintenance of structural 

integrity in their roles as surfactants.  
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Despite quantitative analysis and detection of saccharides and saccharides-containing 

biomolecules being of paramount importance, reliable and accurate non-enzymatic 

sensors are not widely available.[225] The development of convenient, rapid and precise 

glucose monitoring systems has been studied extensively. The majority of clinically 

applicable glucose sensors used today are enzyme based and utilise glucose oxidase to 

catalyse the transformation of glucose to gluconolactone, producing H2O2 as a co-

product.[226] This reaction has been exploited by several detection strategies, including 

electrochemical peroxide measurement where, at a constant voltage, the current 

generated across the electrochemical cell is proportional to the concentration of hydrogen 

peroxide, which is in turn proportional to the glucose.[11] Other methods used have 

included monitoring changes in mechanical and optical properties of polyelectrolyte gels 

induced by glucose oxidation, and subsequent changes produced in the gels ionic 

environment.[227, 228]  

Despite their widespread use, enzyme-based sensor systems for glucose often suffer 

from a number of limitations. Notably, they result in the consumption of the analyte of 

interest from samples, can be dependent on local oxygen concentrations and, like all 

proteins, are poorly heat stable and prone to reduced activity over time owing to loss of 

functional enzyme due to denaturation.[229] Due to these limitations, there is a drive 

towards non-protein dependent systems, which harbour the potential for vast 

improvements to current glucose monitoring technologies.[230]  

One group of compounds which is well suited to this challenge is boronic acids, which are 

able to readily and reversibly form cyclic boronate esters with diols in aqueous basic 

media (Scheme 2). [59-64] Since saccharides contain 1,2- and 1,3-diol units, they provide 

an ideal structural framework for binding to boronic acids.[231] It is this property which in 

recent years has led to a growing interest in the development of detection and sensor 
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systems that employ boronic acid groups as “synthetic lectins”.[60, 225, 232-236] The 

most favoured class of boronic acid-based sensors utilise an amine group proximal to a 

phenylboronic acid group, in which the Lewis acid–Lewis base interaction between the 

boronic acid and the tertiary amine enables the formation of boronate esters to proceed at 

neutral pH.[61, 62, 235] However, interactions between phenylboronic acids and 

saccharides are generally of limited selectivity and typically display a high affinity for 

fructose over other monosaccharides.[64, 237]  

 

Scheme 2 The overall interaction between boronic acids and diols. 

The difficulty posed by the selective identification of monosaccharides becomes more 

obvious when their structures are examined. The chemical structures of the 

monosaccharides fructose, glucose, mannose and galactose are shown in Figure 44. 

Inspection of these structures leads to the realisation that, in fact, all these compounds 

are simply isomers of each other; each molecule containing  the same chemical 

functionalities; 6 carbons, 5 hydroxyl groups and 1 carboxyl group.  Glucose, mannose 

and galactose all contain a terminal carboxyl group, leading to them being termed aldoses 

due to this aldehyde group. In contrast, fructose contains an internal carboxyl (ketone) 

group, and thus is known as a ketose. The structures of glucose, mannose and galactose 

differ only in the position of the hydroxyl groups in the molecules, thus these compounds 

are known as diastereoisomers.[6] 
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Figure 44: The chemical structures of the monosaccharides using in this investigation. 

In addition to the open chain form, monosaccharides are able to form one of four ring 

structures,(α-pyranose, β-pyranose, α-furanose, and β-furanose). The distribution of these 

structural forms in solution is in dynamic equilibrium: Cleavage of the hemiacetal ring 

causes interconversion between the pyranose and furanose ring forms, via an acyclic 

intermediate. [11] This process, termed mutarotation, can occur over a time scale of 

minutes and leads to a mixture of five forms. The distribution frequency of each form is 

typical for each monosaccharaide species. This non-uniform distribution is thought to 

partially explain the differences observed in the affinities of boronic acids to different 

monosaccharide species, for example an increased affinity to monosaccharides which 

display a preference to the furanose forms, such as fructose (Table 2). [5] 

Saccharide (Structure) Relative percentage (%) Kobs(dm
3
 mol

-1)
 

D-glucose (β-D- glucofuranose) 0.14 110 

D-mannose (β-D- mannofuranose) 0.3 170 

D-galactose (α-D- galactofuranose) 2.5 280 

D-arabinose (β-D- arabinofuranose) 2 340 

D-fructose (β-D- fructofuranose) 25 4400 

  

Table 2  Relative abundances of the furanose form and stability constants observed with 

phenylboronic acid for a selection monosaccharides. One can observe that as the abundance of the 

furanose form increases, so does the stability of complexes formed between the monosaccharides 

and phenylboronic acid[11] 
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The large proportion of fructose in the furanose form goes some way in to explaining the 

high affinity for fructose displayed by boronic acids. However, despite this preference for 

fructose, it has been demonstrated that by employing two intramolecular phenylboronic 

acid receptor units, selectivity in favour of other monosaccharides may be achieved.[77]  

 

Figure 45: The structure of the modular bis-boronic acid sensor compound. The length of the carbon 

linker can easily be controlled. 

By using a modular design (Figure 45), it is possible to control the length of the carbon 

chain used to link the two boronic acid units, making it possible to optimise the saccharide 

selectively. Using such techniques it has been demonstrated that glucose selectivity may 

be achieved using a six carbon linker unit (Figure 12).[79] 

The mechanism of the selectivity towards glucose was therefore demonstrated to be due 

to the ability of the bis-boronic acid (bis-BA) binding motifs to form complexes using 

multiple sets of diols present on a single glucose molecule forming stable cyclic 1:1 

complexes, such as those shown in Figure 46a. This mechanism of binding results in the 

glucose complex displaying a higher stability than other saccharides such as fructose, 

galactose and mannose.[61, 238]  Additionally, there have been investigations, using a 

closely related sensor compound, which suggest that the exact mechanism of this 

interaction is further complicated by a transformation of the bound glucose to its furanose 

ring form resulting in binding occurring between all five glucose hydroxyl groups (Figure 

46b). The speed of this effect is affected by solvent conditions, but is observed to occur 

almost instantly in the presence of water. [239] 
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Figure 46: The proposed transformation of glucose from the pyranose form to the furanose form, 

upon binding to the bis-boronic acid compound shown. [239] 

3.1.1 Our approach 

While investigations such as those outlined in the previous section have been incredibly 

useful to provide insight into the mechanisms at work, such sensors have some limitations 

which hinder their application. One of the most problematic aspects of the molecular 

structures which make up these sensors is their solubility- The large aromatic structures 

present in such molecules, while elegant in their ability to provide fluorophores, mean that 

the sensors are poorly soluble in aqueous conditions. Furthermore, when in the solution 

phase, it is difficult to recover the sensor compound following analysis. 

In order to facilitate the development of a surface sensor system, the modular bis-boronic 

acid (bis-BA) sensor was adapted to contain a disulphide group, to allow surface 

attachment (Figure 47). The design and synthesis of this compound was carried out by 

collaborators in the group of Prof. Tony James at the University of Bath.  Details of the 

synthesis of this compound, including characterisation, can be found in a  recent 

publication by Wang et al.[240] 

a) b) 
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Figure 47: The bis-BA molecule. The two boronic acid groups are separated by a six carbon linker, 

which should favour glucose interactions. The molecule also contains a disulphide group to allow 

surface attachment.  

This chapter will describe the design and fabrication of a glucose selective surface 

sensor, using the aforementioned bis-BA species as the glucose binding unit. The 

strategy employed takes advantage of the principle of self-assembly to form the sensor 

surface and can successfully monitor binding events with the need for labelled analytes 

by employing surface plasmon resonance (SPR) spectroscopy to detect and measure the 

relative binding of analyte to the surface.  

3.1.1 Motivation for Label Free Detection  

In order for a sensor system to be useful in ‘real world’ scenarios, it is desirable that it is 

able to function without the need for labelled targets to be produced. The modular bis-

boronic acid was designed to function as a fluorescent sensor; binding of diols to the 

boronic acids groups results in increased fluorescence.[79] Unfortunately, such a strategy 

could not be used with surfaces such as gold due to its optical absorption of 

electromagnetic energy over the both the excitation and emission wavelengths of the 

fluorophore.[241]  However, there are a number of technologies which are well suited to 

the production of surface sensors and able to monitor molecular interactions. One such 

technology is SPR spectroscopy.   
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3.2 Sensor Surface Design 

Although in solution, previous works have demonstrated that the bis-boronic acid binding 

site is able to selectively bind glucose, surface attachment of the group can lead to 

undesirable effects such as steric hindrances.[242]  Fortunately, by employing co-

surfactants to act as spacers such problems can be minimised.[243] In addition, by 

careful choice of co-surfactant, it is possible to produce surfaces which have properties 

more suited for aqueous biological sample types, and should avoid the need for the use of 

other solvents such as methanol, as has been previously described for this type of 

sensor.[238] Therefore we chose to use a tri(ethylene glycol)-terminated thiol (TEGT) 

compound for use as a co-surfactant (Figure 48). TEGT has been previously 

demonstrated to be suitable to space out surface components to reduce steric hindrance 

and also inhibit the non-specific binding of proteins to modified surfaces.[130]  

 

Figure 48: The structure of the TEGT molecule.  

The functional sensing surface was fabricated by formation of a two-component, mixed 

SAM on a gold surface (Figure 49a). One of the components of the SAM is the previously 

described bis-BA derivative (separated by a six-carbon linker) which now bears a thioctic 

acid appended unit for binding to the gold surface.[231]  A TEGT, described previously, 

was used as the second SAM component to ensure adequate separation between 

adjacent bis-BA on the surface, and eliminate the possibility of neighbouring boronic acid 

groups inhibiting saccharide binding or selectivity.[130] In addition a control surface was 

also produced in the same manner but with a non-active compound (diamine) in place of 

the bis-BA (Figure 49b). The control molecule was structurally similar to the bis-BA 

molecule except for the absence of the phenylboronic acid moieties.  
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Figure 49: a) Two-component, mixed SAM formed from a bis-BA derivative and a TEGT-terminated  

thiol. b) A control surface produced from a two-component mixed SAM, of diamine and TEGT 

molecules. The diamine compound lacks the phenylboronic acid moieties but otherwise has the same 

structural back bone. 

3.3 Results and discussion 

3.3.1 Kinetics of SAM formation 

3.3.1.1 Contact angle  

In order to produce the desired surfaces, the first step was to investigate the kinetics of 

SAM formation using both the TEGT and the bis-BA surfactants individually. This was 

accomplished by conducting contact angle and ellipsometry at various time points over a 

48 hour period.  In order to form the SAMs at the indicated time intervals cleaned gold 

substrates were placed in methanolic solutions of each surfactant for the specified time. 

Gold chips were cleaned by immersion in piranha solution for 10 minutes, before being 

rinsed with liberal amounts of water for 1 minute, and then rinsed with HPLC grade 

methanol for a further minute. Following immersion in the SAM solution for the specified 

time, the chips were removed and rinsed with pure HPLC grade methanol, to ‘quench’ the 

SAM formation. Dried samples were then analysed by contact angle and ellipsometry. 

The results of these investigations are presented in Figure 50. 

a) b) 
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Figure 50: Kinetics of SAM formation, investigated by water contact angle on a) bis-BA SAMs and b) 

TEGT SAMs. Formation kinetics were monitored over the following time points; 0.5, 1, 2, 4, 6, 12, 24 

and 48 hours. Measurements were taken in triplicate, error bars indicate standard deviations from the 

mean. 

The results obtained are consistent with a full monolayer being formed after around 24 

hours of incubation for bis-BA (Figure 50a), and after 4 hours of incubation for TEGT 

monolayers (Figure 50b).  The data suggests that SAM formation for the bis-BA molecule 

proceeds at a slower rate than for the TEGT.  

Inspection of the advancing contact angle reveals that bis-BA SAM reaches a maximum 

contact relatively quickly indicating that adsorption of bis-BA surfactant occurs in a short 

time. The processes of SAM formation can be investigated further by examination of the 

hysteresis between the advancing and receding measurements- a large hysteresis is 

considered a sign of SAM disorder.[244] It can be seen that over a 24 hour period, the 

receding contact angle increase while the advancing contact angle remains relatively 

constant. The net result is a decrease in hysteresis, consistent with an increase in order 

of the SAM, which finally falls to around 5° after 24 hours. This distinct two- phase SAM 

formation is in agreement with literature on the mechanism of SAM formation. [100, 101] 

A similar effect is observed for TEGT SAMs; the advancing contact angles quickly reach a 

static value, while receding angles take longer to become consistent. The pattern of 
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formation is similar, however, the time taken for this to happen is considerably shorter for 

the TEGT SAM. This observation is likely due to the more complex, bulkier structure of 

the bis-BA compound, which will act to increase steric hindrance on the surface resulting 

in a longer period of disorder before the SAM structure becomes stable. In contrast, the 

relatively simple structure of TEGT should lead to reduced hindrances and therefore an 

increased rate of adsorption and surface organisation.  

3.3.1.2 Ellipsometry  

Ellipsometry measurements appear to support the conclusions drawn from the contact 

angle investigations. For TEGT a steady film thickness is reached within 2 hours while the 

thickness of bis-BA monolayers remains unstable until 4 hours, when it begins to stabilise 

(Figure 51a and 51b). The larger error associated with these measurements may be due 

to a large degree of heterogeneity present on the surface. This hypothesis would appear 

to be in consensus with the observed contact angle data. The measurements also 

demonstrate that there is no formation of double layers which can be a potential pitfall for 

SAMs with hydrogen bonding groups.[245] The pattern of change in the measured 

thickness of each SAM can be attributed to the time-dependant changes in the 

organisation of the adsorbed molecules These observed changes are in good agreement 

with the result of our own contact investigations and there are reports of similar 

phenomena in the literature. [246] 

The final measured thicknesses of the surfaces, along with calculated theoretical values 

for each SAM type are outlined in Table 1. It is notable that the measured values are 

lower than the calculated values. However this is not surprising given the tilt observed for 

thiol SAMs on gold and the fact that the molecules are unlikely to adopt a completely 

stretched out conformation on the surface (for example, TEGT is known to adopt a non-

extended conformation). [247] In addition, a control surface was also produced using a 

‘diamine’ compound which was the same as the sensor compound but without the two 
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boronic acid groups (Figure 50). For the diamine molecule, similar results to bis-BA 

surface were observed. 

 

Figure 51: Kinetics of SAM formation ellipsometry data from a) bis-BA SAMs and b) TEGT SAMs . 

Formation kinetics were monitored over the following time points; 0.8, 0.5, 1, 2, 4, 6, 12, 24 and 48 

hours. Measurements were taken in triplicate. , error bars indicate standard deviations from the mean. 

 

3.3.2 Formation of Mixed SAMs 

Following contact angle and ellipsometric characterisation of the pure SAMs, studies were 

conducted to optimise a bis-BA:TEGT SAM ratio of 1:1 on the gold surface. This optimum 

ratio should enable maximum sugar binding capacity while avoiding steric hindrance from 

neighbouring bis-BA molecules in the SAM.[130] 

SAM 
Contact Angle (°) Thickness (nm) 

Advancing Receding Theoretical 
a 

Experimental 

Bis-BA 90.0 ± 2.5 83.3 ± 5.6 3.61 2.12 ± 0.12 

Diamine 85.4 ± 2.1 79.1 ± 3.2 3.61 2.35 ± 0.23 

TEGT 50.3 ± 1.8 47.1 ± 2.1 1.66 1.17 ± 0.11 

1:1 Bis-BA:TEGT 77.8 ± 1.5 64.2 ± 3.9 - 2.17 ± 0.35 

1:1 Diamine:TEGT 69.4 ± 0.7 60.4 ± 3.0 - 2.10 ± 0.34 

a 
Theoretical thickness was determined using ChemBio 3D Ultra 11.0 

Table 3 Advancing and receding water contact angles and ellipsometric thickness values for the 

different SAMs formed for 24 hours. 
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As reported in previous literature, when producing mixed SAMs, the ratio of two-

components in solution are rarely identical to those observed in the SAM, due to the 

preferential adsorption of one of the components.[237, 248, 249] Thus, systematic studies 

were carried out in order to understand how the ratios of SAM components in solution 

diverge from the ratios in the formed SAM. A simple method of quantifying this was to use 

the relationship proposed by Cassie[250] which relates the contact angle of a surface of 

mixed  composition to those of pure SAMs (Equation 8). 

Eq. 8   cos θAdv =x cos θAdv1 +y cos θAdv2   

Where θAdv is the water advancing contact angle on the mixed SAM, θAdv1 and θAdv2 are the 

contact angles related to the pure SAMs formed from bis-BA and TEGT, respectively, and 

x and y are their corresponding surface molar ratios (x+y=1). Contact angles measured 

on mixed SAMs formed from different solution concentration ratios of bis-BA and TEGT 

(1:1, 1:5, 1:10 and 1:40) suggest that the bis-BA and TEGT components are adsorbed at 

different rates. An examination of the calculated ratios demonstrates that with an 

equimolar concentration in solutions SAMs are formed with an excess of the bis-BA 

component on the surface. This suggests that the bis-BA compound is adsorbed in 

preference the TEGTs compounds (Figure 52). Indeed, this trend is observed across all 

the ratios investigated. 
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Figure 52 Water contact angles observed on mixed SAMs formed from various solution ratios.  The 

contact angles suggest that the bis-boronic acid compound is adsorbed in preference the TEGTs 

compounds. , Error bars indicate standard deviations from the mean. 

Using Equation 8, molar ratios (bis-BA:TEGT) in the SAMs of 3:1 3:2, 1:1 and 2:3 were 

obtained respectively and are presented in Table 3. These results indicated that in order 

to produce the desired 1:1 bis-BA:TEGT SAM a solution ratio of components in a 1:10 

ratio  (bis-BA:TEGT) is required.  

In order to ensure that the control surfaces were formed via the same dynamics, analysis 

of contact angles from pure diamine SAMs were examined along with SAMs formed from 

solution ratios of 1:10 (control :TEGT). The resulting mixed monolayers of the 

diamine:TEGT SAMs were found to have a contact angle of 77.8°. Using this data, 

calculations of the surface composition were conducted using the Cassie equation. 

Surfaces formed from a 1:10 control:TEGT solution were found to have a 1:1 surface 

ratio, suggesting that the mechanism of SAM formation is the same for both molecules 

despite the absence of the phenyl boronic acid groups  on the control compound.  
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Ratio of components in Solution 
(Boronic acid: TEGT) 

Calculated Ratio of components 
on surface (Boronic acid: TEGT) 

Pure Boronic Acid 1:0 

1 to 1 3:1 

1 to 5 3:2 

1 to 10 1:1 

1 to 40  1:2 

Pure TEGT  0:1 

Table 4 The calculated surface ratios of mixed SAMs formed from mixed solutions of bis-boronic acid 

and TEGT of known component ratio. The indicated surface ratios of SAM components were 

determined using the Cassie equation 

As shown in Table 4, and consistent with a mixed monolayer, the 1:1 bis-BA:TEGT and 

1:1 diamine:TEGT SAMs exhibited contact angle and thickness values between those of 

the pure monolayers. Furthermore, the heterogeneity of the surface due to the presence 

of both molecules, either bis-BA and TEGT or diamine and TEGT, has led to a greater 

contact angle hysteresis on the 1:1 mixed surfaces than on the pure monolayers.  

3.3.3 X-ray Photoelectron Spectroscopy (XPS) 

Following the characterisation of the surfaces using the ellipsometry and contact angle 

goniometry XPS was used to investigate the elemental composition of the surfaces.  XPS 

confirmed the formation of pure and mixed SAMs, showing expected signals from C (1s), 

O (1s), B (1s) and S (2p). High resolutions scans of the boron and nitrogen regions for 

each surface are presented in Figure 53, while sulphur and carbon spectra are presented 

in Figure 54. High-resolution scans of the N (1s) and B (1s) regions (Figure 53) confirm 

the presence of nitrogen and boron on the pure bis-BA SAMs and bis-BA:TEGT mixed 

SAMs. As expected, no boron peaks were observed in the mixed diamine:TEGT SAMs. 

XPS also confirmed the absence of nitrogen and boron on the pure TEGT SAM.  

For both a pure bis-BA SAM and bis-BA:TEGT mixed SAM, the B (1s) spectra display a 

peak at 192 eV, which is  consistent  with the values reported for other boronic acid 

derivatives.[251] The N (1s) spectra can be deconvoluted into two peaks, the first one, 
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centred at 400.2 eV, is characteristic of amide and amine moieties, while the second 

peak, centred at 402.0 eV, is attributed to protonated amino groups.[252, 253] This finding 

is not surprising given the structure of the bis-BA molecule. Previous studies have 

observed that the pyrene group is able to promote the protonation of the adjacent nitrogen 

groups.[254] In addition, the mildly acidic nature of the methanol used as a SAM solvent 

could facilitate the protonation of the bis-BA and diamine molecules observed.   

 

Figure 53 XPS Spectra of B (1s) and N (1s) from pure bis-BA: TEGT (green), diamine: TEGT (light 

blue), pure bis-BA (red), pure diamine (maroon)  and pure TEGT SAMs (navy blue). 
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With the XPS analysis, the ratio of bis-BA:TEGT and diamine:TEGT on the mixed SAM 

can be further calculated. By integrating the area of the S (2p) and N (1s) peaks for the 

mixed monolayers, a S:N ratio of 1:1 was obtained. Since both, the bis-BA molecule and 

the diamine compound, consist of 3 N atoms and 2 S atoms and TEGT has no N and 1 S 

atom only, a S:N ratio of 1:1 corresponds to a ratio of 1:1 of bis-BA: TEGT and 1:1 of 

diamine:TEGT on the mixed SAM. Thus, the surface ratio determined by XPS is in close 

agreement to that determined using the Cassie equation.  

Upon examination of the carbon spectra from the various surfaces it is also possible to 

observe differences between the different surfactants used. The TEGT SAM shows a 

major peak at 286.5 eV, with another considerably smaller peak at 284.6 eV. This pattern 

of splitting has been reported before with such compounds and can be explained due to 

the two carbon types in the TEGT molecules.[255] The carbons involved in ester bonds, 

C-O, are known to exhibit a higher binding energy and therefore can be assigned the 

peak at 246.5 eV, while the reaming peak at 264.6 eV can be assigned to the alkane, C-

C, carbons.[256] 

In contrast, the carbon spectra for the pure bis-BA SAM shows a major peak at 284.9eV. 

The major peak is the signal from carbon-carbon bonds, which is expected given the 

structure of the bis-BA molecule. This major peak can be fitted to contain two peaks 

centred at 285 eV and 284.7 eV which represent aromatic and aliphatic carbons, 

respectively. The ratio of these components was calculated to be 1.26 (aromatic: 

aliphatic) and found to be very close to the predicted ratio of 1.22. [257]  In contrast the 

minor peak is due to the carbonyl, C=O, groups present in the molecule. [258] 

The carbon spectra for the diamine SAM was found to be quite similar to the bis-BA SAM, 

however the results of fitting demonstrate that the ratios of the aromatic: aliphatic carbons 

are different. This is expected given the loss of the phenyl boronic acid groups. The ratio 
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of these carbon types was found to be 0.73 which is in close agreement to the predicted 

ratio of 0.76. 

 

 

Figure 54  XPS Spectra of  S (2p) and C (1s) from pure bis-BA: TEGT (green), diamine: TEGT (light 

blue), pure bis-BA (red), pure diamine (maroon)  and pure TEGT SAMs (navy blue). 

The different energies in the major carbon peaks observed for the TEGT and bis-BA surfaces is 

also useful for confirmation of the composition of the mixed SAMs, as the mixed SAM displays to 

large signals at 285eV and 286.5eV which correspond to the C-C and C-O chemical groups 
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respectively. The same is observed in mixed SAMs of diamine and TEGT, however here there is a 

relative drop in the signal from aromatic carbons which is consistent with the expected chemical 

composition of the surface.  

3.4 Detection of Saccharide Binding via SPR 

Following the characterisation of the modified-gold surfaces, attention was turned to the 

investigation of the saccharide binding ability of the 1:1 bis-BA:TEGT SAM surfaces. 

Measurements of the interaction between either glucose, galactose, fructose or mannose 

and 1:1 bis-BA:TEGT SAMs was performed by SPR. Different concentrations of 

saccharides (0.6 mM, 1.25 mM, 2.5 mM, 5 mM, 10 mM and 20 mM) in PBS solution were 

used. The concentration range of saccharides was chosen to reflect the range of blood 

glucose concentrations observed in healthy and diabetic patients. While the definition of a 

clear diagnostic cut off has proven to be divisive within the medical community, healthy 

adults would be expected to have a blood glucose level of around 4 mM, while diabetes is 

commonly diagnosed when blood glucose levels are raised above 7 mM.[259] Each 

saccharide solution was injected over a mixed bis-BA:TEGT surface for 5 min to reach 

equilibrium, followed by a dissociation phase with only PBS buffer flowing over the chip 

(Figure 55). It should be noted that for each saccharide all six curves presented in figure 

13 were performed using the same SAM surface. After the dissociation phase the chip 

was regenerated for 2 min with an acidified (pH=5) 3:1 (v/v) ethanol:PBS solution to 

ensure that all bound saccharide was removed from the surface. Regeneration was 

verified by a return to the baseline established prior to each run. 
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Figure 55. SPR kinetic measurements showing the binding of D-glucose, D-galactose, D-fructose and D-

mannose to 1:1 bis-BA:TEGT SAMs using different saccharide concentrations ( 0.6 mM, 1.25 mM, 2.5 

mM,  5 mM, 10 mM and 20 mM). Measurements taken at 297 K. 

When considering the SPR data, all hexose sugars exhibited clear concentration 

dependent-responses, although the intensities differed among the individual sugars. 

Across all concentrations, glucose produced the largest change in SPR response. To 

derive affinity binding constants for the interaction between the immobilised boronic acid 

moieties and the different saccharides in solution, equilibrium analyses were utilised 

because they avoid problems resulting from mass transport limitations.[260] In order to 

correct for bulk refractive index contributions arising from the differing buffer composition 

and some possible nonspecific binding to the bis-BA:TEGT SAMs, SPR responses from 

the control mixed diamine:TEGT were subtracted from those obtained from the bis-

BA:TEGT SAMs. The corrected SPR responses at equilibrium (Req) were plotted against 
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the concentration of injected saccharide (CS) (Figure 56) and fitted to a 1:1 steady-state 

affinity model. The model utilises a nonlinear least-squares regression method to fit data 

to the Langmuir adsorption isotherm (Equation 9). KD is the dissociation constant of the 

BA-sugar complex and Rmax is the maximum response if all available BA binding sites are 

occupied. The calculated KD were inversed, to give the association constant, KA, to allow 

comparison with data obtained previously from solution. [231] These values are presented 

in Table 4. 

Eq. 9    𝑅𝑒𝑞 =  (
𝐶𝑠

𝐶𝑠+ 𝐾𝐷
) 𝑅𝑚𝑎𝑥 

The KA results illustrate that the surfaces exhibit a higher affinity for glucose, with a 

comparatively reduced affinity to other hexose sugar isomers, including over double the 

affinity for glucose compared to fructose (Table 5). These results are comparable with 

stability constants (KOBS) previously observed in solution, producing the same orders of 

saccharide binding affinities as previously determined. While the absolute values differ 

this is likely to be caused by the different steric constraints imposed by the surface 

attachment.  

Saccharide Surface KA (M-1)  Solution KOBS/M-1 [231] 

D-Glucose 203.25(6) 
a 

962  

D-Fructose  95.2(1) 784 

D-Galactose 33.9 (4) 657 

D-Mannose 22.9 (7) 74 

a 
Values in parentheses are standard deviations (S.D.) on the last significant figure. 

Table 5 Table showing calculated KA values for each saccharide. Solution stability constants, KOBS are 

included for reference. 

The affinity to glucose of the surface is comparable to some biological glucose ligands 

which have been previously investigated; for example, bacterial binding proteins utilised in 

an SPR based sensor have been found to have similar affinities for glucose.[261] 



102 

 

Furthermore, the sensor produced here displays a sensitivity range which is useful to a 

clinical setting, unlike previously described sensors which have been only useful over 

much lower saccharide concentrations before the surface becomes saturated. 

 

Figure 56 Calibration curve of control subtracted SPR response change for bis-BA sensor vs glucose 

(red), fructose (blue), galactose (black) and mannose (green) (0.6 mM, 1.25 mM, 2.5 mM,  5 mM, 10 mM 

20 mM).  

The results demonstrate that the surfaces are able to produce a dynamic detection range 

over the clinically relevant concentrations of saccharides analysed (Figure 56). Although a 

response from the other hexose isomers is observed, the impact on glucose 

measurements in clinical samples would be minimal as glucose is by far the most 

prevalent saccharide found in blood and other bodily fluids (typically  found in 

concentrations orders of magnitude greater than other saccharides).[222] 

3.5 Conclusions 

In summary, we have demonstrated for the first time, through the marriage of 

supramolecular design and surface modification the fabrication of a glucose selective 

sensor surface is possible. Utilising an SPR detector system, the fabricated sensor is able 

to operate at clinically relevant saccharide concentrations. This offers a range of 

opportunities for the production of flow past sensors and also the utilisation in miniaturised 

systems. 
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This work also demonstrates the suitability of surfaces modified with synthetic receptors 

for biological molecules to function as sensor devices, when coupled to a suitable 

detection technique such as SPR. The surface attachment of the binding motifs is such as 

this bis-boronic acid is useful as such receptors have previously been effectively single 

use, due to the difficulty of separating sensor and analyte following detection. In addition, 

surface modification allowed for the use of co-surfactant to enhance the biological 

compatibility of the sensor compounds, which have previously been shown to be 

unsuitable for use in aqueous buffers, requiring high concentrations of co-solvents such 

as methanol which can affect the functions and structures of compounds such as proteins 

which would likely be present in biological samples.  

It was observed that following the surface attachment of the compounds to the surface, 

there was an overall decrease in the affinity of the sensor to all saccharides compared to 

the previously reported solution based sensor compounds. This finding is likely due to the 

reduced degrees of freedom of the compounds following surface attachment, and the 

lower affinity likely to be caused by the steric hindrances induced by surface attachment. 

In addition, the change in buffer could have an impact on the rate of mutorotation of the 

sugars, which could also go some way to explaining the effect observed.[262] Despite 

this, the overall affinity behaviour of the compounds was found to be consistent with the 

solution based sensor.  

In conclusion, the successful incorporation of bis-boronic acid receptor into a modified 

surface, and the demonstration of it selectivity towards the specific monosaccharide, 

glucose, provides evidence for the suitability of the use of boronic acids in surface 

sensors. In the following chapters, the use of boronic acids in the production of self-

assembled synthetic sensors for the selective detection of glycoproteins will be discussed. 
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CHAPTER 4: SYNTHESIS AND 

CHARACTERISATION OF COMPONENTS FOR 

MOLECULAR IMPRINTED SURFACES 

The post-translational modification of proteins is fast becoming recognised for the 

important role it plays in a great number of fundamental biological processes.  In this 

process pre-synthesised proteins are augmented with additional groups such as sugars 

phosphates and lipids. However, at present, there are very few methods of detecting and 

quantifying post-translational modification of proteins in a fast, high throughput and cost 

effective manner. In this chapter the design, synthesis and characterisation of 

components of a novel system, along with subsequent surface reactions, for the 

production molecularly imprinted modified surface for the selective detection of 

glycoproteins will be described.  
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4.1 Introduction  

Antibodies are currently widely used for the detection, quantification and purification of 

many proteins, toxins and small molecules.[263] They are employed as the site of 

molecular recognition in many commercially available assays, which commonly link 

binding events occurring at the antibody to a reporting mechanism such as fluorescent or 

enzymatic tags to facilitate the quantification of the analyte in question. The most common 

example of such technology is the now ubiquitous enzyme-linked immunosorbent assay 

or ELISA.  However, the production of antibodies is an expensive and time consuming 

exercise and it is not without its limitations; the peculiarities of intracellular machinery, 

which is utilized in the commercial production of antibodies, is not ideally suited for the 

production of high affinity antibodies against carbohydrate based antigens.[264] In 

addition, as antibodies themselves are proteins, they are susceptible to degradation by 

conditions of high temperature, moderate change in pH and UV light.[265-268] For these 

reasons, a more robust synthetic alternative is highly sought after.  

In this chapter, a novel method of molecular imprinting will be described. The method is 

based upon the design and fabrication of an imprinted surface which is able to distinguish 

between imprinted proteins and non-imprinted proteins to a high degree of selectivity. In 

addition, the surface also shows an ability to distinguish between glycosylated and non-

glycosylated forms of proteins.  The design of the sensor components allows for a high 

degree of flexibility in the chemical groups used to form the imprinted surface; using two 

surface cross-coupling groups affords the ability to separately control the introduction of 

functional groups within the surface, allowing the binding properties to be tuned to the 

target. In addition, as the imprint architecture is built on a monolayer system, common 

problems observed in larger molecularly imprinted surfaces and monoliths should be 

avoided.[171] 
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4.1.1 Chapter outline 

This chapter will describe the production of a molecularly imprinted surface which is 

capable of selectively binding proteins. Furthermore, this surface is able to distinguish 

between glycosylated and non-glycosylated forms of the same protein. 

The chapter will begin with an outline of the approach that will be implemented, outlining 

the strategy of how the molecularly imprinted surfaces will be created. Next, the design 

and synthesis of the novel compounds from which the molecularly imprinted surface are 

formed will be discussed. This will include an outline of the chemical techniques which 

can then be used to modify surfaces which are functionalised with our novel molecules. 

In the next section, the ability of the novel compound to form self- assembled monolayers 

will be investigated. This will include analysis by a number of surface characterisation 

techniques, such as contact angle goniometry, ellipsometry and x-ray photoelectron 

spectroscopy. The following sections will the cover development of protocols for the 

modification of the surface via two distinct chemical groups.  The success of these 

methods will then be assessed by surface characterisation techniques.  

4.2 Our approach  

A principle which underlies this work is that any methodology should be designed to be 

easily be tuned to the target compound, and that given the scale of most compounds, 

mechanisms of self-assembly should be utilised to build binding sites. SAMs on gold 

provide a well understood method of developing modified surfaces. Furthermore, a major 

advantage of preparing the recognition site on  thiol-gold SAM surfaces is that the  protein 

interactions with the recognition site may be monitored via optical, label free methods of 

detecting and quantifying binding, such as SPR.  
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Our approach to sensor generation is outlined in Figure 57. A ‘foundation’ self-assembled 

monolayer was prepared on gold surfaces, onto which the components of the molecular 

imprint structure can be grafted. The chemical groups within the SAM should allow the 

control of assembly of two distinct elements: boronic acids and oligo(ethylene glycol) 

chains, side by side. Boronic acids are able to form reversible interactions with the diol 

group, while the glycol groups provide both hydrogen bonds within the sensor cavity as 

well as an element of resistance to non-specific binding (NSB) of protein on non-imprinted 

areas of the surface. An advantage provided by the ‘foundation’ SAM approach is that it 

removes the risk of proteins interacting directly with the underlying gold substrate. This is 

potentially problematic as gold is known to catalyse the cleavage of disulphide groups 

with in proteins which leads to protein denaturation and can result in the covalent 

attachment of peptides to the gold surface via gold-sulphur bonds.[269, 270] 

Figure 57: The overall approach can be divided into five distinct steps. 1) the formation of a 

foundation monolayer; 2) the interaction and formation of complexes between boronic acids and 

sugar groups of the target glycoprotein; 3) attachment of the target glycoprotein-boronic acid 

complex to the foundation monolayer; 4) attachment of glycol chains to the foundation monolayer 

around the target protein to produce a surface cavity; 5) removal of target protein to leave a vacant 

binding site. 
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4.3 SAM Molecule Design 

In order to produce the desired imprinted surface, a suitable SAM molecule on to which 

the synthetic recognition platform could be built was required. In order for the method to 

be successful, the molecule would require three distinct functional groups; a group is 

needed to anchor the molecule to the surface and two more groups are required to build 

the imprint surface and also control the incorporation of other binding groups, such as 

boronic acids. In reality, as we wish to produce the synthetic recognition platform on a 

gold surface, we have to use a sulphur group for the anchor site. The choice of chemical 

groups for the functionalities, however, can be more flexible.   

Given these requirements, we chose to use cystine as the starting point for the SAM 

molecule. Cystine is a natural amino acid, and therefore easily obtainable from 

commercial sauces at low cost. It also contains a sulphur group (Figure 58).  

 

 

Figure 58 The structure of cystine. 

Cystine was chosen over cysteine as it is more resistant to oxidation than cysteine. 

Furthermore, it is known that the disulphide group is able to spontaneously break when 

exposed to gold, allowing the dimer to split in to two molecules which are each individually 

anchored to the gold substrate.[125] 

The two remaining groups on the cystine offer the ability to chemically modify the cystine 

with relative ease using well established chemical synthetic techniques, such as those 

used in peptide synthesis. After reviewing the literature of possible chemical modification 
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strategies, it was decided that two suitable chemical groups would be an acrylic group 

and an alkyne group. These groups were chosen as they both can be selectively 

controlled to take part in aspects of the formation of the synthetic recognition platform, via 

acrylic cross coupling and click chemistry, respectively. The final SAM molecule design is 

outlined in Figure 59, and will be referred to as Di-Functional Cystine (DFC). 

 

Figure 59: Structure of the DFC molecule, which is based upon a cystine skeleton. The compound 

contains three functionally distinct chemical groups; a disulphide, a terminal alkyne and an acrylic 

group. 

  

The alkyne group was chosen as it is suited to use in the crosslinking reactions commonly 

referred to as click chemistry. The second functional group chosen for the SAM molecule 

was the acrylic group. Acrylic functional groups offer the possibility of incorporation of a 

relatively wide range of chemical groups through a common polymerisation strategy. 

Furthermore, the use of acrylic groups to produce molecularly imprinted polymers and thin 

films is well established.[271, 272]  

4.3.1 Click Chemistry  

The principles of ‘click’ chemistry were proposed by Sharpless and co-workers in 2001. 

This field of chemistry aims to produce modular, high yielding reactions which produce no 

offensive by-products and, where appropriate, be stereo specific.[273] 

Currently, one of the more widely used click reactions is the Huisgen 1,3-dipolar 

cycloaddition, commonly known as a  copper(I)-catalyzed azide-alkyne cycloaddition 
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(Cu-AAC) reaction (Scheme 3). In fact, this reaction has become so synonymous with 

click chemistry that it is often referred to as the click reaction.[274] It may be considered a 

pure fusion process as there are no side products produced directly from the reaction. 

 

Scheme 3 The overall reaction between azides and terminal alkynes, commonly referred to as the click 

reaction. 

This reaction has found application in a wide range of fields, owing to the fact that alkyne 

and azide components can be easily incorporated into a wide range of substituents. 

However, the first non-catalysed reaction was of limited scope due to the slow reaction 

rate, need for harsh conditions and poor product selectivity. Fortunately, these issues 

were overcome in 2002 when several groups independently reported the utility of copper 

(I) catalysts; its employment results not only in the increase in reaction rate, but also the 

exclusive formation of the 1,4-substituted 1,2,3-triazole.[275, 276] 

The appeal of this reaction is multi-faceted. For the purposes of the imprinted surface 

design, click chemistry was attractive due to its ability to proceed well under aqueous 

conditions, which is vital for solvent compatibility with target proteins. In addition, the 

azide and alkyne groups are seldom found in biological systems, therefore there was little 

to no risk of cross reaction of the functional groups with protein based targets.[275, 277] 

Furthermore, it tolerates most organic functional groups, proceeds in a variety of solvents, 

tolerates a wide range of pH values, and performs well over a broad temperature range at 

high yield.[278] 

4.3.2 Mechanism  

The overall reaction of the Huisgen 1,3-dipolar cycloaddition is shown in Scheme 4. As 

the scheme depicts the usefulness of this reaction is that a crosslink between two 
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compounds can be easily formed. However, the underlying mechanism is believed to be 

somewhat more complex as shown by Scheme 4.  

 

Scheme 4 The proposed mechanism of copper catalysed Huisgen 1,3-dipolar cycloaddition.[278] 

It is proposed that the copper mediated catalytic cycle begins with CuI insertion into the 

terminal alkynes, forming a CuI acetylide species via a π complex 3 (Scheme 5). This step 

is believed to be exothermic in aqueous conditions, which is consistent with observations 

of increased reaction rate in water. Computational calculations also indicate that copper 

coordination lowers the pKa of the alkyne C–H by up to 9.8 pH units, thus making 

deprotonating in aqueous systems possible without the addition of a base. [278, 279]  

The exact nature of the next step is not fully resolved: Following the formation of the 

active copper acetylide species, azide displacement of one ligand generates a copper 

acetylide-azide complex, such as the dicopper species IV (Scheme 5). Complexation of 
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the azide activates it toward nucleophilic attack of acetylide carbon C(4) at N(3) of the 

azide (numbers based on traditional triazole nomenclature), generating metallocycle VI. 

Protonation of triazole-copper derivative VII followed by dissociation of the product ends 

the reaction and regenerates the catalyst (Scheme 4). Limited deuteration studies 

suggest that protonation occurs through interaction with a protonated external base or 

solvent molecule but further studies are needed to conclusively establish the proton 

source.[278, 280] 

4.4 Synthetic strategy  

In order to synthesise the final SAM molecule depicted in figure 5 a synthetic pathway 

was designed (Scheme 5) which takes advantage of the well-known and robust DCC 

coupling reactions. 

 

Scheme 5 The synthetic scheme designed to produce the desired DFC SAM molecule. Details of 

reaction conditions and purification methods can be found in the experimental section of this thesis.  

The di-functional cystine (DFC) compound was synthesised through a multistep route as 

illustrated in Scheme 6. The carboxylic acid groups of the commercially available starting 

material Nα,Nα′-di-Boc-L-cystine were activated with dicyclohexylcarbodiimide (DCC) and 

coupled with N-hydroxysuccinimide (NHS) over 18 hours at room temperature, to produce 
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the NHS ester 1. 1 was then reacted with propargylamine over 4 hours at room 

temperature to produce 2. Deprotection of the boc protected amines in 2 was achieved 

using trifluoroacetic acid over 24 hours at room temperature to produce 3. Acrylic groups 

were then coupled to the free amines of 3 via reaction with acryloyl chloride over 4 hours 

at room temperature to obtain DFC. 

4.4.1 DCC/NHS coupling chemistry  

The strategy of producing activated NHS esters from carboxylic acids for use in 

crosslinking reactions is now a common strategy for the production of modular systems 

due to the wide availably of the reagents and the wide range of application. An outline of 

the general overall reaction between carboxylic acid and NHS/DCC is shown in Scheme 

7. DCC and carboxylic acid form an O−acylisourea intermediate. The reaction proceeds 

with the addition of the alcohol, in this case NHS, to the activated carboxylic acid to form 

the stable dicyclohexylurea (DHU) and the desired NHS ester.  

 

Scheme 6:  The overall reaction which occurs between carboxylic acids, DCC and NHS to produce the 

activated NHS ester. 
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Once formed the NHS ester is relatively stable until it is exposed to a nucleophile. In our 

case, the nucleophile is an amine, propargylamine, which is then able to attack the NHS 

ester, liberating the NHS leaving group and cross linking the amine and carboxylic acid 

via an amine bond, as outlined in Scheme 8.  

 

 

Scheme 7: Nucleophilic attack of an amine to produce the amide bond from an activated carboxylic 

acid- NHS ester. 

The tert-butyloxycarbonyl (boc) group is a commonly used protecting group due its simple 

removal to regenerate the free amine. Here, we use the acid hydrolysis of this group to 

produce the free amine.[281, 282]  

The final step of the reaction was the addition of the acrylic groups which were added via 

coupling to the free amine. This was possible using achronyl chloride, which is the acid 

chloride of N-methylacrylamide. This step can be potentially problematic due to the ability 

of the acid produced as a side product of this reaction to initiate the polymerization of the 

acrylic groups therefore this step was carried out in the presence of excess base to 

ensure that produce was not lost as polymer. 

4.4.2 Characterisation 

The 1H NMR spectrum of the final product can be found in Figure 61, along with the 

proton assignment. Some of the coupling observed in the NMR spectra is quite 

interesting, and warrants discussion. Perhaps most notably the splitting observed in the 
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‘B’ protons is quite surprising; the protons appear to be split by the amine proton, I, and 

also by the alkyne proton, ‘A’. Although at first this seems a little unlikely, upon 

examination of the signal for protons ‘A’ it can be seen this is also split to a triplet, rather 

than the singlet which might be expected. Likewise the amide proton ‘I’ is also observed 

to be split into a broad triplet. Such splitting patterns may be explained by the ability of 

acetylic compounds to produce long range proton coupling. [283]  

The protons of the second amide group, ‘H’ also display coupling, producing a doublet. 

Protons ‘D’ and ‘F’ occupy different spectral positions due to these protons being 

chemically inequivalent and both are coupled due to each other and also to ‘E’. This 

produces geminal coupling due the cys-trans positional differences in the portions 

resulting in the being non-equivalent. Protons J and G can be observed as two distinct 

doublet of doublets. This effect is due to their diastereotopic nature resulting in each 

proton being non-equivalent. Thus these protons couple to each other and also the proton 

‘C’ producing a doublet of doublets for each proton. The roofing observed in the spectra of 

many of the protons is caused by the coupling that occurs between these protons being 

large relative to the differences in their chemical shifts. All coupling relationships were 

confirmed by COSY NMR experiments, as shown in Figure 61. 
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Figure 60: Proton NMR for DFC SAM molecule, with assignments. NMR taken in CDCL3. 
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Figure 61: COSY NMR spectra of the DFC molecule.  

The molecular weight of the compound was confirmed using electron spray mass 

spectrometry, in positive ion mode. The predicted mass of the DFC molecule was 

calculated to be 422.11. A peak was observed with a mass of 445.1 which can be 

assigned to a sodium adduct of the DFC compound ([M+Na]+). This was confirmed with 

high resolution mass spectrometry, the calculated mass of the sodium adduct was 

445.0980 and the observed mass was found to be 445.0967 [M+Na].  The samples were 

analysed by FTIR, with the major adsorptions observed at the following wavelengths 

which are consistent with the functional groups present in the molecule. IR (cm-1) 3277; 

m, br; NH 1623; S; C=O amide 1647; S; C=O amide 1529; S; alkene. 
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4.5 Surface Preparation and Characterisation.  

4.5.1 SAM formation 

SAMs were formed on cleaned gold surfaces. Polycrystalline gold substrates were 

purchased from George Albert PVD., Germany and consisted of a 50 nm gold layer 

deposited onto a glass covered with a thin layer of chromium. In order to determine the 

time required for SAM formation studies of the kinetics of formation were undertaken. This 

was accomplished by conducting contact angle goniometry measurements at various time 

points over a 48 hour period.  In order to form the SAMs at the indicated time intervals 

cleaned gold substrates were placed in methanolic solutions of DFC surfactant for the 

specified time. Gold chips were cleaned by immersion in piranha solution for 10 minutes, 

before being rinsed with liberal amounts of water for 1 minute, and then rinsed with HPLC 

grade methanol for a further minute, prior to being placed a 0.1 mM solution of DFC in 

methanol. Following immersion in the SAM solution for the specified time, the chips were 

removed and rinsed with pure HPLC grade methanol, to ‘quench’ the SAM formation, and 

dried with argon. Dried samples were then analysed immediately. The results of these 

investigations are presented in Figure 62. 
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Figure 62: Kinetics of SAM formation, investigated by water contact angle on DFC SAMs. Formation 

kinetics were monitored over the following time points; 0.5, 1, 2, 4, 12, 24 and 48 hours. Error bars 

indicate standard deviation. 

The results obtained are consistent with a full monolayer being formed after around 12 

hours of incubation for DFC.  Inspection of the advancing contact angle reveals that DFC 

reaches a consistent contact relatively quickly indicating that adsorption of DFC surfactant 

occurs rapidly, with values becoming constant after 2 hours. The processes of SAM 

formation can be investigated further by examination of the hysteresis between the 

advancing and receding measurements.[244] It can be seen that over the course of the 

investigation, the receding contact angle increase while the advancing contact angle 

remains relatively constant. The net result is a decrease in hysteresis, consistent with an 

increase in order of the SAM. Hysteresis reaches a minimum after 12 hours of incubation 

and remains constant thereafter. This distinct two- phase SAM formation is in agreement 

with literature on the mechanism of SAM formation. [100, 101] 

The results observed with contact angle are somewhat lower than literature values 

observed for pure alkyne SAMs, which have previously been reported to be in the region 

of 75-85 degrees.[284-286] However, as there are two functionalities present in the DFC 

molecule it is expected that the contact angle of the surface should be influenced by both 

functionalities. Thus, the observed contact angle can be explained by the contribution of 
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the acrylic functional group, which are known have hydrophilic properties, with published 

contact angles being below 10 °  in some related surface initiated systems.[287]  

Table 6 Results of contact angle and ellipsometry investigations conducted on DFC SAMs. 

SAM 
  

Contact Angle (°) Thickness (nm) 

Advancing Receding Theoretical Experimental 

DFC SAM  65.1 ±1.15 
 

46.94±3.84 0.91 0.42 ±0.12 

 

Ellipsometry was used to confirm that the DFC modified surfaces had formed monolayers, 

free from multi-layer formation which can occur in some SAM structures. The results of 

these investigations are presented in Table 6, and demonstrate that the thickness of the 

DFC SAMs is half of the calculated length of the DFC compound, which suggests that a 

monolayer has been formed successfully, and is an agreement with results observed for 

related compounds.[288] This disparity between calculated molecular lengths and 

monolayer thickness is expected due the conformations adopted by the molecules on 

surfaces.[120] 

XPS- DFC SAM 

 

Figure 63 Expected structure for the DFC SAMs  

XPS analysis confirmed the formation of DFC SAMs (Figure 63). XPS survey spectrum 

revealed the presence of the elemental species S, N, C, O and Au on the DFC SAM 

surface. High resolution spectra of S 2p, N 1s and C 2s were acquired in order to 

unambiguously demonstrate the presence of the DFC SAM on the gold surface. All 
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elements were observed in ratios close to those predicted by the molecular structure of 

the DFC molecule (Table 7), which is consistent with the successful formation of SAMs of 

the DFC compound. 

Table 7 Expected and measured elemental ratios observed for the Az-OEG modified DFC surfaces, as 

determined by XPS. 

Element  Expected Ratio Measured Ratio 

C/S 9 10.7 

N/S 2 2.0 

 

High resolution scans for the sulphur, nitrogen and carbon elements are shown in figure 

67. The S 2p spectrum (Figure 64a) consists a doublet peak, at 162.1 eV (S 2p3/2) and 

163.3 eV (S 2p1/2), indicating that the sulphur is chemisorbed on the gold surface.[289] 

The N 1s spectrum (Figure 64b) can be assigned to a single peak centred at 399.7 eV, 

which can be ascribed to the amide groups in the DFC molecule.  

 

Figure 64: XPS spectra of the a) S 2p, b) N 1s, c) C 1s and peak regions of DFC SAMs. 
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The C 1s spectrum (Figure 64c) can be deconvoluted into three peaks, which is 

consistent with the structure of the DFC compound. The peaks can be assigned to the 

carbon species present in the compound; C-C which is centred around 285.2 eV; C=O 

centred around  288.0 eV and a third peak at 286.6 eV which can be attributed to the 

accumulation of different contributions of the remaining carbon species C-S and C-N.[290] 

The ratio of these carbon types are in good agreement with expected ratios (Table 8).  
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Table 8: Carbon species ratio for DFC surface 

 Peak BE Ratios with respect to 288 eV Species 

 
Expected Measured 

 288.0 1 1 C=O 

286.6 1.5 1.6 C-S, C-N 

285.2 2 1.8 C-C C=C 

 4.5.2 Acrylic Reactions 

4.5.2.1 Models 

There are many published strategies for the initiation of acrylic polymerisation. Therefore, 

in order to determine the most effective method to use in aqueous conditions investigation 

was required. In order to determine the most efficient conditions, a simple experiment was 

carried out to screen a number of possible conditions. The commercially available starting 

material, N,N'-methylenediacrylamide (bis-acrylamide) (Sigma Aldrich, UK), is soluble in 

aqueous conditions, but its polymer is not, therefore polymerisation could be monitored by 

the production of insoluble gel precipitate formation (figure 68).  

 

 

Figure 65: Photo demonstrating the results of the initiator investigations. The vials marked A and B 

show the acrylic solution before addition of initiator. Vials marked 4 and 5 show the solution following 

polymerisation under conditions 4 and 5 as described in Table 3. 

The free radical polymerisation reaction requires an initial source of free radical to 

proceed. The two most common methods of generating free radicals can be devided into 

A   B 4 5 
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two groups: chemical and photochemical. Ammonium persulphate (APS) is commonly 

used a chemical source of free radicals while riboflavin in combination with a light source 

can be act as a photochemical source of free radicals. N,N,N',N'-

Tetramethylethylenediamine (TEMED), a base, was also investigated as an additional 

catalyst. TEMED interacts with APS at neutral to basic pH to enhance the production of 

free radicals.[291] An additional advantage of the TEMED is that it has been shown to 

increase the yield of Cu-AAC reactions.[284]  Riboflavin may also be used as source of 

free radicals, however it requires irradiation to generate them.[292] The conditions 

investigated all used a 1 M solution of bis-acrylamide and to this were added a number of 

different initiator types and/or conditions. The details of reaction conditions and observed 

results are shown in Table 9. The results indicate that the best conditions appear to be 

those detailed in entries 4 and 5 of Table 9. Given that the two results appear to be 

essentially the same, it was decided that the best conditions to move forward to surface 

reactions would be entry 4, as UV radiation maybe lead to degradation of the SAMs.  

Table 9 Results and conditions investigated for initiation of acrylic polymerisation 

Entry  Conditions (final vol = 3mL) Result 

1 
1 mM Amonium Persulphate and 
1 M bis-acrylamide 

No change 

2 
0.1 mM Ammonium per sulphate, 1 M HLC, 
1 M bis-acrylamide 

No change 

3 
5% (vol:vol) 40mg/mL Ammonium persulphate, 
30ul TEMED, 1 M Bis Acrylamide 

While Gel formed 

4 
1 mM riboflavin, 1 mM ammonium persulphate,  
1 M bis-acrylamide w/ UV exposure 

White gel formed 

5 As above but with 30 µl TEMED White ppt formed 

6 
1 mM riboflavin, 15 ul TEMED, 1 M bis-
acrylamide 

Small amount of ppt 
formed. 

7 1 M bis-acrylamide, 60°C 6 hours No change 
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The conditions identified were then taken forward for use with SAMs. However, the 

concentration of the N,N'-methylenediacrylamide was reduced to 1 mM and 10 mM to 

avoid gel formation. The overall reaction is outlined in Scheme 8. The experiment was 

carried out as follows: SAMs of DFC were formed over 18 hours, as previously described. 

SAMs were then placed in a solution of the N,N'-methylenediacrylamide and the initiators 

were added. Reactions were allowed to continue for 4 hours. After this time the SAMs 

were removed for the solutions, and rinsed with large volumes of methanol, before being 

sonicated and rinsed with water.  The physical properties of the SAMs were then 

investigated by contact angle and ellipsometry. In addition, samples were also probed 

electrochemically via cyclic voltammetry using a ferricyanide redox probe.  

 

Scheme 8 Addition of acrylic polymer to preformed DFC SAMs. 

The results demonstrate that the surfaces display a change in thickness and wettability 

following the modification with the acrylic compound (figure 69). Initially, the wettability 

contact angle of the surfaces of the DFC SAMs was found to be 65.1o. However, following 

the modification with the 1mM bisacrylic solution with was observed to fall to 38.5o, 

indicating the surface becoming more hydrophilic with the addition of the acrylic polymer 

which is in agreement with other literature on acrylic terminated surfaces 
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(Figure 66a).[293, 294] This effect becomes even more pronounced when the 10 mM 

solution is used, as the advancing contact angle falls to 13.6o. This observation can be 

explained by the conformation of the surfaces as surface initiated polymerisation can 

produced hydrogel-type structures, which have been reported to have comparable contact 

angles.[295] In addition, other polymers with high bis acrylamide content  have also 

shown low contact angles.[296] 

Examination of the ellipsometry results for these surface also demonstrate that the 

thickness of the modified surfaces increase proportionally to the concentration of the N,N'-

methylenediacrylamide. The unmodified DFC SAM is measured to have thickness of 0.46 

nm, which is consistent with calculated molecular length, demonstrating the formation of a 

single monolayer (Figure 66b). When reacted with the 1 mM bis-acrylic solution, the 

surfaces were measured to increase in thickness of 1.73 nm.  The surface reacted with 

the 10 mM solution was observed increase to a thickness of 12.0 nm. These results are 

consistent with the hypothesis that the change in the hydrophillicity of the surface is 

proportional to the content of poly-bisacrlyamide, as evidence with increases in thickness 

of the surfaces observed here and in agreement with other investigations into surfaces 

modified with bis-acrylamide.[287] 

 

Figure 66  Results of a) ellipsometric and b) contact angle investigations of surface acrylic reactions. 

With higher concentrations of acrylic monomer a film of increased thickness is formed, as shown by 

the increased film thickness and decreasing contact angle. . Error bars indicate standard deviation. 
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4.5.2.3 Electrochemical analysis  

The results of contact angle and ellipsometric investigations suggest that acrylic groups 

were able to covalently attach to the SAM surface. However, to add further certainty, 

electrochemical investigations were also carried out. This experiment is based around the 

oxidation/reduction cycles of an iron complex which is able to exist in both the 3+ and 4+ 

oxidation state.[297] This overall reaction is outlined in Equation 10:  

Eq. 10   Fe(CN)6 
3- + e- ⇌ Fe(CN)6

4-    

Cyclic voltammetry experiments consist of cycling the potential of an electrode, which is 

immersed in an unstirred solution, and measuring the resulting current. The experimental 

set up is detailed in Figure 67, where modified DFC surfaces were used as the working 

electrode. 

 

Figure 67: A schematic representation of the electochemical cell used to investigate the modifed 

surfaces.  

CV experiments can be used to investigate a number of properties of solutions and 

electrode surfaces, and has been used in some cases as a reporting mechanism in 

Electrolyte solution 
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sensor systems, including molecularly imprinted surfaces.[298] In this case, the 

parameter being investigated is the physical structure of the electrode it’s self- in this case 

the modified SAM surface. The basis of this investigation is that the electrochemical 

behaviour of the probe is influenced by the properties of the surface. The cyclic 

voltamagrams obtained on each of the surfaces is shown in Figure 68. It can be seen that 

with the unmodified DFC surfaces large oxidation and reduction peaks are observed. 

Furthermore, the separation of these peaks is small, which suggests that both the 3+ and 

4+ species are able to rapidly exchange electrons with the surface.[297, 299] 

In contrast, examination of the results obtained with the modified surfaces demonstrates 

that the behaviour of the electrode have changed - the peak currents of the oxidation and 

reduction reactions are reduced on both modified surfaces, with the peaks being reduced 

further on the 10 mM modified surface than the 1 mM surface. In addition, the separation 

between the oxidation and reduction peaks is also increased on both surfaces and again 

this effect is more pronounced with the 10 mM surface. The results demonstrate that as 

the acrylic layer increases in thickness the ability of the ferricyanide probe to take part in 

the redox cycle is inhibited, which is consistent with the acrylic groups inhibiting the ability 

of the probe to access the surface and take part in redox processes (figure 14).  

 

Figure 68 Results of cyclic voltammetry investigations of surface acrylic reactions. Solid line is DFC 

SAM, dashed line and dotted line are 1 mM and 10 mM acrylic modified SAMs, respectively. An 
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increase in the resistance of electron transfer can be observed with increased acrylic monomer 

concentration. 

4.5.2.2 Incorporation of acrylic boronic acid  

Following the establishment of the polymerisation initiation conditions using model acrylic 

groups, the same conditions were used with a commercially available acrylic boronic acid, 

3-(Acrylamido)phenylboronic acid (AABA) (Sigma Aldrich, UK). In addition, a control 

surface was produced using a compound similar to AABA but without the boronic acid 

groups, N-phenylacrylamide (NPA). The molecular structure of the compounds is outlined 

in figure 15. Preformed DFC SAMs were reacted with 0.1 mM solutions (1mL) of the 

AABA and NPA monomers for 6 hours in the presence of initiators as described in entry 

5, Table 9. 

 

Figure 69: The structures of the acrylic boronic acid and the control compound N-phenylacrylamide.  

 The attachment of the compounds to the surface was monitored by contact angle. 

Contact angle results demonstrate that following the reaction of the AABA with the 

surface, an increase in the surfaces hydrophobicity was observed, the results are 

presented in figure 73. The advancing contact angle was observed to change from 65.1 ° 

with the DFC surface to 44.5 °, following the reaction with the AABA. Comparison with 

published results from related surfaces, such as those outlined by Uvdal and co-workers 

of 31.5 ° reveal these values to be higher than might be expected for a pure boronic acid 

terminated surface. However, this result can be explained by the presence of the 

hydrophobic alkyne present on the surface.  

http://pubs.acs.org/action/doSearch?action=search&author=Uvdal%2C+K&qsSearchArea=author
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Eq. 11   cos θAdv =x cos θAdv1 +y cos θAdv2   

Using the Cassie equation (Equation 11) allows this hypothesis to be checked by 

calculating the surface proportions of the alkyne and boronic acid components, using the 

literature values of 31.5 ° boronic acid and the measured value of 65.1 ° as a reference 

for the DFC. The results of this calculation suggest that the measure value of 44.4 ° is the 

result of a near perfect 1 to 1 (0.56 to 0.44) surface ratio of the boronic acid and alkyne 

components (Figure 70).  

  

Figure 70: Observed advancing and receding contact angles for DFC SAMs modified with NPA and 

AABA. Unmodifed DFC contact angle included for reference. Error bars indicate standard deviation.  

In contrast, the result obtained when the DFC surface were reacted with the control 

compound reveal an increase in the hydrophobicity of the surfaces, with contact angles 

increasing to 70.8 °.  This result compares well to previously published values for 

aromatic-terminated SAMs, which have reported as 74.1 °. [300] The Cassie equation 

was again used to calculate the component ratios of the phenyl and alkyne groups in the 

surface. As with the AABA modified surface, surface component ratios were determined 

to be close to 1:1 (0.58 to 0.42.). 
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4.5.2.3 XPS – AABA modified DFC  

 

Figure 71: Expected structure for the DFC SAMs modified with Acrylamidophenylboronic acid. 

XPS analysis confirmed the AABA modification of DFC surfaces. XPS survey spectrum 

revealed the presence of the elemental species S, N, C, O and Au on the DFC SAM 

surface. High resolution spectra of S 2p, N 1s, B1s and C 2s were acquired in order to 

unambiguously demonstrate the presence of the DFC SAM on the gold surface. The 

measured elemental ratios are compared to their expected ratios (for a 1:1 stoichiometric 

reaction, Figure 71) in Table 10. Examination of these results suggests that the 

acrylamide boronic acids are able to crosslink to the DFC surface in close to 1:1 

stoichiometry. 

Table 10 Expected and measured elemental ratios observed for the AM-BA modified DFC surfaces, as 

determined by XPS 

Element  Expected Ratio Measured Ratio 

C/S 20 21.4 

N/S 3 3.1 

B/S 1 1.1 

 

High resolution scans for the sulphur, nitrogen, carbon and boron elements are shown in 

Figure 72. The chemical state of the sulphur atom was probed using the XPS spectra of 
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the S 2p emission (binding energy range of 160 eV to 170 eV) (Figure 72a). The S 2p 

spectrum consists of a single doublet peaks 162.1 eV (S 2p3/2) and 163.3 eV (S 2p1/2), 

indicating that the sulphur is chemisorbed on the gold surface.[289] The N 1s spectrum 

(Figure 72b) contained a single peak centred at 400.4 eV is attributed to amide (C=O) 

moieties.[301] The C 1s spectrum (Figure 72c) can be deconvoluted into three peaks, 

which are attributed to five different binding environments. The peak at 285.1 eV is 

attributed to C-C bonds.[302] The observation of this peak is consistent with values 

previously reported for such similar surfaces.[284] The peak at 286.5 eV corresponds to C 

1s of the three binding environments of C-S, C-N and C-B.[302] The third and smaller 

peak (288.4 eV) is assigned to the C 1s photoelectron of the carbonyl moiety, C=O.[302] 

The ratios of these peaks is in good agreement with the ratios predicted from the 

compounds structure (Table 11).  

 

Figure 72 XPS spectra of the a) S 2p, b) N 1s, c) C 1s d) B 1s peak regions of DFC-BA SAMs. 



133 

 

The XPS spectrum of the boron region (Figure 72d) was observed to contain a single 

peak centred at 192.0 eV which can be attributed to the boronic acid group.[303] 

Table 11 Carbon species ratios for the AMBA modified surface 

Peak BE Ratios with respect to 288 eV Species 

 
Expected Measured 

 288.33 1 1 C=O 

286.56 1.6 1.424168 C-S, C-N, C-B etc. 

285 2.7 3.008036 C-C  

 

In addition, using XPS we were able to monitor the kinetics of the reaction over time, by 

monitoring the nitrogen content of the samples after various reaction times. Briefly, 

preformed DFC SAM chips were placed in solution of the AABA and initiators added to 

being the surface modification reaction. At the indicated time periods, the chips were 

removed and rinsed with pure HPLC grade methanol, to ‘quench’ the SAM formation. 

XPS analysis was then used to calculate the nitrogen to sulphur ratios in each sample. 

This ratio was then used to infer the progression of the reaction, with a ratio of 1:2 (S:N) 

being taken as 0% complete and a ratio of 1:3 being taken to be 100% reaction. The 

reaction was observed to go to completion after two hours (Figure 73). This result is 

consistent with contact angle data, suggesting that the AABA monomer attaches to the 

surfaces in a 1:1 molar ratio.  

  

Figure 73 Kinetics of surface reactions of AABA and DFC surfaces, as determined by N/S ratios, via 

XPS. 
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4.5.3 Click reaction optimisation  

4.5.3.1 Surface Click Reaction Optimisation 

Surface click reactions were investigated using SAMs of DFC and Az-OEG. Cu-AAC 

reactions were conducted in aqueous conditions based on a literature procedure.[304] 

This method employed in situ generation of CuI from copper sulphate by reduction via 

sodium ascorbate. The success of the reaction was monitored via ellipsometry and 

contact angle, and the results of such investigations are outlined in Table 12.  

Table 12 Results of contact angle and ellipsometry investigations into the properties of DFC and 

modified DFC SAMs 

SAM Contact Angle (°) Thickness (nm) 

  Advancing Receding Theoretical Experimental 

DFC 65.1±0.6 46.9±3.84 0.9 0.4±0.2 

Clicked Surface 39.9±3.5 31.3 ± 3.2 2.9 2.0±0.12 

Glycol Reference [247, 305, 306] 30-50 - - - 

Alkyne Reference[285, 307] 75-85 - - - 

 

Following reaction with click reagents, the contact angles of the surface were observed to 

fall from 65.1 ° observed with the unmodified DCF SAMs to 39.9 °. This result illustrates 

that the modified surfaces have adopted a much more hydrophilic property, which is close 

to the literature values expected for OEG SAMs, suggesting that the click reaction has 

been successful. Ellipsometry results indicate an increase in thickness for the ‘clicked’ 

surfaces, which were found to be 1.95 nm in thickness as compared to the unmodified 

DFC SAM which was only 0.42 nm in thickness. Although the measured thickness is 

below the theoretical molecular length of the glycol, this result is not surprising as glycols 

are known to adopt a collapsed structural conformation when not hydrated.[247] Together 

with the contact angle data, this data provides strong evidence for the success of the 

surface click reactions. 
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4.5.3.2 Electrochemical analysis  

CV experiments were also conducted to investigate the success of the Cu-AAC reaction. 

As with the acrylic modified surfaces, the basis of this investigation is that the 

electrochemical behaviour of the probe is influenced by the properties of the surface. The 

cyclic voltamagrams on DFC and DFC appended with Az-OEG via a Cu-AAC reaction are 

shown in Figure 74. It can be seen that with the unmodified DFC surfaces large oxidation 

and reduction peaks are observed. Furthermore, the separation of these peaks is small, 

which suggests that redox couple of both the 3+ and 4+ species are able to rapidly 

exchange electrons with the surface.[297, 299] 

 

Figure 74: Results of cyclic voltammetry investigations of surface Cu-AAC reaction. Solid line is DFC 

SAM and the dashed line is the result for the Az-OEG appended SAMs. An increase in the resistance 

of electron transfer can be observed following the Cu-AAC reaction. 

In contrast, examination of the results obtained with the Az-OEG-modified surface (6 hour 

reaction time) demonstrates that the behaviour of the electrode has changed - the peak 

currents of the oxidation and reduction reactions are reduced on the modified surface. In 

addition, the separation between the oxidation and reduction peaks is also increased on 

the Az-OEG-modified surface. The results demonstrate that the presence of the Az-OEG 

molecule on the surface inhibits the ability of the ferricyanide probe to take part in the 

redox cycle. 
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4.5.4 Click DFC XPS 

 

Figure 75 Expected structure for the DFC SAMs modified via copper catalysed azide alkyne 

cycloaddition reaction with Az-OEG 

XPS analysis confirmed the success of the Cu-AAC surface reaction to produce Az-OEG 

modified DFC (Figure 75). XPS survey spectrum revealed the presence of the elemental 

species S, N, C, O and Au on the DFC SAM surface. High resolution spectra of S 2p, N 

1s and C 2s were acquired in order to unambiguously demonstrate the presence of the 

Az-OEG modified DFC SAM on the gold surface. XPS analysis confirmed the success of 

surface modification via copper catalysed azide alkyne cycloaddition reaction. All 

elements were observed in the ratios expected (Table 13), and were consistent with a 

near quantitative yield for the surface Cu-AAC reaction. 

Table 13: Expected and measured elemental ratios observed for the Az-OEG modified DFC surfaces, 

as determined by XPS 

Element Expected Ratio Measured Ratio 

N/S 5 4.8 

C/S 25 24.9 

O/S 10 10.8 
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High resolution scans for the sulphur, nitrogen and carbon elements are shown in 

Figure 76. The chemical state of the sulphur atom was probed using the XPS spectra of 

the S 2p emission (binding energy range of 160 eV to 170 eV). The S 2p spectrum 

(Figure 76a) consists of a single doublet peaks at 163.4 eV (S 2p1/2) and 162.3 eV (S 

2p3/2), indicating that the sulphur is chemisorbed on the gold surface.[289] The N 1s 

spectrum (Figure 76b) can be deconvoluted into two peaks; the peak centred at 399.5 eV 

is attributed to the accumulation of both the N=N and amide nitrogen atoms, which are 

known to occupy the same spectral area. [308] The second peak centred at 400.6 eV is 

assigned to the N-C atom present in the triazole ring.[309] No peaks were observed at 

higher binding energies, such as those which may be produced by the electron deficient 

nitrogen present in the azide starting material.[310] The ratio of these peaks was found to 

be close to the expected ratio (Table 14).  

Table 14 Nitrogen species ratio for the DFC Az-OEG surface 

Peak BE Ratio with respect to 400 eV Species 

  Expected Measured   

399.5 4 3.9  NC=O, N=N 

400.6 1 1  N-N 

 



138 

 

 

Figure 76: XPS spectra of the a) S 2p, b) N 1s and c) C 1s peak regions of DFC Az-OEG surface. 

The C 1s spectrum (Figure 76c) can be deconvoluted into four peaks. The peak at 284.6 

eV is attributed to C-C bonds,[302] while the peak at 284.8 eV corresponds to the 

superstition of the remaining C 1s of the three binding environments of C-S, C-N and C-

OH.[302] The third peak centred around 285.3 eV is attributed to the C-O carbons of the 

OEG group. The fourth peak (288.1 eV) is assigned to the C 1s photoelectron of the 

carbonyl moiety, C=O.[302] The ratio of these peaks was found to be close to the 

expected ratio of the carbon environments (Table 15). Taken together with the spectra 

observed in the nitrogen regions this finding is consistent with a near quantitative reaction 

of the surface alkyne groups. 
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Table 15 Carbon species ratio for Cu-AAC modified surface 

Peak BE (eV) Ratio with respect to 288 eV 
 Ratio with respect to 288.1 eV 

Species 

  Expected Measured   

284.6 2 1.9  C-C 

284.8 7 6.8  C-N, C-S,  
C-O 285.3 14 13.6  C-O 

288.1 2 2.0  C=O 

4.6 Conclusion  

In this chapter the concept, design and synthesis of compounds to form the basis of a 

novel sensor platform have been outlined. The DFC was produced and demonstrated to 

form SAMs spontaneously when exposed to a clean gold surface. Following the formation 

of DFC SAMs the functional groups within the compound were demonstrated to 

successfully take part in the subsequent chemical reaction to produce modified DFC SAM 

surfaces. Following this promising start the compounds and reactions discussed here will 

be investigated further in subsequent chapter to engineer functional sensors.  
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CHAPTER 5: MOLECULAR IMPRINTED 

SURFACES: SELECTIVE DETECTION OF 

GLYCOPROTEINS 

Following the design, synthesis and characterisation of each element of the proposed 

molecularly imprinted surface sensors, this chapter will detail their application. This 

chapter will describe the development of molecularly imprinted surface sensors to target 

compounds RNAse B and PSA. The ability of the produced sensors to bind these proteins 

along will be assessed and compared with other non-target proteins in order to assess 

their affinity and selectivity. The compatibility of these sensors with complex biological 

media will then be assessed.  
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5.1 Introduction 

Following the optimisation of the surface modification strategies outlined in the previous 

chapter, attention will turn to using these strategies to fabricate the molecularly imprinted 

surface sensor. The chapter will begin be examining the effect of the various surface 

modification has on the surfaces ability to interact with proteins. This will be followed by 

investigation into the production of imprinted surface specific for target proteins, and in 

particular, investigations into imprinted surfaces to which are able to distinguish between 

glycosylated and non-glycosylated version of the same proteins.  

Next, the suitability of the methods for production of a sensor selective for the biologically 

relevant glycoprotein, Prostate specific antigen (PSA), will be assessed. This will be 

followed by examining the suitability of the system to function with complex biological 

matrices.  

5.2 Protein resistance of click surfaces 

To ensure that the surface reactions were able to produce the desired physical properties 

on the surfaces, the ability of the surface to resist non-specific adsorption of proteins was 

investigated via SPR.  SAMs of oligo(ethylene glycol) (OEG) thiol SAMs have been used 

as a ‘gold standard’ of protein resistance, as it is a well-known and well characterised 

surface method of reducing adhesion of proteins.[311] Therefore, an OEG SAM was 

prepared as per a published method using a hexaethylene glycol thiol to allow the 

investigation of an ‘ideal’ protein resistant surface.[312]  Over this surface a series of BSA 

protein solutions were injected and binding monitored. The BSA solutions were prepared 

by serial 2 x dilutions to produce 7 protein solutions ranging from 1 mg/mL to 

0.0156 mg/mL. Solutions were injected in order of ascending concentration. Each 

injection and wash phase lasted for 15 minutes, with a flow rate of 25 µL/min.  As 

expected, OEG SAMs were able to resist the adsorption of protein up to concentrations of 
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up to 1 mg/mL (Figure 77). However, it can be seen that at the higher concentrations of 

protein some signal change is observed. This can be attributed to the ‘bulk effect’ of the 

high concentration of protein, which is able to produce a change in the refractive index of 

the bulk solution, which is picked up by the SPR, rather than a true interaction with the 

surface. [313] 

 

Figure 77: Representative SPR sensorgram demonstrating injections of BSA over a OEG SAM. Green 

arrows indicate the start of and injection and red arrows indicate the beginning of a wash. Protein 

concentrations were prepared by serial 2x dilutions ranging from 1 mg/mL (final injection) to 0.0156 

mg/mL (first injection).  

In contrast, the results of the observed interaction of SAMs of DFC (figure 66) with BSA 

demonstrate that SAMs of these molecules are unable to resist the non-specific binding 

(NSB) of protein. The similar experiment is conducted using an unmodified DFC surface. 

BSA solutions were prepared as before using a 2x serial dilution, however this time the 

highest concentration used was 0.25 mg/mL, as it was anticipated that surface would 

have become saturated with protein before the reaching higher concentrations. Thus, 5 

solutions were produced ranging from 0.0156 mg/mL to 0.25 mg/mL. These solutions 

were then injected over the unmodified DFC surfaces. Results of these injections are 

shown by the blue line in Figure 78.  It can be seen even the lowest concentration 

solutions of 0.0156 mg/mL BSA produce a large and mostly irreversible response. As the 
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injection continues, the relative increase in SPR signal beings to decrease, which is 

consistent with the surfaces becoming saturated with adsorbed proteins.[314] This 

behaviour is typical for surfaces which have not been optimised for the resistance of NSB 

of proteins.  

 

Figure 78: Representative SPR sensorgram demonstrating injections of BSA over an unmodified DFC 

SAM (blue line) and a Az-OEG DFC SAM (red line). 

In order to assess the effectiveness of the click reactions to modify the surface properties, 

the same experiment was then conducted using DFC surfaces that were modified via click 

chemistry to be OEG-terminated. The same BSA protein solutions were then injected over 

these modified DFC surfaces. The results are shown by the red line in figure 81. It can be 

seen that there is a marked decrease in the protein interactions with the surface, with 

adsorption being reduced to a level which comparable with the OEG SAM investigated. 

Thus it can be concluded that the surface modification strategies are successfully able to 

modify the physical properties of the SAM surfaces, including the ability to resist the non-

specific adsorption of protein (BSA), producing results comparable to an OEG surface.  
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5.3 Boronic acid surfaces ability to bind RNAse A and B 

The cellular enzyme ribonuclease (RNAse) offers a well understood model for 

investigation of glycoproteins and is particularly useful as it has two isoforms, RNAse A, 

which is non-glycosylated isomer of the protein and RNAse B which has the same amino 

acid structure, but with the addition of a single glycosylation site. For this reason, we 

chose to use these proteins as models to build molecularly imprinted surfaces for 

glycoproteins, as we hypothesise that additional glycans present will result in enhanced 

affinity for RNAse B due to the formation of glycan-boronic acid complexes, as depicted in 

Figure 79. 

 

Figure 79: Schematic diagram of the interactions between boronic acid-terminated surface and RNAse 

A and RNAse B. RNAse A and B have the same peptide sequence, however RNAse B contains a 

glycosylation group, shown schematically in the diagram. This boronic acid group permits the 

formation of complexes between sugar diols and the boronic acids on the surface which not possible 

with RNAse A due to the lack of glycosylation.  

The ability of boronic acids to interact with diols is a pH dependant process. This is due to 

the process being reversible (see Scheme 9), with each step in the process resulting in 

the liberation of protons.  
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Scheme 9 The reversible interaction between boronic acids and diols.  

Therefore, an increase in the pH acts to push this equilibrium across to the right, 

promoting the formation of boronic-diol complexes. To ensure that we conducted SPR 

experiments at the ideal pH, we looked at the ability of boronic acid SAM to bind simple 

sugars at various pHs. DFC SAMs modified with acrylic boronic acids were used as the 

sensor surface. The monosaccharide fructose was used as a ligand due the increased 

stability of complexes formed between it and boronic acids compared to other 

monosaccharides, thus producing the largest possible SPR response.[11] Solutions of 

fructose in the buffers adjusted to the relevant pH were injected over the surface for 10 

minutes and equilibrium values were monitored. The equilibrium results can be seen in 

Figure 80. The results suggest that the optimum pH would be 8.5, which is in agreement 

with other published works.[315-317] In addition, we used boron NMR to ensure that the 

case was the same in bulk solution with boronic acid which was not surface bound. 
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Figure 80 SPR responses of boronic acid modified DFC surfaces to fructose at differing pHs. Error 

bars indicate standard deviation.  

Boron NMR can be used to determine the proportion of the boronic acid species that are 

complexed to diols. Adoption of the tetrahedral form of boronic acids causes a distinct 

chemical shift in the boron NMR spectra, producing a second peak at 10 ppm around 20 

ppm lower than the trigonal form of boron, which is seen at around 30 ppm.[318] 

Solutions of aminophenylboronic acids and fructose were produced in a 1:1 mixture of 

duterated methanol acid  and D2O, which were pH adjusted to the indicated values using 

sodium hydroxide. The final concentration of boronic acid and fructose was 30 mM and 

300 mM, respectively.  The results shown in Figure 81 demonstrate that as the pH of the 

solutions was increased, the size of the second peak increases. This finding agrees well 

with the results of the SPR pH experiments, as both experiments indicate that a greater 

number of complexes are formed at higher pH. These results are also in agreement with 

published literature.[319]  
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Figure 81: Boron NMR of mixtures of phenyl boronic acids and fructose in solutions at varying pHs; 

pH 7 red line, pH 7.5 green line, pH8 blue line, pH 8.5 purple line. 

 

5.3.1 Ability to Bind RNAse B  

To provide proof of principle that boronic acids can be used to differentiate between 

RNAse A and B, we fabricated a surface of DFC and then carried out the acrylic boronic 

acid reaction, to produce a pure boronic acid terminated surface. Over this surface, we 

then injected a solution of each protein, at a concentration of 100 µg/mL. The results 

demonstrate that these boronic acid surfaces have an inherently higher affinity to the 

glycosylated RNAse B, compared to RNAse A (Figure 82). This increased affinity is 

presumably due to the interactions of the boronic acid groups with diols present the sugar 

residues of the glycosylation group of the RNAse B molecule. Notably, however, there is a 

significant response from the non-glycosylated RNAse A protein.  
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Figure 82: Representative SPR sensorgram demonstrating injections of RNAse A (green line) and 

RNAse B (red line) over a AABA modified DFC SAM 

This suggests that the boronic acids are not only interacting directly with the diol moieties 

but could also be acting as hydrogen bonding sites for groups within the peptide 

backbone of the protein. Additionally, there is some evidence reported previously which 

suggests that boronic acids are also able to form the covalent interactions with the diol-

like groups on multiple serine residues while the RNAse peptide is known to contain 

several points at which there is di-serines, which could explain the affinity for the non-

glycosylated RNAse A.[73, 320] 

While the results obtained with the AABA modified DFC, with a higher affinity displayed 

for the glycoprotein RNAse B, are promising, this surface does will likely not be selective 

for any particular protein. To test this hypothesis, a series of proteins, RNase B 

(glycosylated), Lysozyme (non-glycosylated)  and α-1-Acid glycoprotein (glycosylated), at 

a number of concentrations were prepared and injected over the surfaces. The results of 

the equilibrium SPR response of each protein are shown in Figure 83. It can be see that 

although RNAse B produces the highest responses, there is also a significant response 

from the other proteins, even though they are non-glycosylated. This suggests that the 

boronic acid groups are able to interact not only with the glycol groups but also able to 
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interact with proteins through non-covalent interactions such as hydrogen bonding and 

ionic interactions.   

  

Figure 83: SPR equilibrium responses of boronic acid modified DFC surfaces to RNAse B, α-1-Acid 

glycoprotein and lysozyme. Measurements conducted at at 298 K.  

5.3.2 Imprinted Surfaces  

Following from establishing the suitability of boronic acids to interact with proteins, and 

interact more strongly with glycosylated proteins, attentions were turned to producing an 

imprint site, so that only desired interactions between target proteins with the surface 

were promoted. To enable this we used the sugar chains to be act as the molecular 

imprint, and produce binding sites on the surface as outlined in the schematic shown in 

Figure 84.  
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Figure 84: The outline of the scheme of molecular imprinting using sugar chains. a) A pre-prepared 

DFC surface is mixed with the target protein in the presence of Az-OEG b) the surface and Az-OEG 

allowed to interact with the proteins, c) using the Cu-AAC reaction the glycol chains are added around 

the protein d) the protein is removed leaving behind the imprint site  

Briefly, preformed DFC SAM was placed in solutions containing both the target protein 

RNAse B and the azide glycol. To this solution, the click reaction initiators were added 

and the mixture allowed to react for 4 hours, after which the SPR chips were removed 

from the solution and washed with liberal amounts of water to remove template proteins.  

The ability of the surfaces to bind the target proteins was then assessed via SPR.  When 

the sensor was then exposed to both RNAse A and B, a response was observed from 

both proteins, although it can be seen that RNAse A produced a larger response 

(Figure 85). It is also notable that both RNAse A and B produce a smaller response on 

this surface than on the pure boronic acid-modified surface, which suggests that the 

boronic acid is able to enhance the interactions of the protein, most significantly RNAse B, 

presumably due to interaction with diols present only in the glycoprotein. 
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Figure 85: SPR responses of RNAse B molecularly imprinted surfaces prepared in the absence of 

boronic acid to RNAse A (red points) and RNAse B (blue points) Measurements conducted at at 298 K. 

In addition, it suggests that a RNAse A has a higher affinity to the glycol scaffold. This 

effect was at first puzzling, as one may expect the two proteins to have the same affinity 

to the imprinted surfaces. However, after consulting the literature there is evidence to 

suggest that the increased affinity of the RNAse A may be increased due to interactions 

with the acrylic groups on the imprinted surface. [321, 322] 

To ensure that this effect was due to the effective imprinting of the proteins, a non-

imprinted surface was produced on preformed SAM of DFC, which was then modified with 

the glycol groups in the absence of target protein. This process would produce an 

essentially glycol-terminated SAM. The ability of these surfaces to interact with the 

RNAse A and B was then assessed via SPR (Figure 86). The results show that the pure 

glycol control SAM shows little binding for any of the proteins used in the study, and thus 

confirm that the enhanced response seen in figure 88 is due to the imprinting process. 
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Figure 86 SPR responses of control (non-molecularly imprinted) Az-OEG DFC modified surfaces, 

prepared in the absence of template compound, to RNAse A, RNAse B, Lysozyme and BSA and other 

proteins. Measurements conducted at 298 K.  
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5.4 Molecular Imprints with AABA and Az-OEG  

5.4.1 Optimum boronic acid ratio 

Following the proof of principle that the OEG and boronic acid elements of the sensor 

design were suitable for the imprinting and glycoprotein selectivity, respectively, the two 

elements were brought together to produce functional sensors. Detailed methods of 

molecular imprint formation can be found in the methods chapter of this thesis. However, 

a brief outline of the procedure is as follows: Imprinted surfaces were formed on SPR 

chips which had been modified with a DFC monolayer. To form the imprinted surfaces 

these preformed DFC SAMs and the imprint components, AABA and Az-OEG, were 

incubated with samples of the template protein. The imprinted surface fabrication was 

then controlled by the addition of the initiators for each of the acrylic and Cu-AAC 

reactions. Acrylic reactions were initiated first by the addition of APS and TEMED and 

allowed to proceed for 30 min. After this, the click reactions were initiated via the addition 

of a copper sulphate and sodium ascorbate. The mixture was then allowed to react for a 

further 4 hours. Following formation, sample chips were removed for the formation 

mixture and rinsed for several minutes with large quantities of water to remove template 

molecules.  

In order to determine the optimal amount of boronic acid required a series of molecular 

imprints, using RNAse B as a template, were made using differing molar equivalents of 

boronic acids. The ability of the resulting imprinted surfaces to bind RNAse A and B was 

investigated via SPR. The results of this investigation are presented in Figure 87. The 

results show that as the equivalent of boronic acids are increased, the overall ability to 

bind the two proteins increases, as demonstrated by the increase in the calculated affinity 

for the two proteins. However, the absolute affinity is not the only factor to consider; the 

selectivity of the imprints to the desired glycosylated RNAse B must also be considered. 

In order to do this, the calculated affinity for RNAse A was divided by the calculated 
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affinity for RNAse B to provide an indication of the selectivity demonstrated by each 

surface. The result of this calculation demonstrated that the optimum equivalent of 

boronic acid was ten times that of the protein template. Although high levels of boronic 

acid produce a higher absolute response to the template, RNAse B, then also produced a 

larger response the competing RNAse A, and ultimately reducing the selectivity of the 

surface. 

 

Figure 87: SPR investigation into the effects of boronic acid content on RNAse A and B selectivity in 

molecular imprinted surfaces. Measurements conducted at at 298 K. 
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5.5 RNAse B imprinted Sensor 

5.5.1 Assessment of sensor affinity and selectivity 

Following optimisation, the selectivity of the RNAse B imprinted sensors was investigated 

by assessing their ability to bind proteins, both template and competing, via SPR. The 

properties, such as size and isoelectric point, of all the proteins investigated are 

presented in Table 16. 

Table 16 Properties of the proteins used in moleclar imprinting studies 

Protein RNAse B/A Lysozyme α-1-acid 
glycoprotein 

BSA PSA HPA 
α-1- 

antitrypsin 

Molecular weight 
14700/ 
13700 

14600 44000 66500 28400 44000 52000 

Glycosylation (%) 9/ 0 0 45 0 8.30 21 5 

Dimensions (nm) 
3.8x2.8x2.2 

[323] 
2.8x3.2x3 

[324] 
5.9x4.2x3.9 

a
 

14.x4.0x4.0 
[26] 

4.4x4.1x5.1
a
 

4.0x6.7x11.7 
[325] 

7x3x3  
[326] 

Isoelectric point 
9.2- 9.6 

[327] 
11.1[328] 2.8-3.8[329] 4.7[330] 6.2-7.5[49] 9 [331] 

4.5-
5.5[332] 

a 
calculated from crystallography data using ChemBioDraw 3D  

The result of SPR investigations in to the binding of each protein to the molecular 

imprinted surface is presented in Figure 88. We observed that the response to template 

proteins was significantly higher than that to non-imprinted proteins, which produced a 

response similar to that expected from non-imprinted surfaces. This demonstrates that the 

molecularly imprinted surfaces were able to distinguish between the target protein and 

non-target proteins with a high degree of selectivity.  
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Figure 88: SPR responses of RNAse B specific molecularly imprinted DFC surfaces to RNAse B and 

other proteins. Measurements conducted at 298 K. Error bars indicate standard deviation. 

5.5.2 Discussion of sensor affinities   

For the surfaces which were engineered to be specific to RNAse B, we observe the 

affinities shown in Table 17. The highest affinity is observed with the target protein, 

RNAse B, thus suggesting that binding sites on the surface are complementary in size 

and arrangement to this molecule. RNAse A is the non-glycosylated isomer of RNAse B. 

Both compounds share the same protein structure, however, RNAse B contains an 

additional post-translational modification - a single glycosylated site. Therefore, the 

observation that RNAse A shows the closest affinity to RNAse B from all the proteins 

examined is expected.  
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Table 17 Calculated affinties between proteins and RNAse B molecularly imprinted sensor 

Protein KD (µM) 

RNAse B 3.89   ± 0.1 

RNAse A 8.01   ±  0.1 

Lysozyme 24.3   ± 1.0 

BSA 33.8   ± 6.0 

HRP 119    ± 2.0 

α-1-acid glycoprotein  201    ± 7.0 

α-1-antitrypsin 570    ± 50 

 

We observe that the lysozyme is also able to interact with the surface, but to lesser 

degree than the target protein, with an affinity around 6 times lower. Although this 

compound is not glycosylated, it is similar in molecular weight and dimension to the 

template compound, (2.8 × 3.2 × 3.0 nm vs 3.8 x 2.8 x 2.2 nm).[333] Furthermore, is 

carries a net positive charge, which could facilitate the interaction with the negatively 

charged boronic acid groups on the surface. In addition, the peptide sequence of 

lysozyme is known to contain several serine residues which could also offer sites to which 

boronic acids could interact.[334] 

The remaining proteins examined produced only negligible binding with the sensor 

surface, as shown by the calculated affinities, some of which are orders of magnitude less 

than the target protein. This finding was interesting given that the several of the proteins 

are glycosylated. We initially hypothesised that such compounds may display non-specific 

interactions with the surface, due to the sugar residues. However, examination of the 

properties of these proteins suggests that these proteins are too large to interact with the 

surface imprints - all the proteins have larger molecular dimensions than the target, 

RNAse B. In addition, these proteins are commonly negatively charged which may also 

inhibit their interaction with the surfaces due to the repulsion between the charges on the 

proteins and the negative charge on the boronic acids.  
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5.6 PSA Imprinted Sensor 

Following the optimisation of an imprinted surface specific for RNAse B, we attempted to 

produce an imprinted surface which was able to selectively interact with the clinical 

marker PSA. Prostate cancer is the most common male malignancy in Europe and the 

United States, and the second leading cause of death from cancer.[335-337] 

PSA is a glycoprotein, and increase in its levels, is correlated with an increased risk of 

developing prostate cancer. Furthermore, there is evidence to suggest that the 

glycolaslation seen on the proteins could correlate with the development of malignant 

prostate disease.[338] Therefore, this protein was chosen as a clinical marker for sensor 

development. The PSA imprinted surface was produced in the same manner as described 

previously, with the exception that PSA was used as a template molecule. Following the 

fabrication of the imprinted surfaces, solutions of target proteins and a number of 

competing proteins were each injected injected over the surfaces and interactions of each 

protein with the surface were monitored using SPR. The results of this investigation are 

presented in Figure 89.  
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Figure 89: SPR responses of PSA specific molecularly imprinted DFC surfaces to PSA and other 

proteins. Measurements conducted at at 298 K. Error bars indicate standard deviation. 

5.6.1 Assessment of affinity and selectivity of PSA Surface 

Following examination of the interactions of surfaces imprinted with PSA with other 

proteins, we observe the affinities shown in Table 18. We observed that PSA produces 

the highest response and affinity, which is expected as it is the target protein. This high 

affinity is expected as the molecular imprints should be complementary to the PSA, and 

its glycosylation groups. As observed with RNAse B-imprinted surfaces, molecular size 

appears to be a factor affecting the binding of other competing proteins to the molecular 

imprints. The proteins RNAse B, Lysozyme and α1-acid glycoproteins are all similar or 

smaller in size to the target PSA and display binding affinities that are higher than that of 

the other lager proteins examined (see Table 16). We observe that the α-1 acid 

glycoprotein produces the second highest affinity to the surface, which we hypothesise 

that this is due to the protein having a similar molecular diameter to PSA and also due to 

the high levels of glycans present on this protein. This combination permits the protein to 

‘fit’ into the imprint sites and facilitate the interactions between the boronic acid groups 
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and the glycans present on the protein, producing the observed affinities. Comparison 

with the response of the RNAse B MI surface and PSA MI surface  to α1-acid glycoprotein 

shows that on the RNAse B surface the protein produced a very low affinity, while on the 

PSA surface the response is considerably higher. We hypothesise that this is due to the 

increased size the imprint sites due to the lager target compound, PSA, which allows the 

α1-acid glycoprotein to access the binding site, producing an enhanced affinity. 

Table 18 Calculated affinties between proteins and PSA molecularly imprinted sensor 

Protein KD (µM) 

PSA 1.8 ± 0.07 

Lysozyme 4.84 ± 0.1 

α-1-Acid glycoprotein 5.3 ± 0.1 

RNAse B 6.7 ± 0.5 

BSA 21.6 ± 0.6 

α-1-Antitrypsin 30.9 ± 0.9 

HRP 52.5 ± 2.0 

 

RNAse B shows some interactions with the surface. However, its affinity is approximately 

4 times less than the affinity of PSA towards the surface. This is presumably due to the 

fact RNAse B  has dimensions which should allow it to ‘fit’ into the molecular imprint  

sites, however, the binding site will not be complimentary to the structure of the protein- 

producing the reduced affinity observed.  

Lysozyme, as with the RNAse B surface, is able to interact to some degree with the PSA 

MI surface. Presumably this is due to its small size, facilitating access to the MI binding 

sites. However, as the protein is not glycosylated we hypothesised that this interaction is 

mediated via electrostatic interactions between its net positive charge and the negative 

charge of the boronic acids in the binding sites. The remaining proteins BSA, HRP and α-

1-antitrypsin display negligible interaction with the surface. These proteins are all larger in 

their molecular dimensions than the target PSA, and so are unable to access the binding 

sites in the surface, and so produce a very weak interaction with the surface.  
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The SPR data was also fitted using a kinetic modelling, which produced affinity values 

comparable to the equilibrium affinity data. The fitting is shown in Figure 90. Using this 

fitting method a KD value of 1.92µM was determined.  

 

Figure 90: Kinetic model fitting of the PSA SPR sensor gram, for the PSA MI surface vs the PSA. 

Measurements conducted at at 298 K. 

 

5.7 Sensor Reusability  

In order to assess the surface sensors suitability to reuse, a cycle of sample binding and 

surface regeneration was used. An RNAse B solution (3.65 µM) was used to examine the 

cycles of binding and regeneration of the surface (Figure 91). 
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Figure 91: Representative SPR sensorgram demonstrating cycles of binding and regeneration of 

RNAse B to RNAse B molecularly imprinted surfaces. Injections of 3.65 µM samples were injected for 

5 minutes followed by a 5 minute dissociation period. Following this a regeneration solution was then 

injected over the surfaces for 5 minutes.  

This procedure was repeated 10 times and in triplicate, and the SPR response at 

equilibrium was monitored. The results (Figure 92) demonstrate that for the first 10 

replicates the loss of sensor function is minimal, which is comparable if not better than the 

regeneration behaviours of antibody based sensors.[339, 340]   

 

Figure 92: Plot of the equilibrium responses for a 3.65 µM RNAse B solution over RNAse B MI surface 

after various numbers of binding-regeneration cycles. Error bars indicate standard deviation. 
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5.8 Serum compatibility 

In order for the surfaces to be useful in a clinical setting, there will be a requirement for 

the surfaces to be suitable to work in the presence of complex matrixes. This requirement 

stems for the fact that many clinically relevant glycoproteins which are potential 

biomarkers are likely to be found in sample types such as serum, urine and prostate 

secretions. All such sample types contains a large number of proteins, carbohydrates and 

lipids, which have the potential to cross react with the imprinted surface and affect 

performance. Fortunately, the OEG groups from which the imprinted surface is fabricated 

are known to offer effective resistance to the non-specific adsorption of proteins and other 

biological compounds. In order to be sure that the MI surface was able to resist the 

adsorption of unwanted compounds, while maintaining the ability to bind the desired 

targets, experiments were conducted using the complex media, serum. In these 

experiments 0.5% serum was added to the buffer used for all SPR experiments. RNAse B 

protein dilutions were prepared in this 0.5% serum buffer and then each concentration of 

the protein was injected over the sensor surface as normal. The results of these 

investigations demonstrate that the surface were able to perform adequately 0.5% serum, 

although the responses produced were diminished, presumably due loss of some binding 

sites due to the non-reversible adsorption of some serum components (Figure 93).  
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Figure 93: SPR responses of RNAse B specific molecularly imprinted DFC surfaces to RNAse B with 

0.5% serum. Measurements conducted at at 298 K. Error bars indicate standard deviation. 

5.9 Conclusion 

In conclusion, the fabrication of a synthetic molecularly imprinted surface sensor system 

for the detection of glycoproteins has been described, based upon a novel di-

functionalised SAM molecule. In addition, the system is able to selectively identify 

glycosylated forms of the target protein, in preference to non-glycosylated forms, via the 

incorporation of boronic acid units. The methodology has been demonstrated to be 

adaptable and able to be used to generate sensors of several proteins including the 

biologically relevant prostate specific antigen, which is a clinical marker for prostate 

cancer. The affinities of the resulting sensor surfaces were calculated and have shown to 

be in the range of some antibodies, however they were found to be lower than some high 

high-affinity monoclonal antibodies.[341] The sensor surfaces have been demonstrated to 

be suitable for use in complex matrixes, such as serum, with minimal loss of performance. 

It is hoped that further work with this system will allow the development of system which 

are capable of analysing clinical samples to take this technology forwards towards ‘real 

world’ applications.  
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CHAPTER 6: CONCLUSIONS AND FUTURE 

WORK 
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6.1 Conclusion 

The work performed in this thesis has described the fabrication of surface sensors for the 

selective detection of glycoproteins and monosaccharides. This work has demonstrated 

that through the design of molecular components and binding sites, synthetic sensors can 

be fabricated. Furthermore, it has been illustrated that such systems offer the possibility to 

produce sensor systems with functionally comparable to that observed in biologically 

derived sensors, such as those which rely on antibodies and enzymes for molecular 

recognition.  

These devises were produced using principles of self-assembly to modify surfaces and 

impart upon them the physical and chemical properties which are required to achieve the 

goal of molecular recognition. Key to this has been the employment of boronic acids 

groups which are able to offer a solution to sugar detection via the formation of reversible 

esters with the diol groups present on sugar compounds. We demonstrate that this 

interaction can be combined with supramolecular concepts to produce surface attachable 

compounds for the selective binding of a target monosaccharide, glucose, with higher 

affinity than other closely related monosaccharide compounds.   

In the second section of this thesis we describe the concept, design and synthesis of 

compounds to use in a novel molecular imprinted surface sensor. The final target 

compound, DFC, contained three separate functional groups to allow the control of three 

aspects of sensor formation: attachment to the gold surface and the addition of two 

separate sensor components, boronic acid and glycol chains. The sensors which were 

created with using this system were shown to be able to selectively bind target proteins, 

including the biologically relevant protein PSA. Additionally we demonstrate that this 

system is able to distinguish between a glycosylated and non-glycosylated isoform of the 

same protein, RNAse. While this finding certainly represents progress towards synthetic 

sensors for detecting changes in glycosylations of proteins, further work would be helpful 
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to realise this lofty goal. Ideas for how this project could be further developed will now be 

discussed.  

6.2 Future Work 

The ultimate goal of this research is to produce systems which are able to differentiate 

between different glycoforms of specific target glycoproteins. Currently, the only methods 

by which this can be achieved are time consuming and costly techniques such as HPLC. 

We aim to produce a simple synthetic sensor system which is able to achieve this goal in 

a single step process, akin to ELISA. Whilst we have been able to produce a system 

which is able to differentiate between glycosylated and non-glycosylated proteins, the 

challenge of detecting and quantifying different glycoforms of the same glycosylated 

protein remains.  

6.2.1 The Problem- Highlighted by Prostate Cancer 

Prostate cancer is the most commonly diagnosed male malignancy in the western 

world.[47] Prostate disease, both malignant and benign, produces disruption to the 

structure of the prostate resulting in the escape of PSA into the blood stream.[48] 

Although PSA assays are widely used for detection of prostate cancer such assays are 

associated with poor sensitivity and specificity. Therefore one of the most urgent 

requirements in cancer diagnosis and treatment is the development of a minimally-

invasive test which would be able to distinguish prostate cancer from the non-pathological 

condition of benign prostate hyperplasia.[50]  

Glycosylation is one of the most common co- or post-translational modifications made to 

proteins. Critically, changes to patterns of glycosylation of proteins is known to change in 

cancerous disease, including prostate cancer, and so offers a promising target for new 

biochemical assays.[32] However, due to the inherent difficulties in the characterization of 

protein glycosylation structures by traditional methods, there is currently no single test 
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able to distinguish between prostate cancer and benign prostate disease. Our previous 

research has produced synthetic sensor surfaces which are able to selectively bind 

specific monosaccharides and glycoproteins, including PSA, using boronic acids and 

molecular imprinted surfaces.[305] The advantage of the systems produced is that they 

are well suited to the high throughput and simple sample preparation required by clinical 

practice. Thus, the goal of future research stemming from the work described in this 

thesis will be to develop a single sensor system which is able to selectively bind and 

distinguish PSA proteins from complex mixtures present in biological samples and also 

differentiate different glycosylation patterns present on the PSA molecules.  

6.2.2 Boronic Acid and the Importance of pKa 

In this thesis .we have demonstrated the use of a bis-boronic acid group for the selective 

detection of monosaccharides. An interesting avenue for further research would be the 

use of multiple intramolecular boronic acids to facilitate the selective detection of different 

complex sugar structures, such as those found in post-translational modifications of 

proteins. Publications which describe the synthesis and application of this class of bis-

boronic acid have, to date, focused on how the intramolecular spacing of the boronic acid 

groups is able to influence selectivity.   

A second element of boronic acids which has received attention is the influence of their 

pKa on their interactions with sugars - the pKa of boronic acids has been shown to be 

vital to the functionality of boronic acid based sensors. Previous works by several groups 

have produced libraries of boronic acid derivatives which demonstrate the ability to tune 

the pKa via substitution of substituents (Figure 94). [2] However, to date, the use of bis-

boronic acids with differing intramolecular pKa values has not been explored for the 

sensing and profiling of complex carbohydrates. Furthermore, it is known that malignant 

disease results in the incorporation of sugar groups with different pKas into glycosylation 

structures, which can allow the differentiation between health and disease. Recently, 
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selective interactions between sialic acids (a saccharide with low pKa) and modified 

phenyl boronic acid have been achieved, highlighting the importance of the ligand pKa in 

binding events[342]. Thus we propose that through the design of bis-boronic acids 

species in which pKas of each boronic acid group can be independently controlled 

selectivity for complex glycosylation groups could be achieved.  

6.2.3 Proposed Future Research 

We propose that one element of future research would be to produce a library of 

compounds which contain multiple intramolecular boronic acids, each of which will have a 

different pKa and will be suitable for use in the molecular imprinting sensor systems 

described in this thesis. Thus, the aim of this work will be to synthesise a small library of 

bis-boronic acid compounds with each intramolecular boronic acid being varied with 

reference to its pKa. The compounds produced should then be screened to assess their 

binding with oligosaccharides. Compounds which show promise should then be 

incorporated into modified surfaces to produce surface sensors selective for specific 

oligosaccharides present on glycoproteins.      

Figure 94: Examples of boronic acid species with their pKa values [1, 2].   
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6.3.4 Target Compound General Design and Requirements 

The design of the compounds should meet these strict requirements in order to be useful: 

The synthetic route should be modular- simple changes of reagents should produce the 

variety with the compounds without the need for changing the synthetic process. The 

compounds should be water soluble, as they will need to be compatible with aqueous 

biological samples. 

In addition, molecular design will need to be highly adaptable, allowing tuning of 

molecular properties.  These properties will include: pKa of the constituent boronic acids, 

linker length and linker properties- such as charge, flexibility polarity etc.  The rational of 

the compounds to be produced will be that by producing compounds with different 

intramolecular boronic acids, each with different pKa, the compounds will allow the 

production of a novel class of boronic acid glycan receptors. These molecules should 

allow the interactions of glycans to be selectively targeted through control of pH, boronic 

acid spacing, linker properties and boronic acid pKa to produce tuneable glycosylation 

carbohydrate binding motifs (Figure 95).  

 

 

  

Figure 95: alt-bis-boronic acids will be able to display different affinity to different glycosylation 
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CHAPTER 7: METHODS  
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7.1 General methods 

7.1.1 Contact Angle 

Contact angles were determined using a home-built contact angle apparatus, equipped 

with a charged coupled device (CCD) KP-M1E/K camera (Hitachi) that was attached to a 

personal computer for video capture. The dynamic contact angles were recorded as a 

micro-syringe was used to quasi-statically add or remove water from the drop. The drop 

was shown as a live video image on the PC screen and the acquisition rate was 4 frames 

per second. FTA Video Analysis software v1.96 (First Ten Angstroms) was used for the 

analysis of the contact angle of a droplet of UHP H2O at the three-phase intersection. The 

averages and standard errors of contact angles were determined from five different 

measurements made for each type of SAM.  

7.1.2 Ellipsometry 

The thickness of the deposited monolayers was determined by spectroscopic 

ellipsometry. A Jobin-Yvon UVISEL ellipsometer with a xenon light source was used for 

the measurements. The angle of incidence was fixed at 70 ° . A wavelength range of 280–

820 nm was used. The DeltaPsi software was employed to determine the thickness 

values and the calculations were based on a three-phase ambient/SAM/Au model, in 

which the SAM was assumed to be isotropic and assigned a refractive index of 1.51. The 

thickness reported is the average and standard error of six measurements taken on each 

SAM.  

7.1.3 X-ray photoelectron spectroscopy (XPS) 

Elemental composition of the SAMs were analysed using an Escalab 250 system 

(Thermo VG Scientific) operating with Avantage v1.85 software under a pressure of ~ 5 x 

10-9 mbar. An Al Kα X-ray source was used, which provided a monochromatic X-ray beam 

with incident energy of 1486.68 eV. A circular spot size of ~ 0.2 mm2 was employed. The 
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samples were attached onto a stainless steel holder using double-sided carbon sticky 

tape (Shintron tape). In order to minimise charge retention on the sample, the samples 

were clipped onto the holder using stainless steel or Cu clips. The clips provided a link 

between the sample and the sample holder for electrons to flow, which the glass 

substrate inhibits. Low resolution survey spectra were obtained using a pass energy of 

150 eV over a binding energy range of 0 eV to 1250 eV obtained using 1 eV increments. 

The spectra recorded were an average of 3 scans. The high resolution spectra were 

obtained using a pass energy of 20 eV and 0.1 eV increments over a binding energy 

range of 20–30 eV, centred on the binding energy of the electron environment being 

studied. A dwell time of 50 ms was employed between each binding energy increment. 

The spectra recorded were an average of between 5-250 scans (N (1s) = 100 , Au (4f) =5,  

S (2p) = 150, B (1s) = 250, O (1s) = 50, C (1s) = 50). Sensitivity factors used in this study 

were: N (1s), 1.8; Au (4f), 17.1; S (2p), 1.68; B (1s), 0.486; O (1s), 2.93; C (1s), 1.0. 

7.1.4 Surface Plasmon Resonance (SPR) 

SPR experiments were performed with a Reichert SR7000DC Dual Channel 

Spectrometer (Buffalo, NY, USA) at 25 °C. Prior to the binding studies, a baseline for the 

SAMs was established by running degassed buffer through the machine at a flow rate of 

25 μl/min. Data was analysed using Scrubber 2 (BioLogic Software, Aus.). 

7.2.1 Chromatography 

Flash chromatography was performed on a Teledyne Isco CombiFlash Rf 200 using 

RediSep Rf silica flash columns. Ethyl acetate and hexane where used as solvents. 

Detection of eluted compounds was achieved using UV and evaporative light scattering 

detectors (ELSD). 

7.2.2 NMR Spectroscopy 

1H and 13C NMR spectra were recorded on a Bruker AV300 (at 300MHz and 75MHz 

respectively) or a Bruker AVIII400 (at 400 MHz and 100 MHz respectively) at room 
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temperature. All 13C NMR spectra were recorded using the PENDANT pulse sequence. 

Where necessary, COSY, HSQC and NOSEY experiments were carried out to allow 

unequivocal assignment of signals. Chemical shifts are expressed in parts per million 

(ppm) down field from tetramethylsilane or relative to residual NMR solvent peak. Data 

was processed on MestReNova LITE v.5.2 (Mestrelab Research) and Topspin 2.0 

(Bruker).  The multiplicity of signals is expressed as follows: s= singlet, d=doublet, t=triplet 

q=quartet, m= multiplet. Coupling constants (J) are reported in Hz.  11B NMR spectra 

were recorded at 96 MHz on a Bruker AVANCE 300 NMR spectrometer and are proton 

decoupled all spectra were recorded at room temperature unless otherwise stated. 

 

7.2.3 Mass Spectrometry 

All samples were analysed by means of the Synapt G2-S HDMS system (Waters, 

Manchester, UK). All experimental data were acquired with a resolution of 20000. 

Samples were introduced into the mass spectrometer via the nanoAcquity system 

(Waters, Manchester, UK). Electrospray ionisation was performed with a capillary voltage 

of 3.2 kilovolts, and the sample cone was set at 40 volts. 

 

7.2.4 Infrared Spectroscopy (IR) 

IR spectra were recorded using a PerkinElmer Spectrum 100 FTIR Spectrometer, using a 

universal ATR sampler (PerkinElmer). Frequencies (in wavenumbers) are listed, with the 

relative strength and a brief assignment of what type of bond is resonating listed in 

parentheses. Peaks are listed in descending numerical order. Strengths: s = strong, m = 

medium, w = weak, br = broad.  

7.2.5 Melting points 

Melting points (mp) were recorded using a Stuart SMP10, using closed ended melting 

point tubes. Values stated are uncorrected.   
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7.2.6 Thin-layer chromatography (TLC) 

TLC was carried out on aluminium plates coated with silica gel 60 F254 (Merck 5554). 

The TLC plates were visualised using either potassium manganate or ninhydrin dip and 

dried with a heat gun. 

7.3 Synthesis of DFC 

7.3.1 (2R,2'R)-Bis(2,5-dioxopyrrolidin-1-yl)3,3'-disulfanediylbis(2-((tert-

butoxycarbonyl)amino)propanoate) 

To a solution of Di-Boc-L-cystine (2.161 g, 5.14 

mmol) in dry THF (50 mL) was added, N-

hydroxysuccinimide (1.355 g, 11.3 mmol) and 

dicyclohexylcarbodiimide (2.327 g, 11.3 mmol) in dry THF and stirred for 18 hours at room 

temperature. During which time a precipitate developed. The precipitate was separated by 

filtration and the filtrate concentrated in vacuo, re-dissolved in DCM (20 mL) and again 

filtered. The filtrate was washed with aqueous saturated sodium bicarbonate solution (3 x 

25 mL). The combined aqueous phases where then extracted into DCM (25 mL x 3), dried 

over magnesium sulphate, filtered and evaporated to dryness to give 1, as a colourless 

crystalline solid (1.857 g, 57 %). IR (cm-1) [3376.15; m, br; N-H] [1749; S; ester]; 1H NMR 

(400 MHz, CDCl3) δ 5.41 (d, J = 7.3, 2H, NHCHCH2), 4.62 (dd, J = 12.5, 5.2, 2H, 

NHCHCH2), 3.78 (s, 8H, NCOCH2CH2), 3.18 (d, J = 5.0, 4H, NHCHCH2), 1.46 (s, 18H, 

NHCOOCH3);  13C NMR (101 MHz, CDCl3) δ 52.78 (s, SHCH2CH), 52.65 (s, 

NCOCH2CH2), 41.30 (s, SHCH2CH), 28.30 (s, NHCOOCH3); Mass spec: calculated: 

657.2 [M+Na]+, observed: 657.2 [M+Na]+ C24H34N4O12S2; mp:97-99 °C. 
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7.3.2 Di-tert-butyl((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-

3,2-diyl))dicarbamate (2).  

To a solution of 1 (0.420 g, 0.66 mmol) in THF 

(50 mL), was added propaglyamine (0.091 g, 

1.65 mmol) at 0 °C. The solution was stirred 

and allowed to warm to room temperature over four hours. The resulting precipitate was 

removed by filtration and the filtrate was washed with saturated aqueous sodium 

bicarbonate solution (3 x 25 mL). The combined aqueous phases were extracted with 

dichloromethane (3 x 25 mL). The organic phases were dried over magnesium sulphate, 

filtered and solvent removed in vacuo. The crude material was purified by automated flash 

chromatography, using a silica column and ethyl acetate/hexane gradient. Compound, 2 

isolated as colourless solid (0.235 g, 69 %). IR (cm-1) 3290; s, br; NH 1655; S; amide 

1518; S; carboxyl; 1H NMR (400 MHz, CDCl3) δ 8.10 (t, J = 5.3, 2H, NHCH2CCH), 5.57 (d, 

J = 9.7, 2H, NHCOO), 4.94 (td, J = 10.5 and 3.7, 2H, SHCH2CH), 4.09 (ddd, J 17.6, 5.4 

and 2.6, 4H, NHCH2CCH), 2.98 (dd, J = 14.7 and 3.8, 2H, SHCHHCH), 2.88 (dd, J = 14.5 

and 11.1, 2H, SHCHHCH), 2.20 (t, J = 2.5, 2H, NHCH2CCH), 1.50 (s, 18H, NHCOOCH3);
 

13C NMR (101 MHz, CDCl3) δ 54.46 (s, SCH2CH), 47.48 (s, SCH2), 28.86 (s, 

NHCH2CCH), 28.54 (s, NHCOOCCH3). Mass spec: calculated 537.2 [M+Na]+, observed 

537.2 [M+Na]+ C22H34N4O6S2; HRMS: calculated 537.1817 observed 537.1827 [M+Na] 

C22H34N4O6S2; Mp 170-171 °C. 

7.3.3 (2R,2'R)-3,3'-Disulfanediylbis(2-amino-N-(prop-2-yn-1-yl)propanamide) (3).  

To a solution of 2 (0.410 g, 0.79 mmol) in THF 

(50 mL), was added trifluoroacetic acid (1.5 mL) 

and the resultant mixture was stirred at room 

temperature for 4 hours. The solvent was removed in vacuo to yield the product, 3, as a 

light brown solid (0.246 g, 97 %). IR (cm-1) 3289; w, br; N-H 1526 M/S Br; NH2 1660; S; 

amide; 1H NMR (400 MHz, MeOD) δ 4.24 (dd, J = 8.4, 5.0 Hz, 2H, SCH2CHNH2), 4.08 (d, 
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J = 2.6 Hz, 4H, NH2CH2CH), 3.40 (dd, J = 14.8, 5.0 Hz, 2H, SCHHCH), 3.10 (dd, J = 14.8, 

8.4 Hz, 2H, SCHHCH), 2.70 (t, J = 2.6 Hz, 2H, NH2CH2CCH). 13C NMR (101 MHz, MeOD) 

δ 78.03 (s, SCH2CHC=O), 71.66 (s, NHCH2CCH), 51.45 (s SCH2CH), 37.30 (s, SCH2), 

33.34 (s, NHCH2CCH), 28.93 (s, NHCH2CCH).Mass spec: calculated 315.1 [M+H]+, 

observed 315.1 [M+H]+ C18H19N4O2 S2; HRMS: observed: 315.0943 calc: 315.0949 [M+H]+ 

C18H19NaN4O2S2; Mp 79-81 °C.  

6.3.4 N,N'-((2R,2'R)-Disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-

diyl))diacrylamide (4 (DFC)).  

To a stirred solution of 3 (0.060 g, 0.11 

mmol) and TEA (0.056 g, 0.55 mmol) in THF 

(25 mL) was added, acryloyl chloride (0.050 

g, 0.55 mmol) dropwise at 0 °C.  The stirred 

mixture was allowed to reach room 

temperature over four hours. The solution was then washed with saturated aqueous 

sodium bicarbonate solution (3 x 15 mL) and the aqueous phases were extracted with 

DCM. All organic phases were combined, dried over magnesium sulphate, filtered and 

solvent removed in vacuo. The crude product was purified by automated column 

chromatography, silica column and ethyl acetate/ hexane gradient, to produce the final 

product DFC as an off-white solid (0.032 g, 68 %). IR (cm-1) 3277; m, br; NH 1623; S; 

C=O amide 1647; S; C=O amide 1529; S; alkene; 1H NMR (400 MHz, CDCl3) δ 8.73 (t, J 

= 4.6, 2H, NHCH2CH), 6.67 (d, J = 9.3, 2H, SCH2CHNH), 6.44 (dd, J = 16.8, 1.4, 2H 

C=OCHCHH), 6.21 (dd, J = 16.8, 10.2, 2H, C=OCHCH2), 5.77 (dd, J = 10.2, 1.4, 2H, 

C=OCHCHH), 5.67 – 5.52 (m, 2H, SCH2CH), 4.16 – 4.00 (m, 4H, NHCH2CH), 3.08 (dd, 

J = 14.8, 3.7, 2H, SCHHCH), 2.93 (dd, J = 14.8, 11.0, 2H, SCHHCH), 2.26 (t, J = 2.6, 2H, 

NHCH2CH); 13C NMR (101 MHz, MeOD) δ 130.09 (s, C=OCHCH2), 126.33 (s, 

C=OCHCH2), 52.45 (s, SCH2CH), 40.68 (s, SCH2), 28.28 (s, NHCH2CH); 1H NMR (400 

MHz, MeOD) δ 6.35 (dd, J = 17.1, 9.1 Hz, 2H, NHC=OCH), 6.29 (dd, J = 17.1, 2.8 Hz, 2H, 
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NHC=OCHCHH),  5.73 (dd, J = 9.1, 2.8 Hz, 2H, NHC=OCHCHH), 4.87 (dd, J = 8.9, 5.3 

Hz, 2H, SCH2CH), 4.01 (d, J = 2.5 Hz, 4H, NHCH2CH), 3.21 (dd, J = 13.9, 5.3 Hz, 2H, 

SCHHCH), 2.97 (dd, J = 13.9, 8.9 Hz, 2H, SCHHCH), 2.62 (t, J = 2.5 Hz, 2H, NHCH2CH). 

Mass spec calculated 445.1[M+Na]+, observed: 445.1 [M+Na]+ C18H22NaN4O4S2; HRMS: 

calculated: 445.0980 observed: 445.0967 [M+Na] C18H22NaN4O4; mp 232-235 °C.  

7.4 Glucose Selective Surface Preparation and Affinity 

Calculations 

7.4.1 SAM Preparation 

Polycrystalline gold substrates were purchased from George Albert PVD., Germany, and 

consisted of a 50 nm gold layer deposited onto a glass covered with a thin layer of 

chromium. The Au substrates were cleaned by immersion in piranha solution (7:3, H2SO4 

: H2O2) at room temperature for 10 min. (Caution: Piranha solution reacts violently with all 

organic compounds and should be handled with care.) Samples removed from the 

piranha solution were immediately rinsed with Ultra High Pure (UHP) H2O, followed by 

HPLC grade methanol (Fischer Scientific) for 1 min. Immediately after cleaning, the 

substrates were immersed in freshly prepared 0.1 mM methanol solutions of the either 

pure or mixed bis-BA, TEGT or diamine compound. Post-immersion in the SAM forming 

solution, the substrates were rinsed with HPLC MeOH and dried with a stream of argon.  

Brief details of the synthetic pathways used to produce the bis-BA and diamine 

compounds along with characterisation information are reproduced below. Synthesis and 

characterisation was conducted by collaborators at the University of Bath. For full details 

please see manuscripts  [305] and [240]. 
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7.4.2 Kinetics Study 

Investigation of SAM formation kinetics was accomplished by conducting contact angle 

and ellipsometry at various time points over a 48 hour period.  In order to form the SAMs 

at the indicated time intervals cleaned gold substrates were placed in solutions of each 

surfactant for the specified time. Gold chips were cleaned by immersion in piranha 

solution for 10 minutes, before being rinsed with liberal amounts of water for 1 minute, 

and then rinsed with HPLC grade methanol for a further minute. Following immersion in  

the SAM solution for the specified time, the chips were removed and rinsed with pure 

HPLC grade methanol, to ‘quench’ the SAM formation. Chips were then dried with argon 

prior to analysis by contact angle or ellipsometry.  

7.4.3 Saccharide affinity via Surface Plasmon Resonance (SPR) 

SPR experiments were performed with a Reichert SR7000DC Dual Channel 

Spectrometer (Buffalo, NY, USA) at 25 °C. Modified gold-coated SPR chips were 

deposited on the base of the prism using index-matching oil. Prior to the binding studies, 

a baseline was established by running degassed running buffer (PBS) through the 

machine at a flow rate of 25 μL/min. The modified gold surfaces were subsequently 

exposed to solutions of each sacchride injected at 25 μL/min for 5 min, after which a ten 

min dissociation phase was introduced by flowing buffer over the surface. Data sets were 

processed and analyzed using Scrubber 2 (BioLogic Software, Campbell, Australia). The 

SPR responses at equilibrium (Req) were plotted against the concentration of injected 

protein (Cp) and fitted to a 1:1 steady-state affinity model. The model utilises a nonlinear 

least-squares regression method to fit data to the Langmuir adsorption isotherm (Equation 

12). KD is the dissociation constant for binding of the proteins to the MI surfaces and Rmax 

is the maximum response if all available MI binding sites are occupied.  

Eq. 12    𝑅𝑒𝑞 =  (
𝐶𝑃

𝐶𝑃+ 𝐾𝐷
) 𝑅𝑚𝑎𝑥         
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7.5 DFC Surface Preparation, Modification and Affinity 

Calculations 

7.5.1 Self-assembled monolayer (SAM) preparation 

Polycrystalline gold substrates were purchased from George Albert PVD. (Germany), and 

consisted of a 50 nm gold layer deposited onto a glass covered with a thin layer of 

chromium. The Au substrates were cleaned by immersion in piranha solution (7:3, 

H2SO4:H2O2) at room temperature for 10 min. (Caution: Piranha solution reacts violently 

with all organic compounds and should be handled with care.) Samples removed from the 

piranha solution were immediately rinsed with UHP water, followed by HPLC grade 

methanol (Fischer Scientific) for 1 min. Immediately after cleaning, the substrates were 

immersed in freshly prepared 0.1 mM methanolic solutions of DFC. Samples where then 

left at room temperature to allow SAM formation for at least 18 hours. Chips where then 

removed from the SAM solution, rinsed with methanol and dried with argon.  

7.5.2 Crosslinking between the DFC SAM and AM-BA  

Crosslinking between the DFC SAM and AM-BA was initiated using ammonium per 

sulfate. SAMs of DFC were placed in an aqueous solution of AM-BA (1 mM, 1 mL) which 

also contained 0.1 % (v/v) tetramethylethylenediamine (TEMED), to which 100 µL of 

ammonium per sulfate was added (40 mg/mL). The resulting solution was allowed to react 

for between 0.5 to 24 hours. The modified gold surfaces were subsequently removed from 

this solution, rinsed for one minute with UHQ water and dried under a stream of argon.  
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7.5.3 O-(2-Azidoethyl)heptaethylene glycol (Az-OEG) immobilisation on 

the DFC SAM via a copper catalysed azide alkyne cycloaddition (Cu-

AACA) 

Click reactions were carried out between DFC SAMs and Az-OEG. An aqueous solution 

of Az-OEG (5 mM, 1.2 mL) was mixed with copper sulfate (50 L of a 40 mM solution) 

and sodium ascorbate (50 L of a 100 mM solution).  SAMs of DFC were placed in the 

Cu-AACA reaction solutions and allowed to react for between 0.5 to 24 hours. After 

reaction, the gold modified surfaces were removed from Cu-AACA reaction solution and 

rinsed well with UHQ water and sonicated in  ethylenediaminetetraacetic acid (EDTA) 

solution (0.1 mM) to remove any residual copper. 

7.5.4 Fabrication of molecularly imprinted surfaces 

SAMs of DFC were formed as described above. A solution of AM-BA (20 µL of a 7.5 mM 

solution) was mixed with 20 µl solution of template protein (20 µL of a 250 µM solution) in 

phosphate buffer solution (2 mL PBS at pH 8.5), and incubated for 30 minutes to permit 

the formation of AM-BA: protein complexes. To the solution thus obtained the DFC SAMs 

were placed. To this, a solution of APS (100 L of a 175 mM solution) and TEMED (1 µL) 

was added to trigger the crosslinking between the DFC SAMs and the AMBA:protein 

complex. To this solution, Az-OEG (1 µL) was added. After 30 minutes, the Cu-AACA 

reaction was initiated by the addition of a solution of pre-prepared catalyst (copper sulfate 

(25 L of a 40 mM solution) and sodium ascorbate (25 L of a 100 mM solution)). The 

mixture was allowed to react for a further 4 hours, after which time, the modified gold 

substrates were rinsed liberally with UHQ water for 3 min to remove the bound template 

protein.  



182 

 

7.5.5 Protein interactions with MI sensor via Surface Plasmon 

Resonance (SPR) 

SPR experiments were performed with a Reichert SR7000DC Dual Channel 

Spectrometer (Buffalo, NY, USA) at 25 °C. Modified gold-coated SPR chips were 

deposited on the base of the prism using index-matching oil. Prior to the binding studies, 

a baseline was established by running degassed running buffer (PBS with 1mM HEPES, 

96mM glycine 0.005% SDS at pH 8.5) through the machine at a flow rate of 25 μL/min. 

The modified gold surfaces were subsequently exposed to protein solutions in buffer 

injected at 25 μL/min for 5 min, after which a ten min dissociation phase was introduced 

by flowing buffer over the surface. Data sets were processed and analyzed using 

Scrubber 2 (BioLogic Software, Campbell, Australia). The SPR responses at equilibrium 

(Req) were plotted against the concentration of injected protein (Cp) and fitted to a 1:1 

steady-state affinity model. Where indicated, results obtained through equilibrium analysis 

were validated using a global fitting method, using a single site model in Scrubber 2. The 

model utilises a nonlinear least-squares regression method to fit data to the Langmuir 

adsorption isotherm (Equation 12). KD is the dissociation constant for binding of the 

proteins to the MI surfaces and Rmax is the maximum response if all available MI binding 

sites are occupied.  
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7.5. NMR Spectra 

 

Figure 99 
1
H NMR spectrum of (2R,2'R)-bis(2,5-dioxopyrrolidin-1-yl)3,3'-disulfanediylbis(2-((tert-butoxycarbonyl)amino)propanoate) (1) 
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Figure 100 
13

C NMR spectrum of (2R,2'R)-bis(2,5-dioxopyrrolidin-1-yl)3,3'-disulfanediylbis(2-((tert-butoxycarbonyl)amino)propanoate) (1) 
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Figure  101 
1
H NMR spectrum of Di-tert-butyl((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))dicarbamate (2). 
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Figure  102 
13

C NMR spectrum of Di-tert-butyl((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))dicarbamate (2). 
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Figure  103 COSY NMR spectra of Di-tert-butyl((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))dicarbamate (2). 
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Figure  104 
1
H NMR spectrum of (2R,2'R)-3,3'-disulfanediylbis(2-amino-N-(prop-2-yn-1-yl)propanamide) (3). 
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Figure  105 
13

C NMR spectrum of (2R,2'R)-3,3'-disulfanediylbis(2-amino-N-(prop-2-yn-1-yl)propanamide) (3). 
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 Figure 106 HSQC NMR Spectra of (2R,2'R)-3,3'-disulfanediylbis(2-amino-N-(prop-2-yn-1-yl)propanamide) (3). 
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Figure 107 COSY NMR Spectra of (2R,2'R)-3,3'-disulfanediylbis(2-amino-N-(prop-2-yn-1-yl)propanamide) (3). 
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Figure 108 

1
H NMR spectrum of N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC)). 
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Figure 109 
13

C N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC)). 
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Figure 110 HSQC spectra of N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC)). 
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Figure 111 COSY spectra of N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC)). 
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Figure 112 

1
H NMR spectrum of N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC))  in MeOD. 
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Figure 113 
13

C N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC)), in MeOD. 
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Figure 114 HSQC spectra of N,N'-((2R,2'R)-disulfanediylbis(1-oxo-1-(prop-2-yn-1-ylamino)propane-3,2-diyl))diacrylamide (4 (DFC)) in MeOD. 
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