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ABSTRACT 

Recognition of oligosaccharides is associated with very limited specificity due to their 

strong solvation in water and the high degree of subtle structural variations between 

them. Here, oligosaccharide recognition sites are created on material surfaces with 

unmatched, binary on–off binding behaviour, sharply discriminating a target 

oligosaccharide over closely related carbohydrate structures. The basis for the 

superselective binding behaviour relies on the highly efficient generation of a pure, 

high order complex of the oligosaccharide target with synthetic carbohydrate receptor 

sites, in which the spatial arrangement of the multiple receptors in the complex is 

preserved upon material surface incorporation. The synthetic binding scaffolds can be 

easily tailored to recognise different oligosaccharides and glycoconjugates, opening 

up a realm of possibilities for their use in a wide field of applications, ranging from life 

sciences to diagnostics. 

 In this thesis, a modular synthetic approach is to be created that can harness both the 

construction of high–yield, complex oligosaccharide–synthetic  carbohydrate receptor 

assemblies and the precise generation of surface–confined  templated binding sites. 

Therefore, recognition sites of unparalleled oligosaccharide discrimination are to be 

created. 

The synthesis and characterisation of various self–assembled monolayers (SAMs) and 

oligosaccharide–synthetic carbohydrate receptor complexes are to be described 

alongside molecular imprinting studies which will determine the binding of various 

saccharides. Surface plasmon resonance (SPR) is to be used and from these 



iii 

 

experiments, the selectivity and sensitivity of the binding can be calculated. An 

overview of the thesis layout comprising the sections of this work is listed below. 

Chapter 1 – A Review of Oligosaccharide and Glycoprotein Sensing 

Systems 

This chapter presents an: 

a) Introduction to glycosylation and its role in the development of diseases such as 

cancer. 

b) Introduction to self–assembled monolayers (SAMs) and their application in 

fabricating biosensors such as molecular imprinted surfaces using radical 

polymerisation processes. 

c) The improvements in imprinting biomolecules such as glycoproteins. 

Chapter 2 – Surface Characterisation Techniques. 

Outlines the background theory behind each of the surface characterisation techniques 

and protein analysis techniques used in this work.  

Chapter 3 – Results I: The formation and characterisation of the DSA 

SAM and the cross–linking of AABOB onto a DSA SAM. 

This chapter explores the characterisation of the initial surface along with the 

conditions for the cross–linking of benzoboroxole carbohydrate receptors to the initial 
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surface. X–ray photoelectron spectroscopy (XPS), contact angle and ellipsometry data 

is used to determine the surface properties.  

Chapter 4 – Results II: Complexation and Molecular Imprinting 

This chapter examines all the surface plasmon resonance (SPR) data of the molecular 

imprinting, with binding affinities calculated too. The binding affinties were calculated 

using Sigmaplot, version 13 to give the selectivity of the surfaces and different sugars 

were used to detect the selectivity.  

Chapter 5 – Conclusions and Future Work 

Provides and overview of each chapter alongside the future studies that could be 

undertaken from the basis of this thesis. 

Chapter 6 – Experimental Procedures, Protocols and Synthesis. 

Describes the experimental procedures used during the investigations performed in 

this work. 

Chapter 7 – References 

Chapter 8 – Appendix 

The journal publication mentioned in the thesis. 
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CHAPTER 1 – A REVIEW OF GLYCOPROTEIN 

SENSING SYSTEMS 

Abstract: This chapter presents a review of the literature that covers a broad range of 

topics, providing the reader an understanding of the history and recent advances in 

recognising glycoproteins. The chapter begins by introducing carbohydrates and the 

role they play in nature, before discussing glycans and the process of glycosylation. 

The process of aberrant glycosylation in disease is discussed, with cancer briefly 

mentioned. The glycan–binding entities mentioned in this section include natural 

receptors; antibodies and lectins. As well as natural receptors, synthetic receptors are 

explored in the review, such as aptamers, boronic acids and benzoboroxoles.  

The latter half of the chapter introduces how nanotechnology has been employed to 

develop recognition platforms with a focus on use of self–assembled structures as the 

basis of a sensor. Self–assembled monolayers (SAMs) have been used to develop 

newer recognising platforms such as molecular imprinting. These are discussed as 

well as the different forms of polymerisation that can be employed in the fabrication of 

synthetic receptors. A variety of molecular imprinting systems have been reported 

recently for glycoproteins. Particular attention is paid to the systems that have boron 

functionalities incorporated within their design to target saccharide chains of 

biomolecules. The review is concluded by summarising any challenges faced on 

oligosaccharide and glycoprotein detection and the aim of the research conducted in 

this thesis.  
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1.1 Introduction to carbohydrates 

Carbohydrates are fundamental components which are used in nature for multiple 

physiological processes. Carbohydrates, also called saccharides show a broad array 

of structural sizes and complexities, which range from the most basic monosaccharide 

(examples include glucose, fructose and galactose) to larger, more complex structures 

found at cell interfaces. Their varied characteristics enable them to be used in a variety 

of functions and it is advised that a certain amount of carbohydrate–containing foods 

must be consumed regularly to maintain normal blood glucose levels [1] and to supply 

the brain with sufficient amounts of glucose. Inadequate amounts of glucose may lead 

to adverse effects including a decline in normal brain functions, demonstrated by 

impaired outcomes in tests of memory and cognition [2]. Inherently fundamental to 

biological systems, the demand for suitable detection methods that are able to provide 

information on the type of saccharide and the concentrations are required.   

 

1.1.1 Monosaccharides 

The monosaccharide is the most basic unit of any saccharide structure, with each unit 

comprised of a carbon backbone with  hydroxy moieties spaced at distinct intervals 

along the length of the chain. The typical empirical formula of a saccharide for each 

unit is (C–H2O)n, with n between 3 and 7 [3].  

 

Saccharides can be presented in many different ways, with the most commonly used 

projections, Fischer or Haworth, shown in fig. 1. Respectively, saccharides are 

presented in its open chain or cyclic form. The Fischer projection has the advantage 



3 

 

where the carbon stereo centres are more clearly observed, whereas Haworth cyclic 

projection provides a presentation of the spatial arrangements of the hydroxyl moieties 

better. An example of both configurations are shown in fig. 1 a) using the D–glucose 

molecule as an example b) shows the L–configuration and D–configuration for glucose 

[4, 5].  

 

Figure 1: Configurations of monosaccharides, a) Fischer and b) Haworth as well as 

demonstrating the L– and D–configuration. 
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Monosaccharides are inherently heterogenic in their chemical nature and this is due to 

the high number of chiral carbons along the length of each molecule. This has led to 

the development of methods that enable the distinction between subtle differences in 

the position of hydroxyl moieties of the molecules [6]. 

 

1.1.2 Di–, oligo– and polysaccharides 

Disaccharides are carbohydrates that are made up of two monosaccharide subunits. 

Sometimes, the disaccharides are also used as an alternative to monosaccharides as 

they share various common properties. Examples of disaccharides are sucrose, 

maltose and lactose, structure of sucrose is shown below.  

 

 

Figure 2: Chemical structure of disaccharide sucrose [image taken from [7]. 

 

Sucrose is the most important carbohydrate belonging to the class of disaccharides. 

Sucrose is made up of a glucose and a fructose unit, has shown in fig. 2. Joined 
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together by a glycosidic bond between carbon 1 of the glucose unit and carbon 2 of 

fructose.  

Other examples of disaccharides include lactose and maltose. Lactose has the same 

formula as sucrose (C12H22O11) and is made up of a galactose and glucose unit. The 

glycosidic bond is present of the first carbon of glucose and the forth carbon of 

galactose, creating a C1–C4 glycosidic bond. Maltose also has a 1–4 glycosidic bond, 

with two of the glucose units bound. However, the orientation of the two glucose 

molecules are different, with the first glucose molecule in its alpha orientation and the 

second glucose remaining in its aldehyde functional group, which can be either an 

alpha or a beta orientation.   

Three to ten monosaccharide units that are bound together are considered 

oligosaccharides. The glycosidic linkage between two monosaccharide units is 

achieved by condensation reactions between the anomeric carbon (glycoside) and a 

hydroxyl group on opposing saccharide (aglycone). The wide array of these linkages 

in concert with the wide variety of monosaccharides and their many isomeric forms 

makes complex carbohydrates information–rich molecules [8]. 
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Figure 3: Chains of glucose molecules joined by α–1,4–glycosidic bonds are linked by 

an α–1,6–glycosidic bond to create a branch point. 

Oligosaccharides are involved in many fundamental biological processes. However, 

relatively little is known about the precise molecular mechanism of action of these 

macromolecules, because the complexity of these structures impeded their synthesis 

by chemical methods analogous to those employed to create oligonucleotides and 

peptides [9]. 

A long–chain carbohydrate that is made up of monosaccharides is known as a 

polysaccharide, connected by glycosidic bonds. A typical polysaccharide is between 

200 and 2500 monosaccharides long.  The chemical formula of a polysaccharide is 

typically (C6H10O5)n, where n is normally larger than 40, shown in fig.4.  
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Figure 4: Generic structure of the polysaccharide, starch [image taken from [10]. 

 

1.2 Glycans 

Glycans occur as free polysaccharides or as mono, oligo or polysaccharides conjugated to 

a wide variety of biological molecules, including glycoproteins, glycolipids and 

peptidoglycans [11], with examples shown in fig. 5 [12]. In contrast to RNA, DNA and 

protein synthesis, glycan biosynthesis is not a template–driven process. The assembly of 

glycans occurs by the expression and activity levels of a series of enzymes present in cells 

via glycosylation [13]. Glycans are generated from a limited number of monosaccharides. 

Glycans are characterised by a remarkable structural diversity due to the nature and 

sequence of the constituent units, the possible branching of the carbohydrate chains and 

the configuration and position of glycosidic linkages. Monosaccharides have multiple 

hydroxyl moieties that can serve as linking groups, with the glycosidic bond at the anomeric 

carbon having either α or β stereochemistry and lead to a wide range of potential linkages 

between two monosaccharide units [14]. In addition, glycans can be further diversified by 

a range of modifications, including phosphorylation, sulfation, and acetylation [15]. Playing 

important roles in various physiological and pathophysiological events, glycans are present 

in cell growth, cell signalling, cell–cell interactions, differentiation and tumour growth [16]. 
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Figure 5: Examples of glycans that can be found in nature, ranging from those glycans 

which are present in plants, yeast and insects followed by humans and animals [image 

taken from [17]].  

 

During the development and progression of diseases such as cancer, glycan expression 

can be altered, leading in changes glycan structures that can potentially be used to 

accurately identify the disease at an early stage. In addition to their clinical value in disease 

diagnosis and management, glycans are ideal markers for identifying and isolating specific 

cell types, including stem cell lineages for therapeutic transplantation [18], an emerging 

class of therapeutics [19]. Amongst other facets, glycans are key targets in drug discovery 

[20] and are present on the surface of a variety of pathogens and malignant cells, making 

them ideal targets for vaccines.  

 

 

 

 



9 

 

1.3 Lewis antigens 

Lewis antigens (Lea and Leb) are synthesized by two independent fucosyltransferases. 

Lea is a precursor molecule for the synthesis of Leb, shown in fig.6 [21]. 

 

Figure 6: Synthesis of Lewis antigens [image taken from [22]]. 

 

Fig. 6 shows the oligosaccharide precursor core type 1 and type 2 and how the 

structures differ. The structures only differ in the linkage between the terminal 

galactose (Gal) and the N–acetylglucosamine (GkNAc). The area in blue demonstrates 

the terminal carbohydrates that define the antigens.  
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Not intrinsic to the red blood cell membrane, Lewis antigens are synthesised by the 

intestinal epithelial cells, circulated in the plasma free or bound to lipoproteins and then 

passively adsorbed onto the red blood cell membrane [23].  

 

Lea and Leb are synthesized in a stepwise fashion by two separate fucosyltransferase. 

Fucosyltransferase adds fucose to GlcNAC (N–acetylglucosamine), and Se(FUT2), 

which adds fucose on the Gal (galactose) moiety. The enzyme encoded by LE(FUT3) 

is responsible for synthesis of Lea resulting in the Le(a+b−) phenotype [24]. 

 

1.4  Introduction to Glycosylation 

Glycosylation plays a critical role in the determination of protein structure, function and 

stability [25]. Structurally, glycosylation is known to affect the three dimensional 

configuration of proteins. This is particularly important when considering protein–

protein interactions such as those that occur between protein ligands and their cognate 

receptors or in the creation of other large macromolecular complexes [26]. Secreted 

proteins include hormones and cytokines and they are glycosylated, showing to impact 

in determining their activity when bound to receptors [27].  

 

Protein glycosylation is thought to have multiple functions in the cell, with the 

monitoring of protein folding found to occur in the ER. The correctly folded proteins are 

then trafficked to the Golgi. Sugar moieties on soluble proteins can be bound by 

specific receptors in the trans Golgi network to facilitate their delivery to the correct 

destination. These sugars are able to act as ligands for receptors on the cell surface, 
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mediating the cell attachment or stimulating signal transduction pathways [28]. 

Oligosaccharides are very large and bulky, affecting protein–protein interactions by 

either preventing proteins binding to cognate interaction domains or facilitating these 

proteins [29]. Glycoproteins are found in almost all living organism, with eukaryotes 

having the greatest range of organisms shown to express glycoproteins, from single–

celled to complex multicellular organisms [30]. As one of the most relevant and 

complex post–translational modifications in the cell, protein glycosylation is thought to 

influence almost half of all proteins in nature [31]. The process of glycosylation consists 

of a covalent interaction between a glycosyl donor of a glycan and a glycosyl acceptor 

amino acid side chain of a protein.  

 

Glycosylation can be modified, facilitating the diversity of glycoproteins. These aspects 

include; the glycosidic linkage – the site of glycan binding, the composition of glycans, 

the structure of the glycan – whether there are branched or unbranched chains and 

the glycan length. The glycopeptide bonds are characterised dependent on the nature 

of the sugar–peptide bond and the oligosaccharide attached. These groups are N–, 

O– and C–glycosylation along with glypiation and phosphoglycosylation.  

 

1.4.1 N–linked glycosylation 

N–linked glycosylation refers to the attachment of oligosaccharides to a nitrogen atom, 

typically at the N4 atom of asparagine residues [32]. N–linked glycosylation, a 

commonly observed protein modification is fundamental to the structure, stability, 

function and pharmacology of glycoproteins [33, 34]. The N–linked glycosylation 
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process has two key principal phases,  1) the assembly of lipid–linked oligosaccharides 

(LLO) and 2) the transfer of the oligosaccharide to selected asparagine residues 

present on the polypeptide chain. Taken place at both ends of the endoplasmic 

reticulum (ER) membrane, biosynthesis of the LLO involves a series of specific 

glycosyltransferases that catalyse the assembly of the branched oligosaccharide in a 

highly defined way [35]. The enzyme, oligosaccharyltransferase (OST), selects the 

Asn–X–Ser/Thr consensus sequence on polypeptide chains, generating the N–

glycosidic linkage between the side–chain amide of asparagine and the 

oligosaccharide [36]. N–linked glycosylation, a commonly observed protein 

modification is fundamental to the structure, stability, function and pharmacology of 

glycoproteins [33, 34]. It is estimated that over 50% of serum proteins are N–

glycosylated at one or more asparagine (Asn) residue(s). 
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Figure 7: Schematic depiction of N–linked glycosylation. N–linked glycosylation is 

mainly linked to asparagine residues of proteins, specifically the Asn–X–Ser/Thr motif.  

 

The N–linked protein glycosylation pathway in eukaryotes can be divided into two 

different processes; 1) the assembly of the lipid–linked oligosaccharide at the 

membrane of the endoplasmic reticulum and 2) the transfer of the oligosaccharide from 

the lipid anchor dolichyl pyrophosphate (Dol–PP) to selected asparagine residues of 

nascent polypeptides [37]. There are three characteristics of N–linked protein 

glycosylation, these are 1) the use of Dol–PP as carrier for the oligosaccharide 

assembly, 2) the transfer of the completely assembled 

Glc3Man9GlcNAc2 oligosaccharide only and 3) the recognition of asparagine residues 

which are characterised by the sequence asparagine–X–serine/threonine (where X 
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can be any amino acid except proline [38]) and are highly conserved in eukaryotes. 

Initially, the pathway of N–linked glycosylation was described based on experiments 

performed with higher eukaryotic cells [39-41]. Later, it was confirmed that these basic 

principles are also conserved in lower eukaryotic cells, such as Saccharomyces 

cerevisiae [42-44].  

 

1.4.2 O–linked glycosylation 

O–linked glycosylation regulates protein conformation as well as facilitating reversible 

multimeric protein assembly and stability [45, 46]. O–linked glycosylation is 

characterised by the interaction of a sugar with the hydroxyl group of a serine or 

threonine [47]. O–linked glycosylation commonly occurs on glycoproteins. As well as 

the different linkage, O–glycosylation differs in the mechanism of glycosylation, and is 

not as complex as the N–glycosylation mechanism. Proteins trafficked into the Golgi 

are most often O–glycosylated by N–acetylgalactosamine (GalNAc) transferase, which 

transfers a single GalNAc residue to the β–OH group of serine or threonine [35]. N–

acetylgalactosamine transferase has not been consensually sequenced, although 

structural motifs have been characterised. Some proteins are shown to be O–

glycosylated with examples including fucose, GlcNAc, galactose, mannose and xylose, 

dependent on both the cell and species. Sugar nucleotides are used as the 

monosaccharide donors for O–glycosylation with highly variable number of sugars 

consecutively added to the growing glycan chain. In addition, O–glycosylation can also 

occur in the cytosol and nucleus to regulate gene expression or signal transduction 

through other glycosyltransferases (Gtfs).  
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Figure 8: Schematic depiction of O–linked glycosylation. O–linked glycosylation is 

mainly linked to Ser/Thr and Tyr residues. 

 

1.4.3 C–glycosylation 

A novel type of protein glycosylation, C–Mannosylation differs fundamentally from 

previously described types of glycosylation as it involves covalent attachment of an a–

mannopyranosyl residue to the indole C2 carbon atom of tryptophan via a C–C link 

[48]. Representing a different approach to glycosylation, c–mannosylation forms 

carbon–carbon bonds, instead of carbon–nitrogen or carbon–oxygen bonds. C–

mannosyltransferase links C1 of mannose to C2 of the indole ring of tryptophan. C–



16 

 

mannosyltransferase recognizes the specific sequence Trp–X–X–Trp and then 

transfers a mannose residue from dolichol–P–Man to the first Trp in the sequence. C–

mannosylation has been detected in multiple cell lines, such as RAW264.7 [49]. 

RAW264.7 cells are monocyte/macrophage like cell linage, originating from Abelson 

leukemia virus transformed the cell linage derived from BALB/c mice [50]. Specific C–

glycosylated proteins include Trp2 in RNAse, IL–12B and the erythropoietin receptor.  

 

1.4.4 Glypiation 

Glypiation is the addition by covalent bonding of a glycosylphosphatidylinositol (GPI) 

anchor. GPI anchors consist of the attachment of glycophosphatidyl–inositol near to 

the C–terminal of a protein chain anchoring the protein to the membrane and are 

attached to the protein in the endoreticulum by the process of transamidation [51].  

GPI anchors consist of a: 

• Phosphoethanolamine linker that binds to the C–terminus of target proteins 

• Glycan core structure 

• Phospholipid tail that anchors the structure in membrane 

GPI biosynthesis begins on the cytoplasmic leaflet of the ER. The biosynthesis of the 

GPI anchors is completed on the luminal side [52]. 3–4 Man and various other sugars 

(e.g., GlcNAc and Gal) are built onto a phosphatidylinositol (PI) molecule embedded 

in the membrane using sugars donated from sugar nucleotides and dolichol–P–

mannose outside and inside the ER. In addition, 2–3 phosphoethanolamine (EtN–P) 
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linker residues are donated from phosphatidylethanolamine in the ER lumen to 

facilitate binding of the anchor to proteins [53]. 

Proteins destined to be glypiated have 2 signal sequences: 

• An N–terminal signal sequence that directs co–translational transport into the 

ER 

• A C–terminal signal sequence that is recognized by a GPI transamidase (GPIT) 

GPIT does not have a consensus sequence but instead recognizes a C–terminal 

sequence motif that enables it to covalently attach a GPI anchor to an amino acid in 

the sequence [54]. This C–terminal sequence is embedded in the ER membrane 

immediately after translation, and the protein is then cleaved from the sequence and 

attached to a preformed GPI anchor [55]. 

 

1.4.5 Phosphoglycosylation 

Phosphoglycosylation is the enzymatic attachment of a sugar to the polypeptide chain 

through a phosphodiester bridge [56]. Examples of the glycosylation was investigated 

in Dictyostelium and Leishmania [57]. The GlcNAc–1–phosphotransferase was 

partially purified from Dictyostelium and localized to light membranes that are believed 

to represent the Golgi compartment [58]. Subsequently, studies had indicated that the 

enzyme recognizes Ser–containing peptides of various Dictyostelium proteins among 

which cysteine proteinases are the most prominent [59]. No single specific motif was 

observed in the peptide acceptor, however transfers occur in Ser–rich domains in 
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which the flanking Ala residues preferentially influence phosphoglycosylation were 

observed. Man–1–phosphotransferase has been characterized in Leishmania 

mexicana promastigotes and it is believed to be situated in the cis–Golgi compartment 

[60]. The enzyme adds Man–α–1–phosphate to Ser residues in domains rich in this 

amino acid; it does not act on Thr and its action is promoted by flanking Asp and Glu 

residues. 

 

A study had shown the accelerating rate in the discovery human glycosylation 

disorders, with the enrolled patients showing unexplained intellectual development 

disorders, along with metabolic pathways. It was shown that most genetic defects were 

hypomorphic states of genes with complete loss being lethal [61].  
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Figure 9: Accelerating progress in the discovery of human glycosylation disorders 

[image taken from [61]]. 

1.5 Aberrant glycosylation in diseases 

Carrying information in biological systems makes glycans an important source of 

biomarkers for a wide range of diseases, including neurodegenerative diseases, hereditary 

disorders, immune deficiencies, cardiovascular diseases and many types of cancers [62, 

63]. Changes in glycosylation can modulate inflammatory responses and enable viral 

immune escape, promote cancer cell metastasis or regulate apoptosis [16]. Cancer 

and autoimmune diseases are just a few defects that are researched for the 

glycosylation of proteins. A few examples are tabulated below, with the reported 



20 

 

glycosylation defect or alteration [64]. Defects are found in the activation, presentation, 

and transport of sugar precursors, in the glycosidases and glycosyltransferases 

involved in glycan synthesis and processing, and in proteins that control the traffic of 

components of the glycosylation machinery within the cell [65].  

 

Table 1: Autoimmune diseases and the glycosylation defects involved. 

Autoimmune disease Reported glycosylation defects/alteration 

Rheumatoid arthritis 

N–glycans of serum IgG are missing terminal 

galactose (IgG G0) when compared with 

healthy controls. 

Autoimmune haemolytic anaemia 
G(0) glycoforins of IgG decreased below  

normal levels on IgG eluted  from erythrocytes 

HIV–associated autoimmune 

phenomena 
Reduced sialylation of CD43 

 

Aberrant glycosylation is recognised in Alzheimer’s disease [66]. In Alzheimer’s 

disease, the most studied post–translational modification is phosphorylation, although 

very little research is conducted on the process of glycosylation in the brain [67]. 

Altered glycosylation of tau [68], presenilin [69], and transferrin [70] have been 
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described in the disease with the suggestion of aberrant changes in glycosylation 

which occurs in Alzheimer’s disease [71]. 

Glycosylation is one of the molecular changes which accompanies malignant 

transformation. N–glycans as well as Lewis antigen sequences are  observed to 

increase in some cancers [72]. Cancer is characterized by aberrations in glycolipid and 

glycoprotein content; both at the structural and concentration level [73, 74]. However, 

these changes are acute and manifesting as a by–product of oncogene expression 

providing disturbed glycosyltransferase transcriptional signalling [75].  

The multitude of glycan biomarkers are produced and are used to diagnose many 

diseases which are as a result of abnormal cell growth. Before the discussion of current 

glycan detection methods, an example of a disease with altered glycosylation should 

be described. 

1.6 Prostate cancer and PSA 

Predicted to become the most prevalent of all cancers in the UK by 2030, prostate 

cancer (PCa) kills one man every hour. The worldwide count of new prostate cancer 

diagnosed is set to increase to a staggering 1.7 million with a projected increase of 

almost 500,000 deaths [76].   

 

Currently, prostate specific antigen (PSA) is the only biomarker approved by the US 

Food and Drug Administration (FDA) for the detection and prognosis of prostate cancer 

[77]. A serine protease secreted by prostate epithelial cells, PSA is primarily involved 
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in the liquefying of human sperm through a proteolytic mechanism [78]. The initial 

implementation of PSA was used in clinical practice to lead the increased detection of 

men with early–stage prostate cancer [79]. More studies were continued to develop a 

prostate cancer staging method based on the level of PSA detection, thus used as a 

marker for prognostic purposes [80]. 

 

However, PSA has shown to have serious limitations and inconsistency as both a 

diagnostic and prognosis marker for prostate cancer. In fact, PSA is revealed to be an 

organ–specific marker not as cancer–specific marker. PSA is produced by prostatic 

epithelium at low levels in normal conditions with dramatic increase from benign 

prostatic hyperplasia to prostate cancer and further cancer advancing [81]. Reducing 

the sensitivity of PSA detection, men aged over 60 years have an increased production 

of PSA, thus affecting the diagnosis of prostate cancer. On the other hand, men who 

are treated with specific therapeutic agents with anti–androgenic effects, such as 5–α 

reductase inhibitors, are found to have reduced levels of PSA [82]. Taking into account 

these drawbacks, the clinical utility of serum PSA for prostate cancer screening and 

prognosis is regrettably reduced, thus the search for novel markers for prostate cancer 

continues.  

 

In patients with PCa, the terminal N–glycan structure of PSA is rich in sialic acid α2,3–

linked galactose, whereas the terminal N–glycan structures of PSA from healthy 

patients are predominantly α2,6–linked [83] (Fig. 10).  
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Figure 10: Aberrant glycosylation of PSA N–glycans (S2, 3PSA) in PCa. In healthy 

patients, the terminal sialic acid of PSA is predominantly α2,6–linked to galactose 

residues. In patients with PCa, the terminal sialic acid is predominantly α2,3–linked to 

galactose residues [image taken from [84]]. 

 
From this finding, a successful novel assay with the use of a magnetic microbead–

based  immunoassay  to  detect  α2,3–linked  sialylation  on  free  PSA  (S2,  3PSA) 

was developed  [85]. The preliminary study was small, however the accuracy was 0.84 

AUC (Area under the ROC curve) and sensitivity was demonstrated as 95% whilst the 

specificity was 72%. The  results found  had suggested  that  assays  measuring  

cancer–associated  glycan  alterations  in  serum  S2,  3PSA  might  improve  the  

accuracy  of  early  PCa  detection and reduce unnecessary prostate biopsies. 
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One of the issues with the enzyme–linked immunosorbent assay (ELISA) is its failure 

to effectively discriminate between various PSA glycoforms [86]. The PSA glycoprotein 

has a single N–linked glycan which is composed of a N–acetyl–lactosamine bound to 

an α2–3–linked sialic acid, shown in fig. 10 [87, 88].  

 

Previous studies have assumed that this glycan structure did not vary between 

individuals, however it is now known that the changes to the core fucosylation and 

sialyation of the PSA glycans are common in prostate cancer. The sialyation patterns 

of the glycan in prostate cancer patients have been shown to be more heterogeneous 

when compared to the glycans of non–cancerous patients [89-91].  

 

To summarise, recent studies of PSA collectively conclude that research should focus 

on the change in targeting of the sialyation and fucosylation of the N–linked PSA 

glycan, producing a more specific test which is capable of discriminating between a 

range of PSA glycoforms [89, 92, 93]. Lectin assays is another technique that can 

selectively detect α2–6 sialic acid linkages of the PSA glycan. It has been explored to 

improve the detection of prostate cancer [94].  

 

1.7 Natural recognition receptors 

In the heart of current and further developments in glycan–related basic research is the 

recognition of glycans by other molecules with high affinity and exquisite specificity. There 

are unique challenges associated with such recognition processes due to the glycan–

binding entities needed to be able to discriminate between a large repertoire of 
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carbohydrate structures, including closely related isomers. The selective recognition is very 

hard to achieve because of subtle differences, such as the stereochemistry of a single 

hydroxyl group. Currently, natural and artificial receptors are used for the recognition of 

glycans. Natural receptors include anti–glycan antibodies along with lectins before 

introducing examples of artificial receptors, such as aptamers and boronic acid derivates. 

 

1.7.1 Lectins 

Present in plants, animals and microorganisms, lectins are carbohydrate–binding proteins 

with non–immune origin. Lectins are involved in numerous physiological events, playing a 

crucial role as tools for glycan probing, purification of glycoproteins, cell labelling, carriers 

in targeted therapies and detection of cancer and other diseases [95-97].  Lectins display 

relevantly weak affinities for monosaccharides and the dissociation constants (KD) are in 

the millimolar range. For oligosaccharides, affinities are in the micromolar range, despite 

opportunity for multiple contacts with the lectin surface. The affinities are lower due to the 

shallow binding pockets present on the lectin surface which are exposed to competitive 

solvent interactions. Without deeper binding pockets, poor selectivity for individual sugars 

could be a possible reason for lower affinities. On the other hand, in biological settings, 

some lectins can assemble into homo–oligomeric structures with multiple binding sites in 

order achieving superior affinity and selectivity. Therefore, an oligomer can interact in an 

effective manner with different arms of a branched oligosaccharide or to different glycan 

sites of the same glycoprotein. In such oligomeric arrangements, a high degree of 

multivalency can be reached, contributing to affinities in the nanomolar range [98-102]. 
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Lectins and glycans interact primarily via a network of hydrogen bonds between the ring 

oxygen atom and multiple hydroxyl groups of the carbohydrate residues and oxygen 

atoms, as well as through van der Waals contacts [101-103]. The CH–π interactions 

between the carbohydrate backbone and aromatic amino acids such as phenylalanine, 

tyrosine, or tryptophan also make an important contribution to the overall binding [104, 

105].   

 

The Ralstonia solanacearum (RSL) lectin is able to establish CH–π contacts with the C3, 

C4, C5 and C6 carbons of α–l–Me–fucoside via the indole ring of a tryptophan residue, 

with the dispersion interactions contributing to the binding with an energy between 7 and 8 

kcal mol−1 [106]. Lectins are becoming relevant for the recognition of charged carbohydrate 

residues and electrostatic interactions for negatively charged sialic acids. In this example, 

positively–charged arginine residues are often involved in sialic acid interaction processes 

[107]. A study reported the investigation of the complexation of Siglec–8 lectin and its 

target, 6′–sulfo sialyl Lewis X (6′S sLex) (fig. 11) and found examples of intermolecular 

contacts between lectins and glycans at the binding site [108]. 
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Figure 11: Schematic illustration of the Siglec–8–6′S sLex interaction network. Black 

dashed lines indicate hydrogen bonds in the depicted structure; grey dashed lines indicate 

hydrogen bonds abundantly observed in other structures of the ensemble [image taken 

from [108]]. 

 

The carboxyl group of the sialic acid residue makes a salt bridge with the guanidinium 

group of Arg109 and is among several other interactions between the lectin and the glycan. 

Furthermore, Lys116 and Ser118 engage in a network of hydrogen bonds with the N–

acetyl amide and the O8 and O9 hydroxyl groups of the glycerol chain. The binding 

described is promoted by hydrophobic contacts with the surrounding aromatic rings of other 

amino acid residues such as Tyr11 and Trp117. The binding of the Gal6S is mediated by 
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the side chains of three residues (Arg56, Tyr58, and Gln59), together with a salt bridge and 

the guanidinium group of Arg56 and/or a hydrogen bond with the amino group of Gln59. 

C–type lectins have carbohydrate binding activity and are involved in many cell surface 

recognition events which are mediated by Ca2+ ions, coordinating carboxylate residues 

[109, 110]. A type of C–type lectin specific for high–mannose glycans, Dectin–2, can trigger 

a defence response against pathogens in a Ca2+–dependent process [111, 112].  

 

Several hundred lectins have currently been identified and approximately 100 lectins are 

commercially available. The use of lectins for glycan recognitions is a major breakthrough 

and came from the development of lectin microarrays. Lectin microarrays rely on the 

immobilisation of a panel of lectins, allowing for high–throughput analysis of complex 

carbohydrates included in serum glycoproteins, whole cells and bacteria [95, 113, 114]. 

Over other glycan characterisation techniques such as NMR spectroscopy and liquid 

chromatography, lectin microarrays have the advantage of possibly rapidly obtaining a 

broad profile or fingerprint of the glycans present in a crude sample, with minute sample 

consumption and reduced cost. The general information about the glycosylation pattern 

can be determined, such as whether it is N– or O– glycosylated, high mannose, core 

fucosylated, or if the glycosylation is fully or partially sialylated, with potential applications 

in the development of disease–related biomarkers [113, 115-118]. 

 

The benefits associated with lectin microarray don’t surpass the inherent low affinity and 

specificity of lectins, hindering the detection performances. To improve their binding 

properties, lectin engineering has been researched [119-123]. There are several types of 
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lectins which can be used as scaffolds, examples include L–type, F–type, R–type and 

Galectins with different engineering procedures available, including site–directed 

mutagenesis, random mutagenesis and DNA shuffle are just a few [123]. The engineering 

of a bacterial F–type lectin domain (FLD) from Streptosporangium roseum, namely SrFLD 

was recently researched, showing significantly improved binding towards multivalent 

fucosylated glycoconjugates [124]. The engineered lectin, SrDupFLD, contained a partial 

duplication of the original FLD sequence, possibly affording two L–fucose binding pockets.  

 

Binding studies conducted have shown that the engineered lectin had a stronger binding 

for multivalent fucosylated glycoconjugates, with a dissociation constant 12–fold lower than 

the wild–type lectin SrFLD. Analogously, lectins in which the l–fucose binding residues of 

the N–terminal partial FLD region and the complete FLD region were mutated, 

respectively SrDupTMFLD and SrDupFLDTM, were expressed and purified, with increased 

binding avidity observed for SrDupTMFLD. Against its original hypothesis, the study 

revealed the increased affinity of the engineered lectins may not be mediated by 

additional l–fuctose binding sites in the Dup partial FLD region, instead the study suggested 

that it may be ascribed to an increased tendency of the lectins for oligomerization. 

 

An example of how artificial lectin can be created is reported by Ribeiro et al [125]. 

Engineering the first chimeric and bispecific lectin, with two rationally oriented and distinct 

recognition surfaces, they were able to bind both fucosylated and sialylated 

glycoconjugates (fig. 12). FS–Janus lectin, a chimeric lectin, was obtained by fusing 

sequences from the lectin of Ralstonia solanacearum (RSL), which displays strong affinity 
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for fucose, as well as a sequence from the NanI sialidase of Clostridium perfringens 

ATCC13124 (CBM40_NanI), with strong affinity for sialylated oligosaccharides. The 

binding ability towards fucose, 3′–sialyllactose (3′–SL) and 6′–sialyllactose (6′–SL) 

functionalised surfaces was evaluated using surface plasmon resonance (SPR). The 

Janus lectin showed nanomolar avidity for fucosylated and sialylated surfaces, with the 

latter being an important achievement since classic lectins usually display low affinity for 

sialylated epitopes. 
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Figure 12: A Janus lectin with two rationally oriented and distinct recognition surfaces, 

which are able to bind independently to fucosylated and sialylated glycoconjugates. (A and 

B) Two views of crystal structure of RSL–trimer complexed with six fucose ligands [image 

taken from [125]]. 

 

There are many challenges associated with lectin engineering, including the selection of 

template lectin, construction of a mutagenesis library and high–throughput screening 
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methods. However, as these challenges are overcome, lectins with superior binding 

properties will broaden the range of applications. 

 

1.7.3 Anti–Glycan Antibodies 

An antibody, a large Y–shaped protein, are produced by the immune system in response 

to a foreign molecule, namely antigen, entering the body. A given antibody binds 

specifically only to a small site on its antigen, called an epitope, which usually consists of a 

few amino acids or monosaccharide units. Antibodies should provide specificity along with 

avidity for its antigen. In contrast, glycans alone pose a serious challenge to antibody 

development. The development of a highly selective anti–glycan antibody is hindered by 

inherently poor immunogenicity of carbohydrates, labour intensive antigenic material 

production and the similarity between various carbohydrate sequences [126]. Due to the 

wide variety of complex glycans intrinsically produced in standard host organism, there are 

observed difficulties in generating anti–glycan antibodies.  

 

A large collection of anti–glycan antibodies (AGAs) are present in human serum, playing 

critical functions in many immune processes. The expression of AGA is dependent on the 

exposure to both the sequences from the “self” of the same species and the foreign 

carbohydrate sequences. Some AGAs exhibit affinity for naturally occurring glycans, 

despite this AGAs cannot be considered true auto–antibodies due to apparent lack of 

selectivity for native carbohydrate sequences [127]. Naturally occurring AGAs in human 

sera also include those to foreign glycan epitopes, such as galactose–α–1,3–galactose (α–

Gal) and N–glycolylneuraminic acid (Neu5GC). These antigens are responsible for the 
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rejection of xenotransplanted organs in humans from pigs [128, 129]. In addition, 

extensively studied AGAs include the anti–blood group antibodies against A, B and rare 

‘Bombay’ type O antigens. Highly specific, anti–blood group antibodies are able to 

differentiate differences between the glycan structures [130]. Natural AGAs have been 

associated to various different human diseases, such as Crohn’s disease, cystic fibrosis 

and malignant cancers [131-136]. This creates a useful biomarker to be a successful 

diagnostic tool for these diseases.  

 

It is typical for glycan–binding antibodies to exhibit lower affinities (with equilibrium 

dissociation constant (KD) values in the micromolar range for monovalent interactions) 

when compared with protein–specific antibodies (with KD values in the nanomolar range) 

[137, 138]. Affinities can be enhanced, by the generation of antibodies with two or more 

glycan binding sites or the non–covalent assembly into oligomers with multiple binding 

sites. [139, 140]. Multivalent complexes can result in high affinities as well as enhanced 

selectivities [141, 142]. An example of this includes the human antibody 2G12 which was 

found to bind strongly to HIV–1 glycoprotein gp120 (KD of 5.6 nM) via the formation of a 

dimer establishing multiple complex interactions with the oligomannose epitope of the 

glycoprotein [143, 144].  

 

A growing understanding of the immunological mechanisms by which the immune system 

refines its antibodies, together with recent technological advances in carbohydrate 

chemistry and bioconjugation are also enabling the production of high–affinity anti–glycan 

antibodies [138, 145]. Qβ virus–like particles (VLPs) have been used and are 
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conjugated via copper–catalyzed azide–alkyne cycloaddition with short synthetic glycans. 

As a result, anti–glycan IgG antibodies with nanomolar affinity were produced (fig. 13) 

[138]. 

 

Figure 13: Synthetic scheme illustrating the functionalization of Qβ VLPs with two 

oligosaccharide antigens (Ag), TS14 and TS3; m represents the number of antigens per 

VLP [image taken from [145]]. 

 

AGA–carbohydrate complexes are held together by hydrogen bonds, van der Waals, CH–

π and electrostatic interactions [146, 147]. Antibodies are able to accommodate long glycan 

epitopes in their binding sites and can generally interact with all monosaccharide units. 

Specific recognition can be detected with the enveloping capacity of the antibody binding 

sites [148, 149].  

 

Experimental techniques have been key to elucidate molecular structural features for 

modulating glycan–antibody recognition. These techniques include synthetic chemistry, 

NMR, antibody engineering and microarray technology [150-152]. Molecular modelling, 

along with antibody engineering, have been applied to demonstrate that the affinity and 
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specificity mostly rely on CH–π interactions in both pyranoside– and furanoside–antibody 

systems [153]. Pyranosides are six–membered sugars whilst furanoside are five–

membered sugar rings [154]. Ionic interactions are shown to play a key role in the binding 

of charged glycans and the recognition of neutral glycans by AGAs with hydrophobic 

stacking interactions and hydrogen bonds being more prevalent [155].  

 

Recent improvements in glycan microarray–based technology have now caused well–

defined validated specificities [156, 157]. Over 100 AGAs have been reported with many 

of the AGAs targeting the same glycan structure. The Thomsen–Friedenreich (TF) antigen 

(Galβ1–3GalNAcα1–Ser/Thr) and tumour associated carbohydrates, i.e. the Tn 

(GalNAcα1–Ser/Thr), have been particularly targeted for AGA development [158]. A good 

number of AGAs have been studied for ABH blood group antigens and Lewis antigens, as 

well as glycolipids [152, 159, 160]. Antibodies have been developed and are currently in 

clinical trials or have been employed for the treatment of diseases. Antibodies have also 

been used for the diagnostic applications in disease, with one example being an antibody 

that targets Sialyl Lewis A for detecting and monitoring of several cancers [161]. Many 

AGAs currently explored display low affinities for their target glycans as well as lacking 

specificity, recognising the family of glycan structures rather than a single glycan which is 

of interest.  

 

The nature of many antibodies is characterised by the binding of antibodies to recombinant 

antigens in ELISA assays or western blotting of denatured complexes. These complexes 

could be from mammalian cells or cell extracts. Demonstrations have shown that anti–
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GlcNAc antibody binding to bacterial cell wall peptidoglycan complexes is inhibited by 

soluble monomeric GlcNAc monosaccharide, but not its enantiomer GalNAc [162-164]. As 

a conclusion, these antibodies have shown to only bind identical or a very similar 

associated glycan epitope present in various molecular entities expressed by a wide range 

of living organisms.  

 

The available AGAs cover a narrow set of glycan families, epitopes as well as many 

important O–glycans, N–glycans, glycosaminoglycans, they still lack a corresponding 

antibody [126]. There are still various opportunities in the development of new AGAs, as 

they lack the ability to distinguish specific amino acid residues (e.g. serine versus 

threonine). This will improve AGAs in the development of new diagnostic and therapeutic 

applications.  

 

1.8 Artificial receptors 

Efforts have been focused on designing artificial receptors that can mimic the role of 

antibodies and lectins as binding entities for several years. The efforts have focused on 

targeting monosaccharides, however there is a short list for receptors and targeting more 

complex systems. An example of a more complex system includes a set of ditopic 

diaminopyrrolic structures designed for the selective recognition of Manα(1–2)Man 

dimannosides [165]. 

 

Natural receptors previously mentioned provide an insight of some key features, and give 

rise to the selective recognition of carbohydrates. Unfortunately, the lack of application for 
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natural receptors remains an issue targeting biological relevance. Therefore, the next 

section discusses synthetic receptors for the application in biological settings. Examples of 

synthetic receptors include aptamers and boronic acid derivatives. 

 

1.8.1 Aptamers 

Aptamers are single stranded oligonucleotides and synthetically derived, that bind to non–

oligonucleotide based targets. The method Systematic Evolution of Ligands by 

EXponential enrichment (SELEX) was first employed by Tuerk and Gold, and determined 

the sequence of aptamers [166]. Aptamers are typically constructed from less than 100 

bases and interact with a variety of targets, ranging from small molecules to whole cells, 

with similar, if not improved, affinities than antibodies [167]. The literature on aptamers 

targeting glycans is very limited, with most sources identifying saccharide–binding 

sequences from the 1990s [168].  

 

There is a lack of new developments, due to the limitations of the new options with regards 

to non–covalent binding interactions between sugars and oligonucleotides. An example 

includes the absence of charged groups and aromatic ring structures in simple sugars limits 

interactions to hydrophobic sites and hydrogen bonding [169].  

 

Current advances have focused on aptamers that target sugars with charged moieties, 

these include sialic acids. These sugars are overexpressed in cancer cells, making 

aptamers ideal in cancer diagnostics and therapeutics [170]. An overview of the SELEX 
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process is shown in fig.14, demonstrating that the library is incubated with the target and 

some of the sequences bind to the sequence, while some do not [171].  

 

 

Figure 14: Overview of the SELEX process. SELEX begins with an oligonucleotide 

library consisting of ~1016 different sequences. The library is incubated with the target 

(1). Some sequences will bind to the target and others will not. Sequences that have 

bound to the target are then separated from those that have not (2). After separating 

the sequences from the target, the sequences are copied and amplified using 

polymerase chain reaction (3). Sequences are then reintroduced into the process 

several times before being sequenced via either high throughput or low throughput 

sequencing image taken from [172]]. 

 

The immobilisation of Neu5Ac has been directed to adopt a natural conformation. This 

was achieved by exposing the carboxylic acid group of the sugar which resulted in the 
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identification of an aptamer to be highly selective for both Neu5Ac alone and Neu5Ac 

modified glycans [173]. In addition to selectivity, the binding of the aptamer to Neu5Ac 

was also shown to prevent enzymatic hydrolysis of the sugar [174].  

 

Another development for aptamers was target peptidoglycans and glycan regions of 

glycoproteins. One example is RNA aptamers which are selected against two classes 

of glycosaminoglycans, these classes are chondroitin and heparosan [175]. These 

glycosaminoglycan are non–immunogenic, making previous detection of biological 

samples using popular antibody–based technologies difficult. The selected RNA 

aptamers observed high affinities (KD values in the range of 0.71–1.0 μM).  

 

Aptamers face the challenge of lacking the interactions that can be established 

between the oligonucleotides and glycans. The easy adaptation of aptamers 

incorporates sugar–binding moieties such as boronic acids, to enhance interactions, 

is one way to overcome this limitation [176]. However, the biggest challenge of the use 

of aptamers as sensors for glycoconjugates is the lack of specificity towards glycan 

targets. Optimisation of aptamer selection process (such as SELEX methods) must be 

achieved, making aptamers potential sensors for glycans. 

 

1.8.2 Boronic acids 

Known for their ability to covalently bind to 2– and 1,3–diol groups found in 

carbohydrates, boronic acids binding interaction is both reversible as well as pH 

dependent [177], shown in fig. 15. Boronic acids can readily interconvert in aqueous 
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media from sp2 to sp3 hybridisation in the presence of a Lewis base, with the result of 

tetrahedral species in equilibrium with the neutral trigonal form [178]. In alkaline 

aqueous solutions, boronic acids and their reaction with diols result in the formation of 

boronate esters [179]. Therefore, these features make boronic acids interesting 

molecules for the realization of synthetic receptors for carbohydrate recognition, also 

named “boronolectins” [180].  

 

 

Figure 15: Complexation between arylboronic acids and diols in water [image taken 

from [181]]. 

 

Boronic acids are able to form boronic esters reversibly with polyols and sugars in 

water (eq 1, fig. 15) [182]. Boronic acids are one of the most promising approaches for 

the recognition of carbohydrate recognition, however as a limitation a high pH is 

generally required in order to favour the equilibrium toward the dialkoxyboronate anion 

(eq 2). 

 

Reports have shown that phenylboronic acid–adamantane conjugates can form self–

assembled monolayers on the surface of cyclodextrin vesicles in aqueous solution 
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[183]. The study had presented multiple boronic acid receptors on the surface and was 

found to bind monosaccharides with binding constants between 100 and 3000 M–1. A 

previous study also developed a glucose selective sensor which was obtained by the 

formation of a self–assembled monolayer of bis–boronic acids on gold surfaces [184]. 

The binding of boronic acids and monosaccharide recognition and sensing has been 

well documented [184-188]. On the other hand, the recognition of glycans and 

glycoconjugate is still required. Promising results were obtained that act as fluorescent 

sensors with the use of boronic acid–functionalized peptidic receptors. An example of 

the fluorescent sensors is diboronic acid compounds, these are used to recognise cell 

surface cancer–associated glycans in situ, such as Sialyl Lewis X (sLex), with high 

specificity [185, 186]. Molecular imprinted polymers (MIP) are an effective way to 

create synthetic carbohydrate receptors. A successful and effective way to create 

synthetic carbohydrate receptors has been demonstrated by the use of molecular–

imprinted polymers (MIP), with the use of boronic acids used as functional monomers 

[167, 189-195]. 

 

1.8.3 Benzoboroxoles 

Derivatives of phenylboronic acids, benzoboroxoles have an intramolecular five 

membered–ring containing a boron atom. Benzoboroxoles were first reported in 1957 

[196], but gained greater attention in the late 2000s due to their interesting biological 

activity and medical relevance becoming apparent.  
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Figure 16: Generic structures of benzoboroxoles [image taken from [181]]. 

 

Benzoboroxoles show inhibitory activity against several enzymes, these include 

carbonic anhydrases and they are potential anti–tuberculosis agents [197, 198]. 

However, benzoboroxoles have drawn particular interest for their potential application 

as carbohydrate receptors, as they are able to bind sugars under physiological 

conditions [199]. Unlike their boronic acid counterparts, benzoboroxoles are able to 

bind sugars in their pyranose form and at physiological pH and, making them more 

suitable for biological systems (fig. 17). This ability makes benzoboroxoles attractive 

as potential candidates for the development of synthetic lectins for the recognition of 

glycans on cell surfaces and glycoproteins.  



43 

 

 

Figure 17: Reaction scheme showing how both benzoboroxoles (B) and aryl 

phenylboronics acids (A) bind the cis-diol moieties of carbohydrates. Theprimary 

difference lies in the lower pKa of the benzoboroxoles (B, pKa of 7.3) allowing for 

efficientcis-diol binding at physiological pH (pH: 7.4), as com-pared with phenylboronic 

acids (pKa = 8.7) [image taken from [200]] 

 

Pal et. al. reported low molecular weight peptidyl bis(benzoboroxole) receptors and their 

ability to target cancer–related Thomsen–Friedenreich (TF) antigen. The receptors studied 

consisted of two benzoboroxoles which bound the two diol units of the TF antigen, a 

peptide backbone, with a tuneable length and rigidity, providing additional hydrogen 

bonding and hydrophobic/CH–π interactions (fig.18).  
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Figure 18: Design of peptidyl bis(benzoboroxoles) for the recognition of TF antigen; 

the library was generated by combining different spacers R1, natural and non–natural 

amino acids, and carboxylic acids as capping groups R2 [reproduced from [201]]. 

 

Small changes in the stereochemical configuration of the peptide spacer considerably 

affected the binding, highlighting the extent to which molecular recognition is sensitive to 

subtle variations. Using a competitive ELISA assay, the screening of the binding of TF 

antigen showed the most potent receptor exhibited an IC50 value (the concentration of 

inhibitor required to produce 50% inhibition of an enzymatic reaction at a specific substrate 

concentration) of 20 μM. Whilst only moderate affinities and selectivities were observed, 

the results were promising and encouraged future studies [202].  
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The binding properties of benzoboroxoles are attractive due to the recent development of 

a carbohydrate–binding ligand for specific enrichment of glycoproteins [203]. A 

benzoboroxole–modified ligand with a structure that mimics Trp and Phe (two amino acids 

that are frequently present in lectins) was immobilised on a Sepharose™ column. This 

mimicking approach allows the purification of glycoproteins from complex mixtures at 

neutral pH. Spiked into an E.coli supernatant, glucose oxidase (GOx) purified with 

benzoboroxole–modified column afforded GOx with a purity of 98%, retaining the protein’s 

enzymatic activity. Thermo–responsive polymers functionalised with benzoboroxole units 

are also reported as promising sensing platforms for the detection of diols and polyols at 

physiological pH [204].  

 

In addition, benzoboroxole–containing nanoparticles have turned out as promising options 

for immunological applications, such as internalisation of dendritic cells and controlled 

antigen release [205]. These nanoparticles are stable under physiological conditions and 

were obtained by mixing glycopolymers and a benzoboroxole–containing polymer. The 

formation of nanoparticles was promoted by the establishment of dynamic covalent bonds 

between the two complementary polymer chains. The study also reported that the 

nanoparticles could be internalised by dendritic cells which then dissociate when exposed 

to the acidic environment of the organelles, allowing the controlled release of a preloaded 

antigen upon internalization thus opening up new opportunities for applications in cancer 

immunotherapy. Although reaching high affinity and specificity is still a challenge within the 

field, benzoboroxoles are a very promising class of compounds for the development of 

synthetic receptors for glycans and their derivatives. In order to disclose the full potential of 
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synthetic glycan receptors, future efforts should focus on the fine control of the spatial 

arrangements of the ligands. Moreover, the promotion of additional secondary interactions, 

such as hydrogen bonding and CH–π interactions must be considered to achieve selective 

molecular recognition. 

 

1.9 Self–assembly 

The process of self–assembly is the organisation of components such as molecules, 

polymers or macroscopic particles, which are ordered functional structures as a 

consequence of local, specific interactions among the components themselves [206]. 

The technique of self–assembly is useful for the preparation of nanofibrous scaffolds, and 

is presented everywhere in nature [207]. By observing the transient interactions of 

chemical groups, predictions and formulations can be nanosized self–assembled 

structures. The design, implementation and outcome will be discussed in the following 

sub sections and used to inform our own biosensor design.  

 

1.10 Self–assembled monolayers 

Self–assembled monolayers (SAMs) have attracted considerable attention for over two 

decades , this is due to the potential of SAMs in applications in chemical and biological 

sensors [208] as well as modifying surfaces [209, 210]. An important route to the 

preparation of nanoscaled materials is the self–assembly of molecules on solid 

surfaces [211].  
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The chemisorbed SAM consists of three parts; an anchor providing a strong bond to 

the substrate, a tail group and a spacer, that separates the anchor and the tail group 

on the surface. Studies have presented alkanethiols [212-215], chainlike molecules 

with a sulphur anchor, a linear hydrocarbon chain and optional functional tail group. 

The sulphur atom present on the anchor, forms a chemical bond on metallic surfaces, 

such as Au, therefore thiolate SAMs are able to provide stable bonding onto the 

substrate surface, shown in fig.19. 

 

Figure 19: Representation of basic SAM structure.  
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The functional terminal groups of self–assembled monolayers (SAMs) govern surface 

properties such as wettability, friction and adhesion as well as providing anchoring 

sites for large complex ligands or molecules of biological or biochemical relevance 

[216]. The latter aspect is important because the synthesis of SAM–forming molecules 

such as alkanethiols that are coupled to biomolecules or other complex structures is 

often demanding [216]. A drawback of this aspect includes such molecules could be 

directly immobilized on surfaces like Au by self–assembly. However, if a SAM carries 

functional groups that undergo established coupling reactions, biomolecules can be 

attached after SAM formation. 

 

Disulphides (R–S–S–R) and thiols (HS–R) adsorb strongly to Au surfaces but the 

nature of the event remains controversial. Generally, S–Au bonding occurs over two 

rapid physisorption of SAM compound to Au surface then slower chemisorption of S–

Au bond formation [217] (Fig. 20). During the process of physisorption (shown labelled 

in fig. 20) SAM backbone groups form interactions with Au surface via Van de Waals 

interaction thus rapidly producing a ‘lying down’ arrangement of monomers [218]. 

Increasing the surface coverage, the SAM compounds present refrain from ‘lying–

down’ to ‘standing up’. While changing configuration, the SAMs form a covalent bond 

between the Au–thiol species [219].  
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Figure 20: Preparation of SAMs. The substrate, Au on Si, is immersed into an ethanol 

solution of the desired thiol(s). Initial adsorption is fast (seconds); then an organization 

phase follows which should be allowed to continue for >15 h for best results. 

 

It has been suggested that disulphides break into separate thiol species favouring the 

S–Au bond [220]. Disulphides provide several advantages over thiols for SAMs, 

including chemical stability, resistance to oxidation and no requirement for the 

protection of groups during synthesis procedures. This enables liberation of one end 

Au

Physisorption

Chemisorption

Structural organisation
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of surface dithiol simultaneously chemisorbing the free dithiol thus producing typical 

substrate bound and free thiol groups at opposing terminus of the SAM monomer [221]. 

 

1.11 SAM defects 

It is important to note that when discussing the formation of SAMs, the ideal scenario 

is being a well–packed and highly uniform monolayer free from contamination from 

other molecules and defects. However, defects are highly expected  at varying degrees 

within the monolayer and the formation. Examples of defects are shown in the fig. 21, 

with examples including a) domain defects, b)pin–hole defects and c) disorder defects.  
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Figure 21: Schematic illustrating domains (a), pin–hole (b) and disorder (c) SAM 

defects. 

 

Imperfections in the frontier of the underlying lattice. are known as domain defects, 

with SAMs presenting themselves on the substrate and arrange themselves in more 

than one orientation [222]. Pin–hole defects occur due to the failure of the alkanethiol 

to bind to a vacant site on the substrate causing isolated islands of monolayers to form 

[222]. Disordered defects are caused by disordered conformations of alkanethiol 
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chains unable to be fully stretched, for example a gauche defect [223]. The number of 

these defects on the substrate is influenced by the chain length of the alkanethiol and 

the terminal head group functionality [224]. Therefore, SAM protocols are optimised to 

produce monolayers with as limited defects as possible, providing the best possible 

SAM substrate.  

 

1.12 Molecular imprinting 

Molecular imprinting is an outstanding and favourable route generating customised 

affinity pockets in a cross–linked polymer matrix targeting molecules [225]. A general 

method of molecular imprinting includes the imprint molecule, also known as the 

template, added along functional monomers as well as high proportions of cross–

linker, under optimised and appropriate conditions. During the reaction, polymeric 

chains organise around the imprint through functional groups interactions. The imprint 

molecules are removed from the polymer matrix, resulting in the development of 

binding pockets which are highly adapted. Fig. 22 shows a schematic representation 

of the molecular imprinting method described [226].   

 



53 

 

 

Figure 22: The schematic route of the synthesis of MIPs, demonstrating the template 

molecule is directed to the interaction of designed functional monomers [image taken 

from [227]]. 

 

1.13 The History of Imprinting  

Molecular imprinting was studied in organic materials, in the 1930s, Polyakov was 

considered the first associated with the concept of molecular imprinting, with the 

synthesis of silica gel and its adsorption properties for imprint dyes [228]. Pauling et al 

proposed the formation of natural antibodies that take place in the presence of specific 

antigens. These antibodies function as template models and lead to the concept of 

template–induced interaction centres in antibodies that are responsible for unmatched 

selectivity as a result [229]. In 1950, the application of molecular imprinting arose with 

particular interest in the separation of organic molecules with different configurations, 

i.e., enantioselectivity occurred. The application was used when Patrikeev incubated 
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bacteria in silica gel, observing the resulting imprinted silica facilitates bacterial growth 

substantially compared with control silica [230]. Until the early 1970s, Wulff extended 

this approach to organic matrices. The contribution of Wulff and coworkers led the 

foundation of MIPs as biomimetic catalysts and holds the largest share of all [231-233].  

 

Molecular imprinting is established as one of the most promising techniques for the 

introduction of molecular recognition features in a variety of material [234]. With this in 

mind, molecular imprinting remains a growing interest with numerous groups studying 

the different types of template models and imprinting strategies for different 

applications such as pharmaceutical selective drug delivery [235, 236]. 

 

1.14 MIP and artificial antibodies 

To form a molecularly imprinted polymer (MIP), the template molecule is mixed with 

both mono–functional and difunctional monomers, to enable them to associate either 

covalently or non–covalently with areas of the template before triggering the 

polymerisation reaction to form a polymer matrix around the template involved. 

Subsequently, the cavity formed is complementary to the size, shape and chemical 

functionalities to the template formed. Following the removal of the template from the 

cavity, the imprinted scaffold can rebind a fresh target analyte. Ideally, MIPs should 

exhibit high selectivity and specificity for the target, with low affinities shown for 

competing molecules [237].  
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Current technologies such as mass spectrometry and multiplex immunoassays are 

extensively used in the diagnosis and prognosis of diseases, as well as the monitoring 

of response to therapy [238-240]. Although these technologies are very accurate and 

well developed, they require an exhaustive and time consuming sample preparation. 

Some advantages of this novel technology offered in sensing applications are the 

ease, rapid, and the inexpensive production of the applications. 

 

The design of imprints needs to be carefully considered with different parameters to 

be taken into account. These parameters include; the monomer selection, relative 

ratios and the chemical functionalities [241]. Factors including incubation solvent and 

polymerisation time need to be also carefully considered, as these can drastically affect 

selectivity and sensitivity of the molecular imprint [242]. Imprints are created and use 

one of two methods; non–covalent imprinting and covalent imprinting. Non–covalent 

imprinting uses electrostatic interactions, hydrogen bonds, Van der Waals forces, or 

ionic bonds to form interactions between the monomer(s) and the template. However, 

covalent imprinting relies on covalently binding a ligand, such as a saccharide binding 

to a benzoboroxole. Covalent imprinting requires the covalent bond to be broken to 

free the template molecule using a washing step (e.g.an acidic or basic wash), but the 

removal of the template in non–covalent protocols requires much milder conditions 

[243]. 

 

Boronic acids are used as the functional monomers, with the approach being based 

on the formation of a polymer network around a template molecule (i.e. a glycoprotein). 
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This will create artificial binding sites and upon removal of the template can be 

occupied by their target [244]. Boronic acids used in MIPs can allow the realization of 

lectin–like surfaces for the specific recognition of glycoproteins, with the controlled 

orientation of the receptors around the glycoprotein enabling the creation of epitopes 

for specific fragments [190, 191, 245]. The approaches mentioned are both versatile 

and efficient, providing surfaces with high specificities along with strong affinities.  

 

A sensor platform for the detection of prostate–specific antigen (PSA) when compared 

with other glycoproteins was studied. A pre–formed complex of PSA–acrylamido 

boronic acids was attached onto a functionalized gold surface and had provided 

immobilization of the synthetic receptors in spatial arrangements specific for the target 

glycoprotein. With the use of surface plasmon resonance (SPR), binding studies were 

conducted. These studies helped observe specificity of PSA, providing high affinity 

value of KD in the micromolar range (1.8 μM), as well as detecting at  the nanomolar 

concentrations [246].  Below is a figure which is a representation of the strategy, 

fabricating of glycoprotein–imprinted surfaces.  
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Figure 23: Strategy for the fabrication of glycoprotein–imprinted surfaces using 

acrylamido–boronic acids (AM–BAs); (step 1) self–assembled monolayer (SAM) 

formation on a gold surface with DFC molecule; (step 2) incubation of the AM–BA 

receptors with the template target glycoprotein; (step 3) grafting of the preformed 

boronic acid–glycoprotein complex on the SAM via acrylamide co–polymerization; 

(step 4) azide–terminated oligoethylene glycol (Az–OEG) functionalization to provide 

glycoprotein–shaped cavities; (step 5) removal of the template protein, affording a 

nanocavity specific for the target glycoprotein [image taken from [247]]. 

 

In addition, a surface–initiated controlled radical polymerisation is integrated with 

supramolecular templating and molecular imprinting to yield highly reproducible 

synthetic recognition sites on surfaces with dissociation constants (KD). The KD values 

were in the low micromolar range for target glycoproteins and minimal binding to 

nontarget glycoproteins. From the studies, it was shown that glycosylated and non–

glycosylated forms of the same glycoproteins could be distinguished, giving a >5–fold 

difference in the binding affinity of the glycoprotein.  
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Figure 24: A schematic (not to scale) illustration of the molecular imprinting process 

involving pre complexation of BA–based carbohydrate receptors with the target 

glycoprotein and surface–initiated Atom transfer radical polymerization (ATRP) 

polymerization to form highly selective molecular cavities [image taken from [248]]. 

 

1.15 Concluding Remarks 

The role of glycosylation in the development of disease is increasingly understood, but 

it is clear that there is a need for strategies that can detect changes in N– and O– 

glycosylation. For PCa, it is known that N–glycan changes occur to its glycoprotein 

biomarker with the progression of the disease and it is paramount that the sensing 

methods to enable the detection of these changes is to be realised. Current methods 

adopted to detect biomolecule glycan changes include HPLC and capillary 

electrophoresis (CE) coupled with mass spectrometry and are satisfactorily sensitive, 

however they require expensive and large set–ups [249-251].  On the other hand, the 

use of lectins in ELISA and agglutination assays are significantly cheaper than 
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previous methods, however both of these techniques are hindered by the weak 

affinities of lectins that lead to poor sensitivities for target saccharide molecules [252, 

253].  

 

1.16  Aims and Objectives  

The overall aim of the thesis is the development of a novel recognition platform which 

has capability in the detection of saccharides. The oligosaccharides used are 

stachyose, nystose and man5. To create the platform, the surface must be 

homogeneous and crosslinking of the benzoboroxole must be successful. To target 

the oligosaccharides of interest selectively, a molecular imprinting system must 

incorporate functional benzoboroxole monomer within its design.   

 

The strategy to achieve such a goal is outlined in a four stage process as shown in fig. 

25.  The first stage of the project is to create a foundation layer on a gold surface in 

which the benzoboroxole can crosslink to.  
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Figure 25: Method for creating synthetic materials with superselective oligosaccharide 

recognition. 1) Acrylamide‐terminated monolayer formation using N,N′ ‐

bis(acryloyl)cystamine; 2) pure, high‐order oligosaccharide: 5‐acrylamido‐2‐

(hydroxymethyl)phenylboronic acid cyclic monoester (APB) complex formation; 3) 

fixation of the complex on the surface and construction of molecular scaffold around 

the oligosaccharide template using N,N ′‐methylenebisacrylamide; 4) removal of the 

oligosaccharide template 

 

The first step of the project will be to form an acrylamide‐terminated monolayer 

using N,N′ ‐bis(acryloyl)cystamine. This will be optimised using contact angle, 

ellipsometry and x–ray photochemical spectroscopy (XPS). 

 

The second step of the project will be the complexation between saccharides and 

benzoboroxoles. In the initial case, stachyose will be used as the tetrasaccharide, with 

AABOB. The two species will be mixed together to create a complex that will then be 

used as the template to form the stachyose compatible imprint. The conditions to 

encourage the complexation will be investigated to ensure this binding is optimised.  
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The third step will bring steps 1 and 2 together, creating the molecular imprint. ATRP 

will be employed to crosslink the complex and the initiator SAM surfaces at room 

temperature in biocompatible conditions. A scaffold around the oligosaccharide 

template using N,N'–methylenebisacrylamide was also incorporated, enabling a 

pocket–like structure be present on the surface.  

 

The final step is to begin to look into the oligosaccharide binding and rebinding 

process. Different oligosaccharides are used in comparison to determine if selectivity 

of the target molecule is observed when compared to other non–targets. Binding 

affinity values are calculated, Rmax and KD. Rmax is determined by the relative molecular 

weight ratio between ligand and analyte and the amount of immobilized ligand [254] 

and KD is the dissociation constants, the interactions with its ligands [255], giving a true 

understanding if the molecular imprint has potential to selectively and sensitively bind.  
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CHAPTER 2 – SURFACE CHARACTERISATION 

TECHNIQUES 

Abstract: In order to understand the physicochemical properties of the surfaces 

formed, different characterisation techniques are used. The techniques used include 

contact angle, ellipsometry, X–ray photoelectron spectroscopy (XPS) and surface 

plasmon resonance (SPR). In this section, all these techniques are briefly described 

and the reasoning behind their use for the SAM characterisation is discussed. 

 

Figure 26: Overview of the methods used in this research work for studying thickness 

(ellipsometry), wettability (contact angle), elemental composition (XPS) and ligand 

interaction respectively (SPR). 
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2.1 Dynamic Contact Angle 

In 1805, Thomas Young identified the measurement of the angle between solid–liquid 

and liquid–air interface can be a useful determinant of the properties of a surface [256]. 

The contact angle is defined as the angle that is formed by the intersection of the 

liquid–solid interface and the liquid–vapour interface [257]. Based on the Young–

Dupree equation, the contact angle is calculated by the equation shown below: 

 

Eq. 1   γLV cosθC = γVS - γLS 

where γ is the surface interfacial tension, and VL, VS, and LS refer to vapour–liquid, 

vapour–solid, and liquid–solid interfaces [258].  

 

 

Figure 27:  Equilibrium contact angle and interfacial energy relationship (SV: solid–

vapour, SL: solid–liquid, LV: liquid–vapour). 
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This is geometrically acquired by applying a tangent line from the liquid–vapour contact 

point in the droplet profile. Contact angle is between the solid and the liquid and is 

dependent on the nature of the liquid as well as the characteristics of the solid [259]. 

Contact angles that are less than 90° are spread over the surface, whilst  contact 

angles more than 90° will form a bead–like structure on the surface [259, 260]. 

 

The contact angle measurements allow the evaluation of the character of the surface 

and whether the surface is hydrophilic or hydrophobic. The technique is based on the 

principle that a liquid is in contact with a surface, in this case  a gold functionalised 

surface, to form an angle θ, which can be measured with a contact angle apparatus, 

as shown in fig.28. The solvent, for example water, is deposited onto the surface from 

a syringe. 

 

Figure 28: Diagram of the contact angle set up, by Biolin Scientific. 
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Once a liquid droplet is placed onto the surface, contact angles are formed by the 

expansion and contraction of the liquid. The advancing angle is frequently preferred 

when investigating solid surfaces, and is measured at a surface which is freshly wetted. 

The receding contact angle, θr, can be measured when a previously formed sessile 

drop on the substrate  surface is contracted by applying a suction of the drop liquid 

through the needle. Precise measurement of θr is very difficult [261]. The angles 

obtained fall within a range, whereby the advancing as well as the receding angles 

reach a maximum. The difference between these two measurements is known as the 

hysteresis (H);  

 

Eq. 2     H = 	θa − 	θr   [262] 

Where a and r are advancing and receding contact angles, respectively. 

 

Advancing and receding angles, shown in fig. 29, are taken over a period of time. With 

this in mind, an average is taken for both contact angle measurements. If the 

advancing and receding angles are similar, or the same, it is suggested that the 

monolayer surface is very well ordered. If the angles are similar throughout the surface, 

as multiple measurements are taken (in practice a minimum of three) the surface is 

considered as homogeneous [263]. 
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Figure 29: A diagram demonstrating a) advancing  and b) receding angles on a surface 

[image taken from [264]]. 

 

Consequently, of both surface chemistry and homology can be analysed when using 

hysteresis. Hysteresis can provide information on both the homogeneity and the 

roughness of the surface in question.   

 

2.2 Ellipsometry 

The method of ellipsometry was first discovered in 1887 by Drude. The method probes 

the dielectric function of metals [265]. Ellipsometry is an optical technique used to 

measure both the transmission and the reflection properties after light is incident on  a 

surface. Since the 1960s, ellipsometry developed a sensitive necessary measure of 

nanoscale layers with today allowing a convenient and accurate determination of the 

thickness as well as the refractive indexes of thin films [266].  

Maxwell’s theory explains how light is an electromagnetic wave consisting of two 

vectors: an electric field, E and a magnetic field, H. These field vectors are 

perpendicular as well as being perpendicular to the propagation direction of light, as 

given by the wave vector, k [267]. Both the E and H vectors themselves are formed 
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from two components – a parallel component, ‘s’, and a perpendicular component, ‘p’. 

In fig. 30, H is demonstrated as a blue wave whilst E is a red wave.  

 

Figure 30: Illustration of light as an electromagnetic wave traveling in the propagation 

direction [268].  

For non–polarized light, E and H oscillate in random directions (i.e. in a number of 

planes). However, for linearly polarized light, E oscillates in the same direction as H 

(i.e. oscillation occurs in a single plane). Therefore, ellipsometry takes advantage of 

these principles by measuring the changes that occur to the ‘s’ and ‘p’ components of 

the E vector of linearly polarised light upon reflection from a surface due to refraction 

by the surface molecules.  
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Applying these principles onto a system whereby linearly polarised light is shone at a 

defined angle onto a surface which has been functionalised, for example with a self–

assembled monolayer (SAM), the light will resolve into the p ‘s’ and ‘p’ components 

due to its refraction by the SAM molecules (fig. 31).  

 

Figure 31: Schematic of a basic ellipsometry measurement gathering. 

The change observed in both the phase and amplitude of the ‘s’ and ’p’ components 

produces elliptically polarized light and these changes can be measured and quantified 

using an ellipsometer to derive information about a surface, such as the adsorbed 

SAMs thickness. A typical ellipsometer setup is shown in figure 32.  
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Figure 32: The schematic of a basic ellipsometry measurement gathering. 

 

The configuration of the rotating analyser is shown in the fig. 32. Unpolarised light is 

produced from a light source and is sent through the polariser. Allowing the light of the 

preferred electric field orientation to pass, the polariser axis is oriented between both 

the s– and the p– plane, where both arrive at the sample surface. Reflecting from the 

sample surface, the linearly polarised light becomes elliptically polarised and travels 

through a continuously rotating polariser (referred to as the rotating analyser in the 

figure). The amount of light allowed to pass will be dependent on the polariser 

orientation. The final stage is where the detector converts the light transmitted to an 

electronic signal to determine the reflected polarisation.  The data obtained is 

compared to the known input polarisation, determining the polarisation change caused 

  



70 

 

by the gold sample. Thus, this is the ellipsometry measurement of both Psi (ψ) and 

Delta (Δ).  

 

Primarily, the method is interested in the change in s– and p– components upon 

reflection or transmission with respect to each other. The reference beam has a vital 

part in the experiment as a known polarisation is reflected or transmitted from the 

sample. It is the output polarisation which is what is measured. Commonly, the change 

in polarisation is written as: 

𝛒 = 𝐭𝐚𝐧(𝛙)𝐞𝐢𝚫 

The incident light is linear with both s– and p– components, while the reflected light 

has undergone amplitude and the phase changes for both of the s– and p– polarised 

light. It is this change in polarised light that ellipsometry measures. The ψ and Δ 

parameters are calculated by applying a least–squared minimization iterative process 

incorporating the Fresnel equations whereby the unknown optical constants are varied. 

The collection of data includes the following primary tools: light source, a polarisation 

generator, the gold sample, polarisation analyser and the detector. Both, the 

polarisation generator and analyser are constructed of optical components which 

manipulate the polarisation; the polarisers, compensators and the phase modulators 

[269]. 

Since ellipsometry is an indirect method of determining the optical constants of a 

material, such as for SAMs a Cauchy model is used where the SAM layer is assumed 

to be transparent (k=0) with a refractive index of 1.49 [270]. The resulted thickness 
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value is then selected from the value with the lowest Chi squared value (χ2) to indicate 

the best agreement between the measured and calculated ψ and Δ parameters.  

 

2.3 X–ray Photoelectron Spectroscopy (XPS) 

X–ray photoelectron spectroscopy (XPS) is a surface analysis technique used to both 

identify and measure the concentration of elements which are present at a surface. 

The basis behind the technique is to use monochromatic X–rays to bombard a material 

in a ultra–high vacuum (UHV) and cause atoms of the elements that are present near 

the surface examined to release electrons that are detected and thus analysed for their 

kinetic energy and intensity.  The basic set up of a XPS spectrophotometer is shown 

in fig. 33 [271]. 
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Figure 33: Schematic of an XPS system. The sample is mounted onto a platform within 

the UHV chamber that is then bombarded with Kα X–rays produced  from a Mg or Al 

probe. The photoelectrons released from the sample are then collected by the detector 

to generate the XPS spectra.  

 

A sample, shown here as a functionalised Au substrate, is mounted upon a stainless 

steel platform within the UHV chamber. X–rays excite the specific area of the 

specimen, releasing photoelectrons. Once an X–ray photon hits the electron of an 

atom, as shown in fig. 34, it causes this electron to be emitted into the photoelectron 

process [272]. 
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Figure 34: Schematic of photoelectron emission from the core shell of an atom. 

 

In this technique, the sample is irradiated with X–ray beams while the kinetic energy 

and number of electrons that escape from the surface of the material are 

simultaneously measured [273]. The balance between hν and the kinetic energy of a 

photoelectron, Ek, is expressed as; 

EK = hν - EB 

Where by the EB is the binding energy of the electron to nucleus relative to the Fermi 

level. The EB value and the chemical shift are utilised for the identification of an element 

and are the estimation of its chemical bonding state within a specimen [274].  
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2.4 Surface plasmon resonance (SPR) 

Surface plasmon resonance (SPR) is an optical sensing technique that was widely 

used in this research work. The change in refractive index (RI) of a dielectric surface 

interface is utilised in the method. SPR has become widely used for studying the 

interaction between surface–used biomolecular binding of ligands to the target 

analytes, measuring the binding of an analyte in real time [275]. Advantages of SPR 

include the ease to set up, low running costs and the real–time measurements of both 

binding affinities and kinetics [276]. 

 

Before discussing the typical set–up of the SPR, the surface plasmon wave (SPW) 

from a dielectric surface interface must be mentioned. The monochromatic ‘p’ polarised 

light is fixed at a wavelength and shone at a particular angle (θi) through a glass prism 

with a high refractive index (RI). This glass prism is in contact with a thin conducting 

metal surface approximately 50 nm, such as Au or Ag, and a SPW is generated. The 

SPW is generated because of the total internal reflection (TIR) of the incident, enabling 

the excitation of free electrons of the metal thus generating photon–plasmon surface 

electromagnetic waves. This is shown in the fig. 35 [277]: 
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Figure 35: (a) Schematic of propagating SPPs on a metal-dielectric interface. 

Dispersion of SPPs propagating along a metal-air interface for (b) real frequency and 

complex wave vector, and (c) complex frequency and real wave vector. The flat 

asymptote dashed line represents the non-retarded surface plasmon solution. 

 

Changes in RI within the immediate area of the dielectric interface can be detected. 

This is possible by measuring the change in the angle of the intensity minimum 

resonance angle (θrA to θrB) of the reflected light when a resonance change occurs.  

Reflected angle changes (Δθ) can be detected by a photodiode and can be monitored 

in real time using an SPR set up [278]. 

 

Here, the system is first prepped by the equilibrium of a sensor chip. This sensor chip 

is fabricated from Au sputted onto a glass slide and placed on the top of the prism with 
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the presence of buffer (fig. 36, a). Equilibrium of buffer must be established before the 

analyte of interest is injected into the flow channel and pumped through and meets the 

surface (fig. 36, b). Following a change of RI occurs once the analyte binds to the 

surface, a change in reflected angle intensity minimum (θrA to θrB) is caused (fig. 36, 

c). These changes are recorded and the binding kinetics of the injected analyte are 

measured and analysed (fig. 36, d).  

 

Figure 36: Schematic diagram of an SPR measurement using the Kretschmann set up. 

The functionalised Au/glass sensor chip is placed on–top of the prism and exposed to 

the flow channel. (a). When analyte is introduced and binds to the chip surface this 

causes a change in the RI (b). This change causes the intensity of the refracted light 

to dip (c) associated with the change in the angle (θrA) relates to the mass bound. The 

angle shifts to (θrB) when all the available mass has bound. These changes are 
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monitored using a sensorgram (d) that is a plot of the resonance angle versus time 

[image reproduced using [279]].  
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CHAPTER 3 – THE FORMATION AND 

CHARACTERISATION OF THE DSA SAM AND 

THE CROSS–LINKING OF AABOB ONTO A 

DSA SAM. 

Abstract: This chapter details the development of the N’,N’–bis(acryloyl cystamine), 

abbreviated to DSA, monolayer. The surface is characterised using contact angle, 

ellipsometry and XPS. In addition, control surfaces, benzyl–terminated and a 

benzoboroxole–modified surface are created. Control surfaces were optimised to 

determine whether binding to sugars is possible and if so, binding affinities can be 

generated. Radical polymerisation is used to successfully crosslink the benzoboroxole 

carbohydrate receptors and the DSA monolayer. The optimal conditions will be later 

used to continue the development of the surfaces for molecular imprinting in chapter 

four. 
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3.1 Introduction 

Known as the most effective as well as versatile strategy for surface functionalisation, 

self–assembled monolayers (SAMs) can be a robust approach to fine–tune the surface 

of interest [280]. The formation of a SAM requires chemisorption on a surface which is 

followed by the spontaneous organization into 2D–crystalline long–range molecularly 

ordered domains [281]. SAMs have been seen across a variety of fields, including 

biomedical implants and applications [282, 283], corrosion inhibition [284] and of 

concern to this research, biosensors [285, 286].  

 

Free–radical polymerisation is the most economical process for use with monomers 

due to the fact that reaction mixture does not require the high–purity reactants but does 

require rigorous exclusions of air, moisture and other impurities for successful 

operation [287]. The research conducted in this thesis looks at free–radical 

polymerisation with ammonium persulfate (APS) acting as a free–radical initiator and 

tetramethylethylethyendiamine (TEMED) used to catalyse the polymerisation [288]. 

 

Benzoboroxole–functionalised monomers have been incorporated to aid the detection 

of other diseases, with HIV as an example [289]. This chapter investigates the 

formation of SAMs, some containing benzoboroxoles, to understand whether or not 

successful saccharide binding can occur. This will be compared with non–

benzoboroxole containing monomers, to determine if high selectivity can be observed.  
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3.1.1 Objectives: 

The objectives of the work in this chapter can be broken down as follows: 

• Create a high quality SAM with DSA. 

• Use XPS to determine the optimum DSA concentration to be used. 

• Successfully cross–link AABOB to DSA and confirm the surface physicochemical 

properties with the contact angle, ellipsometry and XPS techniques. 

• Prepare control SAMs to be used later for comparison, namely benzoboroxole–

modified surface as well as control benzyl–terminated SAM. 

 

3.2 Cleaning of the bare Au surface 

3.2.1 Introduction 

Evaporated gold films are frequently used as substrates for the study of biomolecular 

adsorbates, nanoparticle systems and full monolayer films. These studies often benefit 

from a predeposition cleaning of the surface that removes adventitiously adsorbed 

material from laboratory contaminants [283]. However, the removal of surface 

contaminants is critical to all processes where the surface must be modified in some 

manner, such as deposition of thin films. Both organic and inorganic contaminants can 

cause unreliable bonding or even prevent continuous bonding required for SAMs [290]. 

The use of wet and dry cleaning techniques are well established for the removal of 

surface contaminants.  
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Wet cleaning techniques such as piranha acid solution can be used to clean substrates 

such as gold (Au). Piranha solutions are used to clean materials used in various 

fabrication processes. The most common is acid piranha: a 7:3 mixture of concentrated 

sulfuric acid (H2SO4) with 30% hydrogen peroxide (H2O2), which is used to remove 

organic residues from substrates. Piranha acid solution is used for the removal of any 

trace amounts of organic residues, such as photoresist, from the substrates [284]. 

Unfortunately, piranha cleaning has its drawbacks, such as the leading of extensive 

and uncontrolled etching of the surface as well as the severe disruption of surface 

topography [289].  

A dry cleaning treatment is used for the removal of hydrocarbon contamination and is 

used for a number of substrates involving complex composition or geometries [285]. 

An example of a dry cleaning treatment is UV cleaning. The use of UV cleaning has 

been found to be attractive and there have been a few detailed studies of the cleaning 

of multicomponent surfaces consisting of metals, metal oxides, and other 

compounds [286–288]. The effects of relative cleaning rates and cross–contamination 

are particularly important in the application to cleaning of microelectronic device 

surfaces. The UV cleaning has the advantage of no damage to the surface, hence the 

process can be used on parts with delicate surfaces. On the other hand, UV cleaning 

is limited mainly to removal of biodegradable hydrocarbon contaminants. Most 

inorganic contaminants, large particles, and other debris cannot be removed. Particles 

and inorganic contaminants cannot be removed as these are not amenable to 

photosensitive oxidation [291]. 
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The initial surface, bare Au, for the use of SAM surfaces must be thoroughly cleaned 

with no or limited combination present. If untreated or not cleaned, the monolayer 

formation can be disrupted, preventing whether the SAM can form onto the surface. 

Piranha cleaned Au as well as UV cleaned Au are compared, using contact angle, to 

determine if one of the techniques is considered more favourable than the other. 

 

3.2.2 Results and discussion 

To determine if the cleaning of the bare Au substrates with piranha acid solution varies 

in comparison with UV cleaning, the contact angles of both cleaning procedures with 

bare Au are shown in fig. 37.  

 

Figure 37: Contact angle data of Au surfaces that were cleaned under UV or cleaned 

using piranha acid solution. 
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The advancing angle obtained with the cleaning procedures were shown to be 27° and 

28°, for UV and piranha cleaned Au respectively.  The receding angles are 17° and 

22°, for the UV cleaned Au and the piranha cleaned Au respectively. The contact 

angles concluded that the hysteresis of piranha solution was 6° and the UV cleaned 

Au was 10°. Both surface chemistry and surface topology are known to influence the 

contact angle and consequently the contact angle hysteresis [292]. Cleaning is to be 

effective in the removal of heavy metal contaminants, manifestation of cleaning is a 

reduced contact angle for water [293]. Contact angles at 0° are considered very clean, 

and any observed contact angle would suggest contamination, such as oxygen 

species, to the surface [294]. Therefore, the lower the variation of contact angles, 

resulting in the hysteresis value, the less contaminated the surface is. This is ideal for 

the initial surface for the formation of SAM.  

 

3.2.4 Conclusion of cleaning of the bare Au surface 

No evident difference was observed with the cleaning changes of gold surfaces, 

although piranha solution cleaned Au was shown to have a lower standard deviation 

than those values obtained with the UV ozone cleaned chips. Due to the consideration 

of both time and cost of resources, piranha solution was to remain the standard 

protocol for the cleaning of the Au surfaces. Piranha solution is advantageous due to 

the treatment resulting in low residual carbon present [295], which will prevent any 

contamination when forming the SAMs on the surface. The next stage was to consider 

the DSA SAM and the optimisation of the monolayer. 
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3.3 N’N’ – bis(acryoyl) cystamine SAM 

3.3.1 Introduction 

The use of self–assembled monolayers (SAMs) is rapidly growing in different fields. 

Many biomedical fields are able to apply SAMs as an interface–layer between a metal 

surface and a solution or vapour. The formation of SAMs is dependent on 

concentration of thiol derivative, immersing time and incubation solvent [287], each 

individually explored in this sub–section.  The studies started with investigations on the 

formation of SAMs based on the N, N’ bis(acryoyl) cystamine, abbreviated to DSA, 

which the structure is shown in fig. 38.  

 

Figure 38: Schematic illustrating the structure of DSA SAM on gold 

 

The strength of the gold–sulphur (Au–S) interaction formed between thiols and gold 

surfaces and provides the basis of fabricated robust SAMs for diverse applications 
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[220]. DSA is commercially available, making the SAM ideal for the research. As 

shown, DSA is a symmetric molecule and an excellent polymerisable compound 

because of conjugation of double bond and carbonyl bond. The conditions were each 

used to optimise the formation of the SAM with the use of different techniques. The 

techniques used were contact angle, ellipsometry and XPS. Contact angle along with 

ellipsometry determine whether or not the monolayer is well–formed, before the use of 

XPS demonstrating the successful chemical absorption on the Au surface.  

 

3.3.2 The formation and optimisation of the DSA SAM 

Formation as well as the optimisation of the surface is required, allowing for the DSA 

molecule to form a thiolate bond with Au and form a well–organised monolayer [296, 

297]. Firstly, the DSA SAM formation needs to be optimised to create a single layered 

surface. The SAMs were created by first cleaning the ~1 cm2 gold substrates using 

piranha solution for 7 minutes following which they were then washed with water and 

HPLC ethanol. The cleaned chips were then immersed in a solution of HPLC ethanol 

or methanol containing DSA in varying concentrations as stated in the results. The Au 

chips were incubated for 24 h at room temperature, before being washed with an 

excess of ethanol and UHQ water before finally dried under a stream of argon. 

 

3.3.3 Contact angle of the optimisation of DSA monolayer 

The DSA monolayer is first characterised with dynamic water contact angle to assess 

the surface’s wettability. As shown in table 2, different concentrations of DSA were 
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used to form the SAMs, and contact angle measured to demonstrate whether the 

monolayer was considered hydrophilic or hydrophobic. If the contact angle is shown to 

be <90°, the surface is classed as hydrophilic with a high wettability [298]. The two 

concentrations used initially, were 0.1 mM and 1.0 mM at two different incubation 

solvents, methanol and ethanol. Advancing (θadv) as well as receding angles (θrec) were 

measured on the surface, before  the hysteresis (θadv –  θrec) was calculated.  

 

Table 2: Contact angle analysis on different concentrations of DSA. 

DSA 

Concentration 

(mM) 

Solvent 
Advancing 

angle (º) 

Receding 

angle 

(º) 

Hysteresis 

(°) 

0.1 
Ethanol 78.1 ± 4 61.7 ± 3 16.4 

Methanol 61.5 ± 3 40.6 ± 3 20.9 

1.0 

Ethanol 68.5 ± 3 59.9 ± 3 8.6 

Methanol 55.6 ± 3 44.7 ± 3 10.9 

 

From the data obtained, all angles were <90o, suggesting that the surface is 

hydrophilic. The hysteresis was smaller when DSA was incubated in ethanol than that 

of methanol, shown in the fifth column of the table above. The advancing contact angle 

for the 0.1 mM DSA incubated in HPLC ethanol was shown to be 78.1 ± 4°. However, 
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the receding angle was 61.7 ± 3°, calculating a hysteresis of 16.4°. Contact angle 

hysteresis arises from the chemical and topographical heterogeneity of the surface, 

the swelling of the surface, rearrangement of the SAM or the alteration of the surface 

by the solvent [299]. Despite the seemingly simple application of the hysteresis, it has 

still been observed on smooth homogeneous surfaces as well [300]. The large 

hysteresis of the contact angles was reported on the 0.1 mM DSA in ethanol. It is 

suggested that there is low surface organisation observed as the hysteresis >10° [301]. 

In addition to the 0.1 mM DSA in ethanol, methanol used as an incubation solvent for 

the formation of the DSA SAM, the hysteresis was greater for the use of 0.1 mM DSA. 

The hysteresis was calculated as 20.9°, also suggesting low surface organisation. The 

increase in concentration of DSA was to allow for more SAM to be well organised on 

the surface, however the hysteresis calculated was still high.  

Therefore, another consideration was made for the incubation solution to include 

trifluoroacetic acid (TFA) at a low concentration. The involvement of the acid is to 

prevent hydrogen bonding between the acrylamide immobilised on the surface and 

those in solution [302]. Hydrogen bonding between the acrylamide can affect creating 

a monolayer, and thus may create a double layer on the surface, which is not a 

favourable condition in this situation. 
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Figure 39: A schematic of the hydrogen bonding which would occur without the 

presence of TFA. 

From fig. 39, it is clear where the hydrogen bonding could occur on the DSA molecule, 

disrupting the monolayer and potentially causing double layering to occur [303]. As the 

DSA molecule has both the presence of an O group as well as an H attached to N. 

This means that two potential sites available for hydrogen bonding to occur.  
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Table 3: CA analysis for 2% TFA in incubation solvents at varied concentrations of 

DSA. 

Concentration 

(mM) 

Incubation 

Solvent 

Advancing 

Angle (º) 

Receding 

Angle (º) 

Hysteresis 

(°) 

0.1 

MeOH 

in 2% TFA 
59.3 ± 3 52.2 ± 3 6.8 

EtOH 

in 2% TFA 
54.9 ± 1 52.7 ± 1 2.2 

0.5 

MeOH 

in 2% TFA 
62.3 ± 3 54.6 ± 3 7.7 

EtOH 

in 2% TFA 
56.9 ± 1 54.7 ± 1 2.2 

1.0 

MeOH 

in 2% TFA 
61.2 ± 3 57.1 ± 3 4.1 

EtOH 

in 2% TFA 
51.3 ± 2 47.4 ± 2 3.9 

 

The contact angles were analysed for the various concentrations of DSA and shown 

in table 3. The table demonstrates the difference between three varied concentrations, 

0.1 mM, 0.5 mM and 1 mM and the use of two incubation solvents, ethanol with 2% 

TFA and methanol with 2% TFA. The results were shown to be very different, 

dependent on the solvent used for incubation. Firstly with the methanol with 2% TFA 
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used as an incubation solvent, the advancing (θAdv) and receding (θRec) contact angles 

for DSA at 0.1 mM concentration were shown to be 59.3 ± 3° and 52.2 ± 3° 

respectively. The hysteresis was shown to be 6.8°, suggesting that the surface is not 

well–packed . 0.5 mM DSA was shown to have a contact angle of 62.3 ± 3° and 54.6 

± 3° respectively. The hysteresis was calculated as 7.7°, also suggesting slightly 

disorganised surfaces. 1 mM DSA has an advancing and receding angle of 61.2 ± 3° 

and 57.1 ± 3°, calculating the hysteresis to be 4.1°. Large hysteresis values are 

suggested to have created a certain roughness on the surface [304]. The next 

comparison was the use of ethanolic conditions with the presence of 2% TFA.   

 

For ethanol with 2% TFA used as an incubation solvent, θAdv and θRec contact angles 

for DSA at 0.1 mM concentration were 54.9 ± 1° and 52.7 ± 1°, respectively. The 

hysteresis is calculated as 2.2°, consistent with high surface organisation [305]. 

Hysteresis values <5° are considered to be low–surface–tension surface, so ultra–low 

hysteresis values make the conditions chosen more favourable [306]. The hysteresis 

was also calculated as 2.2 for the 0.5 mM DSA SAM, indicating a more densely packed 

SAM [307]. Therefore, the smaller concentration of DSA (0.1 mM) is to be used for the 

formation of the DSA SAM.  
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3.3.4 Incubation time 

The incubation time for SAM formation can affect the physical formation of a SAM on 

a surface. Longer incubation times result in lower performance of immobilisation and 

in the formation of SAMs [308]. The incubation time of incubation was compared to 

further optimise the DSA monolayer and is explored in the next sub–section. The 

formation of a self–assembled monolayer is illustrated below (fig. 40). 

 

 

Figure 40: Schematic of the process of self–assembly. The alkanethiols in solution A 

physisorption onto an Au (III) substrate B The molecules then chemisorption onto the 

surface to form covalent bonds with the Aug via their sulfur head groups C Finally, 

through reorganisation of the surface a well–ordered monolayer is formed D. 

 

To determine whether the incubation time could have an effect on the formation of 

SAMs, 24 and 48 h incubation times were compared. SAMs are usually formed within 
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6–18 h [309], however the increase in time may benefit the reorganisation of the 

surface. 

 

Figure 41: Contact angle data of 0.1 mM DSA in 2% TFA in EtOH under 24 and 48 hr 

incubation for SAM formation.  

 

24 h incubation times prepare the SAM to avoid multistep surface reactions [310]. 

Increasing the incubation time to 48 h may create uneven surfaces as well as creating 

surface and SAM formation defects. The contact angle of the incubation of 0.1 mM 

DSA in 2% TFA in EtOH was similar whether incubated for 24 hr or 48 hr. From the 

data, there was no evidence that the increase in incubation time had a positive impact 

on the formation of SAMs. The next sub–section was to explore the ellipsometry of the 

DSA monolayer. Ellipsometry is a non–destructive  technique that is  used  frequently  
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for  measuring  the  thickness  of  thin  film  structures [311]. Ellipsometry analysis of 

the DSA SAM is explored, demonstrating the purpose of the TFA incubation. 

 

3.3.5 Ellipsometry of the DSA monolayer 

Ellipsometry is essentially used for finding the optical constants (refractive index n and 

extinction coefficient k) and the constants are used to determine the thickness of thin 

films as well as their interfaces [312]. Following the dynamic contact angle 

measurements, the thickness of the DSA SAMs was examined using the technique. 

Ellipsometry utilises extensive modelling principles and requires some available 

information  related  to  the  film  structures. Table 4 demonstrates the thickness values 

observed for the three varied concentrations of DSA, 0.1 mM and 0.5 mM and different 

incubation solvents, ethanol (EtOH) and methanol (MeOH) with the presence of 2% 

TFA. The Chem Bio 3D Ultra software was used to calculate the expected thickness. 

The value obtained was 0.7 nm (7 Å), the distance between the Au–S and the furthest 

C on the SAM. 

 

Ellipsometry allows for users to know about material properties including film thickness, 

optical constants, surface roughness, gradients in films and the bandgap of the 

material. Ψ and ∆ changes are measured and are useful indicators of a change in a 

material [313, 314]. The development of a model is to mimic the experimental system. 

The modelled values of Ψ and ∆ are compared to the measured ones, giving a mean 

squared error (MSE) value. The smaller the MSE value gives a measure of how well 

the modelled data matches the experimental data [315].  
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Due to variation of gold samples and surface defects, bare samples are used as the 

model for samples less than 10 nm. Developed to be an alternative to direct fits, B–

spline layers combines the benefits of reduced number of fit parameters, complete 

flexibility in optical constants for any material, and remove the guesswork of where to 

place oscillators and what type to choose [316].  

 

A b–spline layer is created with the bare gold samples (shown in fig. 42) and then a 

Cauchy model is generated on top to allow for the thickness values to be analysed for 

the gold sample incubated with the SAM (fig.  43). To determine an approximate film 

thickness as well as refractive index, region of the measured spectral range where the 

film is transparent (or nearly so) should be found. Due to the SAM being transparent, 

the following assumptions can be made; 

 

• k=0  

• Ψ , Δ and refractive index (n) for the two unknowns of film thickness are 

measured. 

 

 The Ψ and Δ fits to the experimental data are shown below and the refractive index is 

described using the Cauchy dispersion relation: 
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As the assumptions n(λ)=A+B/λ2+C/λ4, and k(λ)=0 are made, A, B and C are all fit 

coefficients, with λ is the wavelength in microns [317]. Below, the figures show the 

experimental data improvement against the model fit, and is more acceptable and 

closer to the experimental data obtained [318]. 

 

 

Figure 42: B–spline model of the bare gold sample at 70 degrees. 
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Figure 43: Cauchy model with the b–spline model of the SAM, as an example. 

 

From the examination of the intensity transmission data, the transparent region is 

determined. Once an acceptable fit is achieved, this being dependent on the MSE 

values generated, the spectral range is extended and includes both longer and shorter 

wavelengths. The Cauchy model presented above is useful for obtaining an 

approximate film thickness and set of optical constants. 
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Table 4: Ellipsometry data for the addition and absence of 2% TFA in the incubation 

solvents at varied concentrations of DSA. 

Concentration  

of DSA (mM) 
Incubation Solvent 

Thickness Observed 

(nm) 

0.1 

MeOH 1.32 ± 0.1 

2% TFA in MeOH 1.04 ± 0.04 

EtOH 1.12 ± 0.1 

2% TFA in EtOH 0.56 ± 0.06 

0.5 

MeOH 1.43 ± 0.2 

2% TFA in MeOH 1.26 ± 0.05 

EtOH 1.56 ± 0.3 

2% TFA in EtOH 0.90 ± 0.1 

 

The ellipsometry results confirms with the contact angle data that MeOH as an 

incubation solvent does not demonstrate positive results for the formation of a DSA 

SAM. The thickness values obtained were 1.04 ± 0.04 nm for 0.1 mM DSA and 1.26 ± 

0.05 nm for 0.5 mM, larger than the expected thickness of 0.7 nm. Previous studies 

were conducted by Dai et al. and have reported that the solvent parameters (such as 

polarity) can affect the quality of the SAMs [319, 320]. Methanol is more polar than 



98 

 

ethanol meaning that the packing of the SAM may be compromised. The next condition 

used was 2% TFA in ethanoic conditions.  The thickness of 0.1 mM DSA with the 

incubation solvent as EtOH in 2% TFA was shown to be 0.43 nm, slightly lower than 

the expected thickness of 0.7 nm, which can be attributed to a slight tilt of the SAMs 

on the surface of the gold [184, 321]. 0.5 mM DSA SAMs with and without the addition 

of TFA are shown to be slightly greater than that of the expected thickness, suggesting 

that the SAM formation is creating a double layer and therefore the conditions are not 

optimal [322]. Ethanoic conditions with the presence of TFA was concluded to be 

proved, based on contact angle and ellipsometry measurements, to be more suitable 

and used for the foreseeable future of the formation and optimisation of the DSA SAM. 

 

3.3.6 XPS of the DSA monolayer 

Following the contact angle and ellipsometry measurements, the elemental 

composition and chemical environments of the DSA SAM were examined with the use 

of XPS. The XPS survey scan of the DSA SAM first revealed the presence of the 

expected Au, C, S, O and N elemental species on the surface. The high resolution 

scans as shown in fig. 44 then further confirmed the expected chemical environments 

for each of these elements. 
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Figure 44: XPS peaks of 0.1 mM DSA with the Gaussian background, A C(1s), B O 

(1s), C N (1s) and D S (2p). 

 

Next, deconvolution of the C (1s) spectra (figure fig. 44) had shown two carbon species 

as expected. The first is a sharp, singlet at 285.6 eV corresponding to the C–C of the 

alkanethiol main chain and the second is found at a higher binding energy of 287.9 eV 

consistent with the C–O of the terminal hydroxyl group. The second peak has a doublet 

demonstrating the C=O environment [323].  

 

The next spectra analysed was O (1s), shown in orange. The O (1s) spectra likewise 

shows two oxygen environments by the peaks at 531.8 eV suggesting C=O and 532.9 
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eV consistent with the C–O environment. DSA only has a carbonyl group present, so 

the C–O peak provides indication of potential contamination. This can be 

contamination which is present during transportation or the incubation of the SAM. 

 

The S 2p peak shown in green contains a doublet peak. The S 2p  peak corresponds 

to the S 2p3/2 and S 2p1/2 orbitals of bound S (at the lower binding energies). The S 

(2p) spectra shows only one environment consisting of a doublet that corresponds to 

the S 2p3/2 and S 2p1/2 orbitals at 161.7 and 162.9 eV, respectively. The presence of S 

peaks show that the DSA alkanethiols have covalently bound to the Au substrate as 

expected [221].  

 

In blue, the N (1s) peak is shown at 399.8 eV, suggesting that the N–C environment is 

present and bound to the surface [324]. This environment is expected from the 

expected structure of DSA, which contains one N atom.  

 

In addition to 0.1 mM DSA with 2% TFA in ethanoic conditions, a higher concentration 

of 0.5 mM was used to be compared. This was to determine whether an increase in 

DSA on the monolayer could be a positive impact in the formation of a monolayer or 

work negatively when characterised with XPS. The XPS survey scan of the 0.5 mM 

DSA SAM first revealed the presence of the expected Au, C, S, O and N elemental 

species on the surface. The high resolution scans are shown in fig. 45 then further 

confirmed the expected chemical environments for each of these elements, to indicate 

successful functionalisation of the surface.  
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Figure 45: XPS peaks of 0.5 mM DSA with the Gaussian background, A C(1s), B O 

(1s), C N (1s) and D S (2p). 

 

The S 2p peak shown in green and red contains two doublet peaks. With respect to 

the 0.5 mM DSA SAM, the S 2p3/2 doublet at 161.6 and 162.8 eV is smaller compared 

to the S 2p1/2 doublet at 163.2 eV and 164.1 eV, suggesting that the 0.5 mM DSA SAM 

presents more unbound sulphur than bound.  

 

Peak fitting using 10% Lorentzian/90% Gaussian peaks indicated that the 0.1 mM DSA 

SAM had a bound: unbound sulphur ratio of 100% to 0% respectively, However, 0.5 
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mM DSA SAM had a percentage ratio of 51% to 49% respect to bound and unbound 

sulphur. These unbound thiol molecules could be either lying on top of the SAM or 

partially penetrating into the SAM [325, 326]. The SAMs were extensively rinsed with 

HPLC grade ethanol before being wrapped and submitted for XPS analysis, however 

a large amount of unbound thiol remains as shown from the high resolution S spectra. 

With these results in mind, the preferable condition for the formation of the DSA SAM 

is 0.1 mM as no unbound sulphur is present.  

 

The other peaks, C (1s), N (1s) and O (1s) did not show any clear and understandable 

varied peaks to that of the 0.1 mM DSA SAM, suggesting that the DSA molecule has 

successfully bound to the substrate, whether completely bound to the surface or not.  

 

The use of XPS analysis suggests that although using 0.5 mM concentration of DSA 

was potentially ideal, the sulphur peaks did not demonstrate to show adequate binding 

to the surface, which can later cause problems when cross–linking other compounds 

onto the surface. In addition to problems with cross–linking, the unbound sulphur also 

suggests that the monolayer is not particularly stable, another factor which is critical 

for molecular imprinting. 

 

3.3.7 Conclusion of the optimisation of the DSA monolayer 

Ellipsometry, contact angle and XPS were used to enable optimisation of the DSA 

surface. The ellipsometry and contact angle analysis both individually enabled the 

wettability of the surface as well as to measuring the thickness of the surface when 



103 

 

compared with the expected thickness of the surface, measured with the use of Chem 

Bio 3D Ultra.  The use of trifluoroacetic acid was shown to be positive, avoiding 

hydrogen bonding on the surface [327]. From the XPS data presented, 0.1 mM DSA 

in 2% TFA demonstrated no unbound sulphur present on the surface and ideal 

thickness values with a small standard deviation suggesting the variation between 

surfaces is minute. No significant difference was observed when the incubation time 

was increased and the change in cleaning protocols. For the ellipsometry, the 

extinction coefficient of bare gold chips and the thickness values for the surfaces were 

obtained. XPS analysis demonstrated that 0.5 mM SAM had unbound sulphur peaks, 

suggesting that a partial double layer is present on the gold surface. Therefore, with 

the results from the dynamic contact angle, ellipsometry and XPS analysis, we can 

conclude the optimisation of the DSA SAM as 0.1 mM DSA in 2% TFA in EtOH. 

 

3.4 The cross–linking of AABOB and DSA 

3.4.1 Introduction 

Benzoboroxoles are able to form reversible covalent complexes with diols [177], a 

common chemical moiety in saccharides such as fructose, glucose and mannose. 

Boronic acids and their derivatives such as benzoboroxoles,  undergo a well–known 

condensation reaction with 1,2– or 1,3–diols to form five or six member cyclic boronate 

esters. This condensation reaction is reversible and is highly influenced by the pH and 

chemical structure of the boronic acid and diols [328, 329]. The conversion of the 

boronic acid to the charged boronate tetrahedral conformation yields is readily 
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reversible. As a result, benzoboroxole containing constructs are currently being 

exploited in glycoprotein detection [330, 331].  

Free radical polymerization is one of the most commonly used processes amongst the 

different strategies developed to prepare cross–linked polymer networks [332]. The 

wide variety of molecules that can be polymerized and cross–linked by free–radical 

polymerization, ranging from thermosetting acrylate–based adhesives to hydrophilic 

monomers for contact lenses [333, 334]. Additionally, by choosing the appropriate 

amount of monomers along with the right amount and suitable type of initiator(s), the 

rate of polymerization can be well controlled [335]. 

As the DSA monolayer has been optimised earlier in the chapter, the next step was to 

modify the structural surface by cross–linking a benzoboroxole compound onto the 

DSA. Different conditions were examined to determine whether the cross–linking was 

successful. The successful condition would be determined with the analysis of XPS, 

demonstrating a boron peak before further analysis would be defined such as C (1s), 

N (1s), O (1s) and S (2p). Successful crosslinking of DSA and AABOB enables the 

conditions for further work with complexes in the research. 

3.4.2 XPS of cross–linking attempts 

In fig. 46, the schematic of the cross–linking of DSA and AABOB is shown. This sub–

section looks into the XPS spectra of numerous different conditions, before being able 
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to successfully demonstrate the optimised conditions needed for the reaction to be 

suitable.  

 

 

Figure 46: DSA monolayer cross–linking AABOB. 

 

XPS can conclude if boron was present on the surface after cross–linking conditions 

were attempted. Each of the  conditions shown were under the use of UHQ water. 

Numerous different conditions were implemented with unsuccessful results, some 

conditions were tabulated in table 5 to show some of those conditions and why they 

were deemed unsuccessful.  
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Table 5: Possible conditions used for the crosslinking of DSA and AABOB. 

Conditions Successful? (Y or N) 

900 μl 0.5 mM AABOB 

100 μl APS 

1 μl TEMED 

10 mins 

N 

900 μl 0.5 mM AABOB 

100 μl APS 

1 μl TEMED 

30 mins 

N 

900 μl 0.5 mM AABOB 

100 μl APS 

1 μl TEMED 

60 mins 

N 

 

XPS was conducted on the condition of 10 minutes incubation time with DSA and 

AABOB, showing high–resolution peaks, C (1s), B (1s), S (2p), N (1s) O (1s), each 

shown in the fig. 46. Each of the peaks are discussed below, helping understand 

whether or not the cross–linking was indeed successful.   
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Figure 47: XPS spectra of the cross–linking of 0.1 mM DSA and 0.5 mM AABOB for 

10 mins; A carbon , B oxygen, C nitrogen, D sulphur and E boron. 
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The XPS spectra was taken in several binding energy ranges to help identify the 

elemental species present on the surface. Two environments were shown in the N (1s) 

spectra, which are labelled in fig. 47. The first environment was assigned to 

amine/amide which was found at 400.5 eV [336]. The later environment is observed 

as the N (1s) region with higher binding energy of 402.9 eV [337]. The binding energy 

is known to be as the assigned NO– species as the adsorption of NO on CeO2 surfaces 

was reported by Overbury et al [338]. 

 

The C (1s) spectra (figure fig. 47) had shown three carbon species as expected. The 

first is a sharp, singlet at 285.6  eV corresponding to the C–C of the alkanethiol main 

chain and the second is found at a higher binding energy of 287.9 eV consistent with 

the C–S and C–N species. The second peak had demonstrated the C=O species, 

similar to that demonstrated by the DSA SAM. The species discussed suggest 

contamination with the polymerisation process. 

 

The C=O and C–O environments are shown and labelled in the figure. The two 

environments are expected when the structure is demonstrated.  

 

The S 2p peak shown in green and red contains two doublet peaks. The S 2p3/2 doublet 

at 161.6 and 162.8 eV and the S 2p1/2 doublet was shown at 163.2 eV and 164.1 eV, 

suggesting the presence of unbound sulphur as well as bound sulphur. Peak 

separation between the bound S 2p1/2 and unbound S 2p3/2 (separation 0.1 eV) is 

below the energy resolution of the XPS instrument (0.5 eV). With this in mind, we 
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cannot confirm reliably this species. Despite this, presence of unbound S 2p1/2 provides 

sufficient evidence for presence of the unbound S 2p3/2 peak given the expected S 

2p3/2 and S 2p1/2 separation of 1.18 eV. The observation of unbound S on the surface 

may be due to insufficient rinsing of SAM [339]. 

 

Boron is known to be very difficult to detect in XPS. Boron is difficult to confidently 

assign B1s peak for low concentrations, when no secondary peak observed [340]. 

Since no B was detected, the next protocol was to increase the time of incubation to 

30 minutes, also stated in table 5 and shown in fig. 48, unfortunately, similar to the 

previous experiment, boron was still absent on the XPS analysis confirming that the 

cross linking of DSA and AABOB were unsuccessful.  
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Figure 48: XPS spectra of the cross–linking of 0.1 mM DSA and 0.5 mM AABOB for 

30 mins; A carbon, B nitrogen, C oxygen, D sulphur and E boron. 
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The increase in incubation time was shown to be unsuccessful too. The XPS spectra 

was analysed to demonstrate the ineffective conditions for the cross–linking of AABOB 

to a DSA SAM.  

 

Similar to that of 10 mins of incubation for the DSA monolayer and AABOB, two 

environments was also shown in the N (1s) spectra (fig. 48). The first species was 

assigned as N (1s) was found at 400.5 eV and was also assigned to amine/amide as 

expected. The later environment assigned the presence of aqueous solutions in 

contact with the surface [341, 342]. The next elemental species analysed was carbon, 

looking at the C (1s) spectra.  

 

In addition to the optimisation of the DSA SAM, the S 2p peak is shown in green, 

containing one doublet peak. The S 2p3/2 doublet at 161.6 and 162.8 eV, demonstrates 

the presence of only bound sulphur on the Au surface. However, no presence of a 

boron (B (1s)) peak was found on the analysis of the crosslinking condition. Therefore 

summarising that the cross–linking was indeed unsuccessful. The next condition was 

to increase the incubation time from 30 minutes to 60 minutes. The increase in time 

could account for the cross–linking of AABOB onto the DSA to occur [343].  
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Figure 49: XPS spectra of the cross–linking of 0.1 mM DSA and 0.5 mM AABOB for 

60 mins; A carbon, B nitrogen, C oxygen, D sulphur and E boron. 
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shown that the S (2p) doublet was bound, suggesting the SAM may still present and 

bound to the surface. Therefore, studies for optimisation were required and raised the 

concern of whether or not the initiators could affect the initial surface. The XPS spectra 

of APS and TEMED incubation with 0.1 mM DSA in 2% TFA in EtOH for 10 mins was 

conducted to determine whether APS and TEMED are in fact damaging the surface or 

whether the lack of success in cross–linking causes contamination to the surface and 

new initiators are required. 

 

Figure 50: XPS spectra of the of APS and TEMED incubation with 0.1 mM DSA in 2% 

TFA in EtOH for 10 mins; A carbon, B oxygen, C nitrogen and D sulphur. 
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doublet is positioned at 162.0 and 163.2 eV, suggesting that DSA is still chemisorbed 

onto the surface. The further conclusion is the spectra does not demonstrate the 

sulphur is in an oxidised state, suggesting that APS or TEMED does not disrupt the 

surface, i.e. it does not oxidise the sulphur present on the surface [344]. To further 

determine if the presence of initiators and buffer affects the surface, the elemental 

ratios of the DSA SAM alone were calculated and compared with the expected ratios 

in table 6.  

 

Table 6: Expected and observed elemental ratios to be observed for the DSA– 

APS/TEMED/water surface with the absence of AABOB. 

Element Expected Ratio Observed Ratio. 

C/S 5 6.2 

O/S 1 1.5 

N/S 1 0.9 

 

The elemental expected ratios are determined using the structure shown in fig. 50 and 

the observed ratios were calculated using CASA XPS. The additional carbon and 

oxygen may be due to the presence of contamination and thus should be taken lightly 

in the sense of ratios. The ratio of N/S suggests that the DSA SAM is still present on 

the gold surface and the addition of imitators and buffer are not damaging to the 

surface.  
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Maintaining the pH is vital in the cross–linking process, which is required to cross–link 

AABOB onto a DSA surface [345]. However, the water used in the previous 

experiments is very difficult to maintain when adding reactants such as APS and 

TEMED. Therefore, to prevent pH fluctuation within the solution, a buffer was used to 

maintain the pH. The purpose of a buffer in the cross–linking of benzoboroxoles and 

the amide surface is to successfully maintain the pH of the incubation solution for the 

reaction.  

In addition to the control over pH, oxygen–free cross–linking has been successful in 

previous studies for the free–radical polymerization [346]. The removal of oxygen is 

required as oxygen–free conditions are used to aid the cross–linking of AABOB and 

the DSA SAM surface. Argon–filled balloons were present for the duration of the cross–

linking which took place in a vial.  

 

The conditions used were the following: 

• 240 min cross–linking 

• 0.1 mM DSA SAM surface 

• 0.5 mM AABOB solution in phosphate buffer 

• Argon balloon inserted to prevent the involvement of oxygen 

 

 XPS was conducted on the surface to determine whether or not boron was 

indeed present on the surface, shown in fig. 51. The XPS survey scan of the cross–

linked surface attempt first revealed the presence of the expected Au, C, S, O, N and 
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B elemental species on the surface. The high resolution scans of C (1s), O (1s), N (1s), 

S (2p) and B (1s) are shown to further confirm the expected chemical environments 

for each of these elements, indicating successful functionalisation of the surface. 
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Figure 51: XPS spectra of the cross–linking of 0.1 mM DSA and 0.5 mM AABOB for 

240 mins in oxygen–free conditions; A carbon, B oxygen, C nitrogen, D sulphur and E 

boron. 
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The high resolution B (1s) scan had confirmed the presence of a boron peak, labelled 

as B–O as previously reported at 190.8 eV [347]. The expected elemental ratios are 

determined using the structure shown in fig. 51 and the observed ratios were 

calculated using CASA XPS (table 7). From the table below comparing both the 

observed and expected ratios, the slight variation may be due to the contamination of 

the experimental protocol or the transportation of the chips to conduct the XPS 

analysis. However, the decreased ratio observed to expected may be due to the peak 

fitting preventing the numbers to be closer to the expected ratios. As only two chips 

were conducted for all the XPS analysis, more chips should be used to provide an 

observed ratio closer to that of the expected ratio.  

 

Table 7: Expected and observed elemental ratios to be observed for the DSA– AABOB 

surface.  

Element Expected Ratio Observed Ratio. 

C/S 15 12.8 

O/S 4 3.6 

N/S 2 1.7 

B/S 1 0.7 

 



119 

 

The conditions were deemed successful due to the presence of the B (1s) peak along 

with bound S 2p peaks. With this is mind, the reaction conditions were stated as these 

conditions and used later on. 

 

3.4.2 Conclusion of the cross–linking of AABOB and DSA 

The cross–linking of DSA and AABOB was shown to be a challenge in this thesis, with 

many conditions and XPS analysis demonstrating the absence of boron, confirming 

that the cross–linking protocol is yet to be optimised. The follow–up of XPS analysis 

with the oxygen–free conditions helps the progression of the DSA–AABOB surface, 

allowing the progression of the research to resume. The optimisation of the DSA–

AABOB surface has been successfully determined, with the presence of boron. 

Controls of both benzoboroxole modified SAMs as well as benzyl–terminated SAM will 

enable further clarification of whether the use of benzoboroxoles may be used for the 

selective binding of target molecules. 

 

3.5 Optimisation of the control surfaces 

3.5.1 Introduction 

Aryl boronic acids are well–known for their ability to bind to cis–diols by undergoing an 

esterification reaction [348, 349]. Easily formed at higher pH values, cyclic boronic acid 

esters are formed due to a hybridization change of the boron atom after coordination 

with a hydroxyl ion from solution [350]. As a result, the binding of saccharides to 

boronic acids at physiological pH values, i.e. pH 7.4, has been described to be 
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sufficient for saccharides exhibiting a high binding strength like fructose [351]. To shift 

the binding pH between saccharides and boronic acids toward physiologically relevant 

pH values two different strategies can be followed [352]. The electron–withdrawing 

groups present in boronic acids lowers the pKa of the boronic acid. As a result,  binding 

to cis–diol containing substances can also take place at lower pH values [353]. Hall et. 

al. screened different ortho–substituted boronic acids and found that O–hydroxymethyl 

phenylboronic acid (benzoboroxole) has the ability to conveniently be used for 

glycopyranoside binding at pH 7.4 [354]. An approach used was by Tung et. al. in 

which they make use of the higher acidity of the formed saccharide/benzoboroxole 

ester in combination with a pH sensitive cyanine–based fluorochrome, monitoring the 

binding of fructose and glucose to the benzoboroxole [355]. 

 

Controls are needed and used in the research to determine whether or not 

benzoboroxoles are in fact suitable for oligosaccharide binding at surfaces. In this 

section, two controls are used, a benzoboroxole modified SAM along with a control 

benzyl–terminated SAM which is a phenol based surface with no benzoboroxole group. 

Different solvents were used to determine the optimal conditions for the formation of 

SAMs on the gold surface. Both molecules were synthesised and used to prepare 

SAMs. These SAMs were then to be successfully characterised with techniques 

including contact angle, ellipsometry and XPS. A schematic of both SAMs is shown in 

fig. 52, and this section will confirm the conditions required for creating high–quality 

SAMs. 
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Figure 52: Control SAMs on an Au surface; left: benzyl terminated SAM and right: 

benzoboroxole modified surface. 
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Table 8: The contact angle analysis of 0.1 mM benzyl–terminated SAMs using different 

solvents. 

Incubation 

solvent 

CA analysis  

Advancing angle (º) 
Receding angle 

(º) 

Hysteresis 

(°) 

MeOH 60.9 ± 0.09 55.3 ± 0.08 5.6 

EtOH 66.2 ± 2 59.3 ± 3 6.9 

2% TFA in EtOH 85.2 ± 4 75.3 ± 4 9.9 

 

Contact angle measurements provide important information about the surface 

roughness as well as the hydrophilicity of the surface [356]. Water was used as the 

droplet solvent to determine the wettability of the surface. The advancing as well as 

the receding contact angles were smaller than 90°, confirming that the surface formed 

was hydrophilic. The hysteresis calculated for each of the solvents for the incubation 

of the SAMs were 5.6° for methanol, whilst the other two incubation solvents used were 

6.9° and 9.9°, ethanol and 2% TFA in EtOH respectfully. Before any conclusion could 

be made, ellipsometry and XPS shall be used to confirm the suitability of the incubation 

solvents used. The standard deviations were calculated from three measurements on 

three different surfaces. The smaller the standard deviation, the less variation of the 

contact angles between different surfaces formed. The solvent which observed the 

smallest standard deviation between surfaces was methanol. 
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Similar to that of the benzyl–terminated control SAM, three different incubation 

solvents were used to compare the wettability of the surfaces. These incubation 

solvents were the same as benzyl–terminated SAM and DSA SAM; methanol (MeOH), 

ethanol (EtOH), and EtOH with 2% TFA. The results are tabulated below. 

 

Table 9: The contact angle analysis of 0.1 mM Benzoboroxole–modified surfaces.  

Incubation 

solvent 

CA analysis 

Advancing angle (º) 
Receding angle 

(º) 
Hysteresis (º) 

MeOH 70.9 ± 3 65.3 ± 3 5.6 

EtOH 65.2  ± 2 62.4 ± 3 2.8 

2% TFA in EtOH 75.3 ± 9 55.8 ± 5 19.5 

 

The hysteresis of the three incubation solvents were calculated as 5.6° for methanol, 

2.8° for ethanol and 19.5° for 2% TFA in ethanol. Advancing and receding angles 

should be as identical as possible [357]. From the contact angle analysis, EtOH was 

to be used due to the closer advancing and receding angles as well as the standard 

deviations. If the hysteresis is not near to similar values, this is due to the existence of 

surface heterogeneity and defects [358]. With these values tabulated, the ideal solvent 

for the incubation of the benzoboroxole–modified surface is ethanol due to the near 

identical contact angles and the small standard deviation values. 
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3.5.3 Ellipsometry of the benzyl terminated SAM 

As the contact angle suggested a possible optimal solvent for the incubation of the 

control, ellipsometry was also used to conclude the ideal incubation solvent. The 

expected thickness of the control SAM was 0.9 nm (9 Å),  estimated with the software 

Chem Bio 3D Ultra. The expected thickness takes into account the bond between the 

Au–S and the furthest bond. This bond was identified as the carbon bond present in 

the aromatic ring. The incubation solvents compared were; methanol (MeOH), ethanol 

(EtOH), and EtOH with 2% TFA, the same solvents used in the contact angle studies. 

The results are tabulated below: 

 

Table 10: 0.1 mM benzyl–terminated control SAM and the ellipsometry analysis. 

Incubation solvent Ellipsometry thickness (nm) 

MeOH 0.70 ± 0.1 

EtOH 0.58 ± 0.3 

2% TFA in EtOH 1.2 ± 0.5 

 

The ellipsometry studies help measure the observed thickness of the control surface 

as well as Chem Bio 3D Ultra determining the expected thickness of the surface. From 

the three incubation solvents, methanol had the lowest standard deviation when three 

measurements per sample were measured. The lower thickness value obtained 

accounts for the expectation of monomers to adopt a degree of tilt. The solvent used 
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for the incubation of the benzyl–terminated control SAM was methanol. XPS of the 

benzyl–terminated SAM. 

 

The incubation solvent used to conduct XPS analysis was methanol due to the 

optimisation discussed previously. The XPS survey scan of the control surface first 

revealed the presence of the expected Au, C, S, O and N elemental species on the 

surface. The high resolution scans are shown (fig. 53) to further confirm the expected 

chemical environments for each of these elements and to indicate successful 

functionalisation of the surface (table 11).  
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Figure 53: The XPS spectra of the control surface. Red (top left) is C 1s, orange (top 

right) is O 1s, blue (bottom left) is N 1s and green (bottom right) is S 2p. 
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Table 11: Expected and observed elemental ratios of the XPS analysis of the 0.1 mM 

benzyl–terminated control SAM control  surface. 

Ratio Expected Observed 

C/S 7 5.2 

N/S 1 1.2 

O/S 1 0.5 

 

From the XPS analysis shown in fig. 53, the S (2p) doublet is positioned at 161.9 and 

163.1 eV, indicating the sulphur is chemisorbed bound on the gold surface [359]. The 

N (1s) peak can be assigned to a single peak which is centred at 399.4 eV, recognised 

as the amide group present in the benzyl–terminated control SAM. The observed ratio 

of oxygen: sulphur and carbon: sulphur are slightly lower than the expected ratio. To 

conclude the optimisation of the benzyl–terminated SAM was optimal when using 0.1 

mM concentration in the incubation solvent of methanol. Further studies were 

conducted which displayed the SPR responses of varied sugars. These sugars were 

stachyose, nystose, melezitose and raffinose, saccharides which are continually used 

from hereon.  

 

3.5.3 Benzoboroxole modified surface 

A benzoboroxole modified surface enables to determine whether the benzoboroxole 

can form a SAM and whether or not the benzoboroxole group can bind to the sugars. 
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The control SAM is characterised using ellipsometry, contact angle and XPS. 

Ellipsometry and contact angle were initially used, determining the most suitable 

solvent, before XPS confirmation. 

 

3.5.3.1 Ellipsometry of benzoboroxole modified surface 

The expected thickness of the control SAM was 1.1 nm (11 Å), estimated with the 

software Chem Bio 3D Ultra. The expected thickness takes into account the bond 

between the Au–S and the furthest bond, which is the oxygen bond present in the 

aromatic ring. The results are tabulated below: 

 

Table 12: The ellipsometry analysis of 0.1 mM Benzoboroxole–modified surfaces. 

Incubation solvent Ellipsometry thickness (nm) 

MeOH 0.70 ± 0.1 

EtOH 0.91 ± 0.04 

2% TFA in EtOH 1.21 ± 0.6 

  

The thickness values obtained vary dependent on the solvent used to incubate the 

benzoboroxole control. Methanol and ethanol only studies show a small standard 

deviation, suggesting that the multiple surfaces are very similar to each other [360]. 

2% TFA in ethanol, the incubation solvent used for the DSA SAM, did not show a small 

standard deviation, suggesting a larger thickness value difference between surfaces 
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[361]. Therefore, the incubation solvent used for the benzoboroxole modified SAM 

surface was concluded as HPLC ethanol because the thickness value obtained was 

the closest to the theoretical value of the three solvents compared.  

 

3.5.3.2 XPS of benzoboroxole modified surface 

The optimal condition from the contact angle and ellipsometry analysis was ethanol for 

the incubation solvent. From the optimal conditions, XPS was conducted to determine 

whether or not the benzoboroxole thiol derivative was successfully bound to the 

surface as well as the ratios being as expected.  
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Figure 54: The XPS spectra of the benzoboroxole–modified surface. Red (top left) is 

C 1s, orange (top right) is O 1s, blue (middle left) is N 1s, green (middle right) is S 2p 

and purple (bottom left) is B 1s. 
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From the XPS analysis shown in fig. 54, the S (2p) doublet is positioned at 161.9 and 

163.1 eV, indicating the sulphur is chemisorbed bound on the gold surface [359]. The 

N (1s) peak can be assigned to a single peak which is centred at 398.1 eV and is 

recognised as the amide group present in the benzoboroxole modified control SAM. B 

(1s) peak is shown at 190.8 eV, suggesting the XPS spectra of B–O and successfully 

demonstrating the presence of the benzoboroxole group [362].  

 

Table 13: XPS analysis for the benzoboroxole–modified surface. 

Ratio Expected Observed 

C/S 10 7.2 

B/S 1 0.9 

O/S 3 3.1 

N/S 1 1.1 

 

The observed ratios of each of the elements are varied to that of the expected ratios 

The carbon: sulphur ratio is shown to be slightly lower than expected. This may be due 

to the distinguished a peak from the background and noise when using the reduced 

signal on offer at the lower pass energy [363]. This was shown to be the case of the B 

(1s) peak too, however boron is a sensitive peak and may be the reason for the small 

difference in the ratios [364].  
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3.5.3.3 SPR studies of the controls 

The next stage of the chapter is to introduce surface plasmon resonance (SPR) studies 

and how the response of numerous sugars are able to bind to the complex on the Au 

surface.  The propagation constant of a surface plasmon is sensitive to variations in 

the refractive index at the surface of a metal film supporting the surface plasmon [357].  

 

In preliminary SPR studies conducted and shown hereafter, Stachyose, a 

tetrasaccharide, along with other sugars such as melezitose, raffinose and nystose 

were dissolved in 0.1 M phosphate buffer at pH 7.4, with varied concentrations from 

0.25 mM to 20 mM. The structures of the four oligosaccharides used are shown in fig. 

55. 

 

Figure 55: Chemical structures of stachyose, nystose, raffinose and melezitose. 
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3.5.3.4 SPR of the benzyl–terminated SAM 

The data was to be obtained before further experiments were to be conducted and will 

account for the refractive index of the saccharides used throughout the work. 

Structures of the four used sugars are shown in fig. 56.  

The four saccharide shown will be each flowed over the chips for SPR studies. The 

concentrations of the sugars will vary between 0.25 – 20 mM. These studies will enable 

the determination of the refractive index per saccharide.  

 

 

Figure 56: SPR studies of the benzyl–terminated control using pH 7.4 oligosaccharide 

solutions at different concentrations. 
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important, for two reasons, to perform a second injection with a control analyte [365]. 

The next stage was to record and analyse the benzoboroxole modified surface. This 

is to be formed and optimised similar to that of the benzyl–terminated surface, before 

examining the SPR responses. 

 

3.5.3.5 SPR of benzoboroxole modified surface 

In SPR sensors, the surface plasmon is excited at the interface between a metal film 

and a dielectric medium. The change in refractive index is observed and measured 

[366]. The optimum thickness of the Au layer used for the SPR studies is dependent 

on the wavelength used but typically is between 40 and 50nm [100]. Also, it is important 

to use an adhesive layer to bind the gold to the glass cover slip. Chromium and titanium 

are popular adhesive layers for this application; however, titanium was selected since 

leaching through the gold layer is less frequent than in chromium [101,102]. 
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Figure 57: The SPR response obtained from the benzoboroxole modified SAM 

response. SPR studies using pH 7.4 running buffer and different concentrations of 

oligosaccharides. 
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Figure 58: The benzyl–terminated SAM subtracted from the response obtained from 

the benzoboroxole modified SAM response. SPR studies using pH 7.4 oligosaccharide 

solutions at different concentrations. 
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Figure 59: SPR subtracted response of the four oligosaccharides. 

 

Rmax and KD values are calculated from the hyperbolic curves shown in fig. 59. The 

hyperbolic functions are used to prove to be useful for expressing these concentration 

dependences [367]. Rmax is defined as the maximum change in the SPR angle 

dependent on the total ligand concentration directly [368]. The KD value is also known 

as the dissociation rate constant. The dissociation constants such as KD are typically 

calculated from the ratio of the dissociation rate to the association rate, or from 

measurement of binding of the labelled ligand in the presence of increasing amounts 

of the unlabelled ligand [369].   
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From the curves shown above, the hyperbolic trend line was used for the calculation 

of both KD and Rmax which are tabulated below. The hyperbolic regression analysis is 

an effective method for fitting experimental data points obtained from a variety of 

experiments in molecular biology, including enzyme kinetics [370].  

 

The R2 value of each of the saccharides and their curves is also tabulated. The 

regression of the data must be the nearest to 1, demonstrating the accuracy of the fit 

of the data [371]. 

 

Table 14: KD and Rmax values obtained for the different oligosaccharides used. 

Saccharide Rmax (RU) KD (mM) R2 value 

Stachyose 94.32 1.86 0.998 

Nystose 92.24 1.61 0.997 

Melezitose 92.84 1.58 0.996 

Raffinose 98.26 1.71 0.995 

 

KD values are reported for fructose, glucose and methyl α–d– galactopyranoside  of  

2.95, 32.3, and 34.5 × 10−3 M,  respectively [372]. As found to be in similar millimolar 

(mM) range, the KD values shown in the table are similar to those in solutions. Affinity 
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in the mM range for monovalent interactions is concluded as low affinity when 

compared to antibody- protein KD values in the nM range. This low KD is typically 

counteracted by multivalency of the protein-glycan interaction [373]. As Rmax values 

reported are alike, the conclusion of the Rmax values is that the affinity observed are 

analogous regardless of the saccharides used. Interactions consist of hydrogen 

bonding within defined grooves alongside additional Van Der Waals interactions 

however, dependent on nearby amino acid functional groups i.e. methyl or carboxyl, 

ionic or hydrophobic interactions may also deliver or alter the binding. 

 

3.6 Conclusion of the optimisation of controls 

The optimisation of both a benzoboroxole–modified control SAM and control benzyl–

terminated SAM was discussed in the chapter. The characterisation of the control 

benzoboroxole modified SAM confirms successful XPS data stating the presence of 

boron. The preliminary SPR studies are demonstrating that the benzoboroxole group 

is binding to sugars when compared with the control benzyl–terminated surface. The 

control benzyl–terminated surface will be used for future work when subtracting the 

SPR responses of any SPR studies conducted. This will be to account for the refractive 

index of the sugars used. 
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3.7 Overall conclusion of the formation and characterisation of DSA 

SAM and the cross–linking of AABOB onto a DSA SAM.  

This chapter demonstrates the formation of the N, N’ bis(acryoyl) cystamine SAM, 

which is abbreviated to DSA SAM for the research. The optimisation was determined 

with the use of ellipsometry and contact angle before further looking at the elemental 

configuration with XPS analysis. As previously described in the chapter, ellipsometry 

and contact angle data obtained suggested DSA SAM formed densely packed SAMs 

when incubated in ethanoic conditions with the presence of trifluoroacetic acid (TFA). 

Conversely, no contamination was observed on the 0.1 mM DSA incubated in ethanoic 

conditions with 2% TFA SAM, suggesting polar amide and carbonyl were likely to be 

bound onto the surface. 

 

Cross–linking of AABOB and DSA on a gold surface required the optimisation with the 

use of XPS analysis. Boron (B1s) along with Sulfur (2p), Carbon (1s), Nitrogen (1s) 

and Oxygen (1s) allows the conditions used for the cross–linking to be successfully 

confirmed. The XPS spectra was analysed throughout the chapter to observe a boron 

peak on the surface. The conditions which confirmed successful cross–linking of 

AABOB on the DSA SAM were 0.1 mM DSA SAM surface and 0.5 mM AABOB solution 

in phosphate buffer, this is to be incubated for 240 mins. Argon balloon is inserted to 

prevent the involvement of oxygen, as oxygen may disrupt the cross–linking procedure 

[374].  
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Control SAMs were synthesised and determined whether benzoboroxoles were able 

bind to the DSA SAM surface successfully. The control benzyl–terminated SAM is to 

be used to observe the refractive index of sugars, whereas the benzoboroxole modified 

SAM can be used to compare the KD values of the four oligosaccharides used as well 

as the Rmax values. The control benzyl–terminated SAM will be used later in the 

research to subtract the response from any SPR response obtained by the complexes. 

This subtraction will account for the refractive index observed on the surfaces.  
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CHAPTER 4 – COMPLEXATION AND 

MOLECULAR IMPRINTING 

Abstract: This chapter is taken from the paper “Tommasone, S., Tagger, Y. 

K., Mendes, P. M., Targeting Oligosaccharides and Glycoconjugates Using 

Superselective Binding Scaffolds. Adv. Funct. Mater. 2020, 30, 2002298”. A unique 

modular, synthetic strategy allows  for the creation of artificial binding sites with precise 

spatial positioning of multiple carbohydrate receptors, enabling the remarkable ability 

to distinguish a target oligosaccharide over closely related carbohydrate structures. 

Co-first author in the publication documented above* 
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4.1 Introduction 

Oligosaccharides, which often occur as glycoconjugates, play essential roles within a 

multitude of biological processes, including fertilisation, cell  differentiation, cell 

signalling, and host–pathogen interactions [375-378]. Furthermore, they are emerging 

as important biomarkers for a wide range of diseases, including immune deficiencies, 

hereditary disorders,  neurodegenerative and cardiovascular  diseases, as well as 

many types of cancers [379-381]. Thus, materials with highly specific oligosaccharide 

recognition are key for advancing glycobiology research and producing new  

opportunities  to  diagnose  and  treat  diseases. 

 

However,  the approaches used today, rely on anticarbohydrate antibodies [382], 

lectins [383], aptamers [384], and synthetic carbohydrate receptors [385], are limited 

in their capabilities to discriminate between a large repertoire of carbohydrate 

structures, including closely related isomers [386].  For instance, natural and 

recombinant lectins exhibit specificity only toward a particular carbohydrate motif or 

structural feature and are available in a very limited  number when compared with the 

striking variety of oligosaccharide structures [387]. On the other hand, 

oligosaccharides are poorly immunogenic, posing major hurdles in the development of 

highly selective anti–carbohydrate antibodies [388]. Synthetic carbohydrate receptors, 

including boronic acid moieties, which form reversible covalent complexes with diols, 

have been combined with molecular imprinting to obtain carbohydrate binding sites on 

polymer matrices [167, 389]. However, the available synthetic approaches are 
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incapable to encode the binding sites with precise molecular  complementarity to target 

oligosaccharides.   

 

Here,  we will report on a modular synthetic approach that can harness both the  

construction of high–yield, complex oligosaccharide–synthetic carbohydrate receptor 

assemblies and the precise generation of surface–confined templated binding sites 

(fig. 60), thereby creating recognition sites of unparalleled oligosaccharide  

discrimination.  Benzoboroxoles  are  employed  as  carbohydrate  receptors  since,  in  

contrast  to  their  boronic  acids  analogues,  benzoboroxoles  can  bind  nonreducing  

hexopyranosides at pH values compatible with biological systems [390]. 

 

Figure 60: Method for creating synthetic materials with superselective oligosaccharide 

recognition.  
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4.2 Objectives 

The objectives of the work in this chapter can be broken down as follows: 

• Synthesise the complexation between saccharides and benzoboroxoles.  

• To conduct SPR studies with the complexation, obtaining the Rmax and KD 

values. 

• To create the molecular imprint. ATRP will be employed to crosslink the 

complex and the initiator SAM surfaces at room temperature in biocompatible 

conditions.  

• Incorporate N,N'–methylenebisacrylamide, to form a scaffold around the 

oligosaccharide template enabling a pocket–like structure be present on the surface.  

• To look into the oligosaccharide binding and rebinding process. Different 

oligosaccharides will be used in comparison to determine if selectivity of the target 

molecule is observed when compared to other non–targets.  

• Further analyse the complexation with RNase B and MBA. 

 

4.3 Complexation 

The creation of stable and high–order complexes between oligosaccharides and 

benzoboroxoles was to be achieved by using two model oligosaccharides, stachyose 

and nystose. The structure of the benzoboroxole and the two model oligosaccharides 

used in the studies are each shown in fig. 61. The composition of stachyose is Gal(α1-

6)Gal(α1-6)Glc(α1-2β)Fru whereas the composition of nystose is three fructose 
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molecules joined by a glucose molecule [391, 392]. This section was carried out by 

Stefano Tommasone. 

 

 

Figure 61: The chemical structure of 5–acrylamido–2–(hydroxymethyl) phenylboronic 

acid cyclic monoester (APB), stachyose and nystose. 
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The optimal  complexation  conditions  were  achieved  by  stirring  for  24  h a mixture 

of an excess  of 2–(hydroxymethyl)phenylboronic acid cyclic monoester (8.0 

equivalents per sugar unit) and oligosaccharide in dioxane:acetonitrile (6:1 v/v) at 90°C 

with molecular sieves (3Å) to remove H2O which is formed during this condensation 

reaction producing the APB complex. On the removal of the target oligosaccharide, a 

unique print would remain surrounded by APB–oligosaccharide complex forming a 

binding pocket.  
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Figure 62: Indirect approach to assess the degree of complexation. 

 

Following  complexation,  the  resulting  complex  was  treated  with  benzoyl  chloride  

in  pyridine  for  5  h,  in  order  to  functionalize  the  OH  groups that are not involved 

in any bond with the boron. This was conducted because the degree of complexation 

could not be characterised otherwise. Afterward, the boronate esters were hydrolysed 

by treatment with 1 M aqueous solution of sorbitol/Na2CO3 and ethyl acetate (EtOAc), 

and the product was finally recovered by several washings with EtOAc [393]. Together 
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with the known binding mechanism of boronic acid derivatives with diols [372, 394] the 

analysis of the resulting product gave us insight into the efficiency of the complexation 

and the structure of the complexes formed. These analyses demonstrated that the 

highest–order complexes were preferentially formed. For instance, stachyose can 

interact with benzoboroxoles to form complexes with stoichiometry ranging from 1:1 

up to 1:4. However, the results indicate that stachyose was able to form complexes 

with benzoboroxoles in high 1:3 and 1:4 stoichiometric ratios, with a greater proportion 

of 1:4 (80%) than 1:3 (20%) complex. Structures of the benzoylated derivatives with 

stachyose and nystose compounds with an odd number of benzoyl groups B derive 

from complexes where the boron is bound to the sugar S via only one OH group are 

shown below.  

 

Figure 63: Benzoylated derivatives with stachyose 1: compounds with an odd number 

of benzoyl groups B derive from complexes where the boron is bound to the sugar S 

via only one OH group. 
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Figure 64: Benzoylated derivatives with nystose 2: compounds with an odd number 

of benzoyl groups B derive from complexes where the boron is bound to the sugar S 

via only one OH group. 
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Table 15: Degree  of  complexation  of  different  oligosaccharides,  stachyose and 

nystose with  2–(hydroxymethyl)phenylboronic  acid  cyclic monoester. Relative ratios 

(%) of complexes derived by the MALDI spectra of the products. 

Substrate 
Sugar 

Units 
1:5 1:4 1:3 1:2 1:1 

Stachyose 4 – 80 20 0 0 

Nystose 4 – 15 69 16 0 

 

Binding scaffolds were constructed to determine whether the response observed under 

SPR studies is indeed selective to the target oligosaccharide and not to non–target 

oligosaccharides. The first target oligosaccharide used in this research was stachyose 

as a template MIP. The construction of the oligosaccharide binding scaffolds was 

initiated by immersing clean gold substrates in a 0.1 mM ethanolic solution of N,N′–

bis(acryloyl)cystamine with 2% trifluoracetic acid (TFA) for 24 h, as previously 

discussed and explained in chapter 3. This demonstrates that our approach can push 

the formation of boronate esters even when the conditions are less favourable, as well 

as being of general applicability since it affords high–order complexes with 

oligosaccharides with different sizes and stereochemistry.  
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4.4 Stachyose–template surface 

The oligosaccharide and 2–(hydroxymethyl)phenylboronic acid cyclic were suspended 

in a mixture of dioxane and acetonitrile. For practical purposes, the commercially 

available 2–(hydroxymethyl)phenylboronic acid cyclic monoester rather than the 

synthetic derivative 5–acryalmido–2–(hydroxymethyl)phenylboronic acid cyclic 

monoester was used. This allowed us to scale up the process and work with a more 

tangible amount of sugar. The reaction mixture was stirred at 90 ºC for 24 h under 

argon atmosphere in presence of activated molecular sieves 3Å. The solvent was 

removed under reduced pressure and the crude was dissolved in pyridine. Benzoyl 

chloride was added at 0 ºC and the reaction mixture was stirred at room temperature 

for 5 h. The reaction mixture was diluted in toluene and filtered through celite. The 

solvent was removed under reduced pressure and the crude was dissolved in an equal 

measurement of both EtOAc and a solution of 1 M sorbitol/Na2CO3 and was stirred for 

1 h. The two phases were then separated and the aqueous layer was washed three 

times with EtOAc. The organic phases were combined, dried over MgSO4 and 

concentrated under reduced pressure.  

 

Stachyose, along with other saccharides were to be compared to observe the SPR 

response created between the sugars. The SPR response of four saccharides was 

analysed and the analysis conducted is shown in fig. 65. The subtraction of the control 

benzyl–terminated SAM was conducted using Microsoft Excel and the concentration 

of the saccharides are plotted with a hyperbolic trendline. This subtraction is to avoid 
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the bulk refractive change of the used saccharides. From the hyperbolic trend line, the 

KD and Rmax values can be determined.  

 

 

Figure 65: A The stachyose complex with the binding responses of the four 

saccharides used at pH 7.4 studies, B is the hyperbolic trendline of the stachyose SPR 

response and table documents the KD and Rmax values calculated from the hyperbolic 

trendline shown. 

 

From the hyperbolic trendline, the KD as well as the Rmax are calculated. From the 

responses obtained, the surface shows superselectivity with stachyose (fig. 65 A). The 

other saccharides used for the studies demonstrated negligible binding, concluding 

that the other saccharides, namely raffinose, nystose and melezitose, did not 

selectively bind to the complex [395]. From the trendline (fig. 65 B), the R2 value is 
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calculated along with the KD value of the stachyose response. The dissociation 

constants (KD) of benzoboroxoles for monosaccharides are largely dependent on their 

structure, with reported KD values for fructose, glucose and methyl α–d– 

galactopyranoside  of  2.95, 32.3, and 34.5 × 10−3 M,  respectively [372]. Thus, the 

surface–confined binding scaffolds resulted in 5–50–fold higher binding affinity for the 

target oligosaccharide as compared to monosaccharides.  The binding affinity is a 

measure of how tightly the target oligosaccharide binds to the scaffold architecture. 

There is an inverse relationship between the KD and affinity. The smaller the KD, the 

greater the affinity of the scaffold. The behaviour shown suggests that multivalent 

interactions are occurring between  multiple benzoboroxoles receptors incorporated in 

the binding site with multiple hydroxyl groups within the oligosaccharide chain. While 

the binding affinity is comparable to that of oligosaccharide antibodies and lectins with 

dissociation constants in the low mM range [396, 397].  

 

The R2 value or coefficient is a statistical measure of how close data points are to the 

line of best fit (regression line) [398].  The R2 value was calculated using Sigmaplot as 

0.84, suggesting the R2 value did not demonstrate the data points fitting to the 

hyperbolic trendline. Low sensitivity is reflected in the low R2 values for the 

complexation [399] and hence we can summarise that other agents must be used.  
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4.5  N,N’–Methylenebisacrylamide 

The N,N’–Methylenebisacrylamide (MBA) is a crosslinking agent and is used to allow 

building a molecular scaffold around the template [400, 401]. MBA defines the pocket 

shape and size of the oligosaccharide used as a template, enhancing to some extent 

its binding affinity. Apart from creating a shape complementary to the template, MBA 

can provide additional weak interactions with carbohydrates (i.e. hydrogen bonds) 

which could enhance the affinity for the target template. The structure of MBA is shown 

below: 

 

Figure 66: Chemical structure of N,N'–Methylenebisacrylamide (MBA). 

 

In order to understand the contribution of the MBA to the saccharide binding, 

experiments were conducted to determine if the addition of MBA on a surface did have 

some effect, whether positive or negative. DSA was crosslinked with 5 mM MBA at pH 

7.4 and the SPR response are shown below with the four oligosaccharides used in the 

studies. 
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Figure 67: A The SPR response of a DSA-MBA only surface subtracted by the benzyl–

terminated control SAM. The SPR studies were conducted using pH 7.4 

oligosaccharide solutions. B the representation of the MBA surface.  

 

Fig. 67 demonstrates the subtracted SPR response of the surface once different 

concentrations of saccharides are flowed over the surface. The subtracted response 

should be as minimal as possible, indicating that the presence of the MBA has a limiting 

effect on the surface before any complex is added. It was clear that the presence of 

MBA did not demonstrate any significant binding of the four oligosaccharide solutions 

used for the study. In conclusion, as negligible binding was observed the presence of 

the cross–linker was considered to not impact the surface before any complex was 

bound. 
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4.6 Stachyose template MIP 

Following its complexation with APB, the stachyose complex and free APB were 

separated by precipitation followed by centrifugation. This protocol enabled us to 

remove the excess of unreacted APB, which otherwise would have had a detrimental 

effect in creating precise recognition sites for oligosaccharides. The next step was to 

optimise the incubation time of the MBA and whether or not the incubation should occur 

simultaneously or separately. The studies were conducted on one concentration, 5 mM 

stachyose and 5 mM MBA and the subtracted SPR response is shown. 

 

Figure 68: Different conditions and the use of MBA at varied times against the 

subtracted SPR response obtained. 
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From the figure shown, it was clear that incubating the complex and the MBA 

separately did not demonstrate a positive condition as SPR responses shown were 

reduced when compared with the complex and MBA incubated simultaneously. Hence, 

the binding scaffolds were prepared by grafting simultaneously MBA and the high–

order complexes between stachyose and APB onto the DSA SAM for numerous 

different times, both simultaneously and separately incubated. It was clear that the 

numerous different incubation times generated very different SPR responses. 

Incubating the complex together with MBA had shown to be successful, as the SPR 

response does increase. The optimal incubation time was defined to be 15 minutes 

and will be used in the future studies.  

Following dissociation of the oligosaccharide from the surface under pH studies, the 

binding affinity and selectivity of the stachyose–binding scaffolds were evaluated using 

SPR spectroscopy. To study pH effect on the imprinted surface, saccharide 

concentrations were prepared and compared in three different pH values. 

Physiological pH was used as benzoboroxoles are known to be work well at 

physiological pH (7.4), in addition, pH 10 was studied. Alkaline conditions is promoted 

for boronic acids and here we will be looking if such alkaline conditions make any 

difference with the benzoboroxoles that works quite effectively at neutral pH. Finally, 

pH 4 is explored to demonstrate whether or not the benzoboroxoles work under acidic 

conditions. 
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4.7  Physiological pH 7.4 

It would be hard to overstate the importance of proteins in the human body. They make 

up ion channels, carry necessary lipophilic substances throughout our mostly 

lipophobic body, and participate in innumerable biological processes. For proteins to 

complete necessary functions, they must be in the proper configuration. The charges 

on proteins are what allow their proper shape to exist. When pH is altered outside of 

the physiological range, these charges are altered. The proteins are denatured leading 

to detrimental changes in architecture that cause a loss of proper function [402]. 

Benzoboroxoles are found to bind specifically to the cis–diol groups of carbohydrates 

at physiological pH and it is known to have superior affinity to that of any other Wulff–

type boronic acid [403]. Different concentrations of the four oligosaccharides were 

used, from 0.25 mM to 20 mM.  
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Figure 69: A The SPR response of a Stachyose template MIP surface subtracted by 

the benzyl–terminated control SAM. The SPR studies were conducted using pH 7.4 

oligosaccharide solutions. B the analysis to determine the Rmax and KD values. C SPR 

sensograms of the stachyose (target) SPR response and D nystose (non–target) SPR 

sensograms. 

 

The SPR response differences (fig. 69, A) demonstrate the differences of the SPR 

response from the control benzyl–terminated SAM for the varied concentrations of 

stachyose (target molecule). The differences accounts for the response obtained by 

what is bound on the surface, as previously mentioned in chapter 3. The SPR 

sensorgrams reveal a striking difference in binding between the target stachyose 

A B

C D
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oligosaccharide (fig. 69, C) and non–target oligosaccharides (fig. 69, D), with the 

formed binding sites allowing for a great degree of subtlety in recognizing stachyose. 

 

From the differences obtained, the average of the SPR responses were plotted against 

the concentration. The points plotted were recorded against a hyperbolic trendline, 

similar to that of the other SPR studies conducted in this work (table 18).  

 

Table 16: The KD and Rmax values calculated from the hyperbolic trendline shown in 

fig. 69, B. 

Rmax (RU) KD (mM) R2 value 

333 ± 15 0.83 ± 0.02 0.98 

 

SPR binding analysis show that stachyose binds to the stachyose–binding scaffolds 

with a dissociation constant (KD) of 0.83 mM ± 0.02, whilst no or negligible binding was 

observed for the non–target oligosaccharide, as an example nystose, and as a result 

the KD was unable to be calculated. However,  in  our  case  only  a  slight  increase in 

the binding affinity was observed (KD of 0.83 × 10−3 M with MBA vs  0.93 × 10−3 M  

without  MBA).  This  is  probably  because  either  the  thickness  of  the  polymer  

layer is too small and does not allow the  MBA  to have a significant effect on the overall 

binding or the crosslinker does not make the surface rigid enough to affect the 

properties of the binding site. Following the studies under physiological pH, the next 

stage was to consider pH 10. Stachyose–binding scaffolds was in the range of ~0.3 
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ng/mm2 where 100 response units (RUs) = 0.1 ng.mm2 [404]. This corresponds to 1 

oligosaccharide per 4–6 nm2. Assuming a footprint of approximately 2–3 nm2 for a 

tetrasaccharide [405], an estimated 50% surface coverage by oligosaccharide can be 

achieved. The remaining surface area comprises crosslinked MBA, which defines the 

pocket shape and size of the oligosaccharide used as template, enhancing to some 

extent its binding affinity.  

4.1.1 pH 10 studies  

The reversible five–membered or six–membered ester ring formation between the 

phenylboronic acid and the cis–diols on the glycoproteins requires an alkaline pH [354]. 

Alkaline conditions are promoted for boronic acids and here we will be looking if such 

alkaline conditions make any difference with the benzoboroxoles that works quite 

effectively at neutral pH. To determine whether or not the binding of the complex can 

be used at pH 10, SPR studies are conducted. The SPR response of the stachyose–

template MIP is subtracted from the control benzyl–terminated SAM as previously 

mentioned.  
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Figure 70: A SPR sensorgrams of stachyose and nystose solutions on the stachyose–

template MIP. Solutions are between 0.25 – 20 mM, under pH 10. B the analysis to 

determine the Rmax and KD values and table reporting the Rmax and KD values.  

 
The  stachyose–binding  scaffolds  displayed  similar  binding  behaviour  towards  

stachyose  at and  pH 10 (KD= 0.82± 0.02, Fig. 70) when compared to pH 7.4 (KD= 

0.83 ± 0.02). When the SPR subtracted responses are compared, nystose, melezitose 

and raffinose still did not reveal selectivity of the molecular imprint.  

 

4.1.2 pH 4 studies 

Under acidic conditions, benzoboroxoles affinity to saccharides is greatly reduced 

[406].  The SPR analysis of the stachyose template MIP was conducted with the four 

oligosaccharides, all under pH 4 solutions.  

 

Rmax (RU) KD (mM) R2 value

220 ± 18 0.93 ± 0.1 0.84
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Figure 71: Left SPR sensorgrams of oligosaccharide solutions on the stachyose–

template MIP. Solutions are between 0.25 – 20 mM, under pH 4 and right SPR 

sensogram of the stachyose (target) SPR response at pH 4. 

 

One–site binding needs to show a smooth hyperbolic dependence of the concentration 

of the receptor–ligand complex on the free ligand concentration when calculating 

affinity [407]. The SPR responses for all of the four oligosaccharides did not 

demonstrate a hyperbolic trend, suggesting that no one–site binding occurred at acidic 

solutions. To conclude, the data obtained for the stachyose template MIP at pH 4 (fig. 

71) demonstrated how the complexation previously discussed did not display a 

selective response for any of the oligosaccharides, target (stachyose) and non–target 

saccharides. No binding occurred at pH 4 since boronate ester formation is less 

favourable in acidic conditions. 
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4.8 Conclusion of stachyose MIP 

Our  findings  provided  evidence  of  the  importance  of  precise  and  multivalent  

spatial  pattern  recognition  to  achieve super-selective oligosaccharide binding. When 

we take into consideration that stachyose is a higher homolog of raffinose and an all–

or–nothing  binding  occurs  between  them,  it  indicates  that  the  nature  of  the  

superselective behaviour is likely associated with a threshold in binding  stability. The  

precise spatial arrangement of the receptors  promotes  the  establishment  of  multiple  

interactions  with  the  target  oligosaccharide, stabilising the binding event with 

consequent enhanced KD values, which is otherwise not possible with  

oligosaccharides that do not match the binding  site. Although raffinose  could  

potentially fit the binding sites of stachyose–binding scaffolds, it is probably not able to 

establish enough interactions to overcome the energetic requirements to reach an 

observable binding. The next study was to demonstrate whether a different 

complexation formed on the surface could create similar affinity and selectivity as 

shown by stachyose–template MIP. 

 

4.9 Nystose template MIP 

With nystose, the formation of high–order complexes was also observed, as we found 

evidence of a 1:3 adduct and some 1:4 (maximum degree of complexation). Instead, 

nystose has three fructose units and a glucose unit, unlike stachyose’s singular 

fructose.  
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Similar to that of stachyose–template MIP, nystose template MIP was synthesised and 

used to determine the affinity of nystose as well as compare with other saccharides. 

Different concentrations of the four oligosaccharides were used, from 0.25 mM to 20 

mM.  

 

Figure 72: A Nystose–binding scaffolds, from which KD and Rmax values have been 

obtained. B and C The KD and Rmax values calculated from the hyperbolic trendline. 

 

In creating a nystose–binding scaffold, the selectivity is reversed and instead the 

recognition sites can only bind nystose, with a KD value of 0.65 × 10−3 M. A possible 

explanation is that the binding takes place via the OH in position 3 and 6, which are in 

a sin–periplanar relationship [408]. Similar to that of stachyose, nystose demonstrates 

selectivity of the target oligosaccharide when compared to non–target saccharides. 
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Nystose–binding scaffolds was in the range of ~0.2 ng/mm2 where 100 response units 

(RUs) = 0.1 ng.mm2. Similar to that calculated of stachyose template MIP, a conclusion 

of an assumption a footprint of approximately 2–3 nm2 for a tetrasaccharide [405], an 

estimated 50% surface coverage by oligosaccharide can be achieved. The remaining 

surface area comprises crosslinked MBA, which defines the pocket shape and size of 

the oligosaccharide used as template, enhancing to some extent its binding affinity 

was made.  

The superselectivity of our system could find some analogy in a mechanism  previously  

proposed [27],  where  the  binding  energy  is  not  a  linear  function  of  the  number  

of  bonds  but  grows  more  rapidly.  In  fact,  we  were  able  to  distinguish  between  

a  ligand  that  can  form  three  bonds  (raffinose)  and  one  that  can  form  four  

(stachyose),  with  an  all–or–nothing  behaviour. However,  we  believe  that  the  

superselectivity  of  our  system  also  accounts  for  an  additional  contribution,  which  

could  be  related  to  geometrical  factors.  A  fine  control  of  the  shape  

complementarity  of  the  binding  site  could  explain  why  we  can  also  discriminate  

between  oligosaccharides  with  the  same  number  of  ligands  (stachyose  and  

nystose).  Another  point to consider is that benzoboroxoles have different binding 

affinities for different carbohydrates (Gal, Glu, and Fru), therefore  each  sugar  unit  of  

the  oligosaccharides  interacts  with  the  receptors in a different way. To further 

demonstrate the capability of the novel binding scaffolds to bind specifically their 

glycoconjugates, Man5 is to be explored and used. 
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4.10 RNase B template MIP 

RNase B contains a single glycosylation site of high–mannose type with 5–9 mannose 

residues, Man5–Man9 [409]. The structure of the Man5 glycoform of RNase B is shown 

below. 

 

Figure 73: The oligosaccharide structure of the Man5 glycoform of RNase B, of which 

Man5 was used as a template for the generation of the binding scaffolds.  The  Man6–

Man9  RNase  B  glycoforms  contain  further  mannose  units,  which  are  added  to  

the  outer  three  mannose  residues  in  Man5. 

 

The other glycoproteins used for comparison were RNase A, α1–acid glycoprotein 

(AGP) and horseradish peroxidase (HRP). The non–glycosylated RNase form is 

RNase A and is composed of three α helices and seven β strands arranged in two 

“lobes”. RNase A is thought to be divided into two halves: an N–terminal, 

predominantly α–helical half (residues 1–60) and a C–terminal, predominantly β–sheet 

half (residues 65–124) [410]. AGP and HRP are two highly glycosylated glycoproteins. 

AGP is a 41–43–kDa glycoprotein and the peptide moiety is a single chain of 183 
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amino acids (human) with two disulfide bridges [411]. AGP (45% glycosylation) 

possesses complex–type glycans that are strongly sialylated [412] and is one of the 

major acute phase proteins in humans, rats, mice, along with other species [413]. 

Whereas, HRP is an enzyme that catalyzes the oxidation of diaminobenzidine, and is 

21% glycosylation and consists predominantly of the oligosaccharide 

(Xyl)Man3(Fuc)GlcNAc2, containing only low levels of the high mannose–type glycan 

[414, 415].  

 

Using SPR, the selectivity of the complex is compared to the four glycoproteins 

described previously. The response is subtracted from the control benzyl–terminated 

SAM and is shown below for different concentrations of RNase B, RNase A, AGP and 

HRP. The concentrations were 0.1 – 10 mM at pH 7.4.  

 



170 

 

 

 

Figure 74: SPR sensorgram traces performed with Man5–imprinted surfaces on 

the SPR chip and different concentrations of RNase B, RNase A, AGP and HRP 

flowed over the surface. 
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Figure 75: SPR responses at equilibrium against the concentration of injected protein, 

RNase B, RNase A, AGP, and HRP using Man5–binding scaffolds, from which KD and 

Rmax values have been obtained. 

 

Table 17: The KD and Rmax values calculated from the hyperbolic trendline. 

Rmax (RU) KD (mM) R2 value 

537 ± 4 0.55 ± 0.01 0.98 

 

It was clear that the subtracted response had shown selectivity of the RNase B 

glycoprotein and very negligible binding of that for the other three glycoproteins. The 

hyperbolic trendline analysis of the points made with different concentrations of RNase 

B. With this in mind, analysis to determine the KD and Rmax values was conducted. The 
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KD value was also in the millimolar range, similar to that of previous SPR studies. The 

Rmax demonstrated increased affinity of RNase B when compared with other 

oligosaccharides used. When compared with the previous template MIP, RNase B 

revealed  to have very similar affinity of the target molecule than that of stachyose MIP 

with stachyose or nystose template MIP when binding nystose. The power of the 

methodology further demonstrated the capability of the novel binding scaffolds to bind 

specifically their glycoconjugates. It also confirmed the superselectivity of RNase B 

when compared to the other three glycoproteins used to compare the SPR response.  

 

4.11 Overall conclusion of complexation and molecular 

imprinting 

In conclusion, a unique modular strategy, which harnesses supramolecular assembly 

and well–controlled chemistry, was developed to create robust and highly reproducible 

template–induced oligosaccharide recognition sites on synthetic scaffolds. Our 

findings show that our approach has a remarkable ability to deliver synthetic receptors 

capable of highly specifically targeting oligosaccharides whether they occur in free 

form or as components of glycoproteins. These results go beyond the scope of the 

oligosaccharides described here, with the modularity of the synthetic strategy lending 

itself to adaptivity and incorporation into technologies for diagnostics, biotechnology, 

and glycobiology research.  
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CHAPTER 5 – OVERALL CONCLUSIONS 

AND FUTURE WORK 

Abstract: This chapter discusses the overall conclusions made from the work 

conducted throughout this project, mentioning any insights that were made 

accompanying the individual studies. Further work is stated that is needed for project 

to continue and successfully progress. 
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5.1 Conclusions  

In this thesis we proposed a modular  synthetic  approach  that  will harness  both  the  

construction of high–yield, complex oligosaccharide–synthetic carbohydrate receptor 

assemblies and the precise generation of surface–confined templated binding sites. 

This approach was successful as the complex was selective in the detection of the 

oligosaccharides in question.  

 

Initially, the first stage was to successfully produce a SAM that will be used throughout 

the receptor production. This is documented in chapter three, systematically describing 

the solvent(s) used for the incubation and the time in which the incubation was used.  

 

From the characterisation methods, namely ellipsometry, contact angle and XPS, it 

was clear that 2% TFA had a positive impact in the formation of the DSA SAM on a 

clean gold surface. XPS demonstrated that the S–Au bond was indeed present and 

bound to the surface as well as successful ratios confirming the presence of the DSA 

SAM.  

 

Successful cross–linking of DSA and AABOB conditions were shown with XPS. The 

cross–linking was shown to be difficult as boron was unable to be detected in the XPS. 

As a sensitive element, boron has many challenges [416], and numerous conditions 

were chosen to attempt cross–linking AABOB onto the DSA surface. Oxygen is shown 

to negatively affect the cross–linking of benzoboroxole along with other diol–containing 

polymers [417], so conducting the cross–linking with oxygen–free conditions was the 



175 

 

way forward. In addition to the DSA SAM, controls SAMs were characterised and 

optimised to successfully show the presence of the SAM on a clean gold surface as 

well as showing bound S–Au bond.  

 

The second results chapter demonstrates the formation of the complex before later 

describing the selectivity that is shown. The complexation is composed of the 

saccharides stachyose and nystose. The SPR studies conclude selectivity of  the 

target saccharide that bind to the imprinted surface and the  non–target saccharides 

do not bind selectively to the imprinted surface. The non–target saccharides include 

melezitose and raffinose, both 3–sugar unit saccharides. The use of a smaller 

saccharide was to determine whether or not the pocket formed on the surface is able 

to bind only target molecules.  

 

In addition to nystose and stachyose complexes, a glycoprotein is also used to 

successfully demonstrate the selectivity shown in this project. Man5 is a large 

glycoprotein [418] and small saccharides were used to see whether successful and 

selective binding could be shown with SPR studies. The SPR studies had shown that 

the imprinted surface was only selective for the target (Man5) when compared with 

other glycoproteins. 

 

Dissociation constants (kD) were in the millimolar range (mM), suggesting that they 

were not as sensitive as reported [200]. To continue with the project, further studies 

must be conducted with other glycoproteins, demonstrating selectivity as well as 
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sensitivity for target molecules. To improve the affinity (dissociation constant) of the 

complexation in this thesis, further studies will need to be thoroughly studied. If we 

could demonstrate specificity and selectivity for one particular glycoform over another 

through the elegant arrangement of the boronic acid moieties within the MIP cavities 

we could then use this system to imprint clinically relevant glycoproteins such as PSA. 

 

5.2 Future work 

As selective recognition is arising from the expression of motifs, the use of SAMs can 

be further explored with surface roughness analysis. Surface roughness can be 

measured by using several different methods and different sampling areas and atomic 

force microscopy (AFM) is often used for surface roughness studies [419]. Conducting 

AFM on both bare gold as well as SAMs will enable us to obtain a quantitative 

conclusion whether the roughness of surfaces varies dependent on the cleaning of the 

surface. There are several parameters which are able to be used to describe the 

surface morphology. This is in terms of roughness parameters, amplitude or height 

parameters, functional or statistical parameters and spatial parameters [420]. In 

addition to surface roughness, other analytical tools  which  are  well-suited  for  the  

analysis  of  individual particles  can be used to help demonstrate what and how is 

bound to the surface.  Transmission  Electron  Microscopy  (TEM)  and  Scanning  

Electron Microscopy  (SEM)  but are conventional  methods for direct imaging of 

particles providing size,  shape, and morphological information [421].  

 



177 

 

A substantial amount of research exists on both SAMs and molecular imprinting but 

biosensing technology is still required to develop and successfully produce a clinically 

approved assay. Remaining dominated by ELISA assays, biomedical laboratories 

have already  deciphered  selective binding  of  biological  ligands.  There  is  an  

element  of  fragility  to  their  design which  extends  to  both  liable  disposition  of  

antibodies  to  their environment  i.e.  pH,  temperature,  solvation  etc.,  but  also  to 

some  ligand  binding  affinities  as  observed  for  anti–glycan antibodies. 

Unfortunately, the complexity of glycan structures and glycosylation pathways 

complicates detection and quantification of potential glycan biomarkers. Approaches 

of glycoprofiling have been successful in isolation (i.e. through electrophoresis or 

chromatography) and in analysis through mass spectroscopy and lectin arrays [422]. 

Regardless of the current advances, the clinical utility of glycan biomarkers is still 

lacking. This is due to the clinical impracticality of the glycoprofiling techniques. As 

such, it is essential that new simple and reproducible glycan detecting technologies 

are developed to make use of this new wealth of information. The glycoprofile is 

recognised as an important diagnostic tool which overcomes factors such as weak 

affinity and low selectivity in carbohydrate ligands. With  the  principle  of  adaptability  

and  biocompatibility in  mind,  we  report  here  a  method  for  producing  selective 

oligosaccharide  recognition  on  a  SAM  through  extensive  use  of the  benzoboroxole 

cross–linking reaction. This is achieved at a physiological pH, ideal for clinical assays. 

Although not sensitive as the KD values obtained were not in a nanorange, the 

complexes shown are super–selective to the target oligosaccharide, with KD values in 

the low millimolar range. Exchanging the oligosaccharide template for PSA, the MIP 
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described in this thesis could readily be applied to glycoprotein detection with further 

optimisation. 

 

The current problem  of PCa  diagnosis needs to be addressed as current  screening  

has a cut–off  value  of  >4 ng/mL. PSA presents low clinical specificity and sensitivity. 

However, the detection of PSA glycoforms represents a true marker of cellular  

malignancy thus potentially offers significantly higher clinical specificity and sensitivity 

[423]. This thesis only demonstrated Man5 with selectivity of RNase B, so further work 

would need to be achieved. Higher  affinity  of  the  MIP  could  further be  induced  

with the  inclusion  of  additional  functional  moieties  i.e. carboxy,  sulfonate  or  amine  

groups  allowing  interaction  with exposed  amino  acid  residues  on  the  glycoprotein 

[424]. 

 

In addition to the explored MIPs, different glycan biomarkers can be studied and used. 

Whilst a small number of clinically relevant assays exist (i.e. CA125 ELISA for ovarian 

cancer or aPTT for monitoring heparin therapy), demand is currently outstripping 

supply with the myriad of new glycan disease markers now available [425-427]. As well 

as cancers, glycan biomarkers are novel in the diagnosis of cardiovascular diseases. 

GlycA, a biomarker of protein glycan N-acetyl groups, is related to incident 

cardiovascular disease (CVD) [428]. Apart from CVD, glycan biomarkers  are able to 

identify neurodegenerative disease. Neurodegenerative disease is the umbrella term 

for a range of conditions which are characterized by the progressive loss of structure 

or function of neurons in the human brain leading to the cognitive and physical 
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impairments, including the death of neurons [429]. The expression of the P-

glycoprotein has also been investigated inr the diagnosis of Alzheimer’s Disease [430].  

 

While we have demonstrated selective oligosaccharide detection in solution, 

quantification of specific glycoprotein glycan moieties in complex biological media 

would require pre-isolation of glycan biomarkers to prevent binding of structurally 

similar saccharides. Therefore, significantly increased sensitivity in SPR would be 

expected on the other glycans discussed throughout the thesis, arising from larger 

perturbation to surface plasmon than with smaller biomolecule binding. This therefore 

provides additional signal amplification to only small concentrations of detected PCa 

glycans further enhancing this assay design 
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CHAPTER 6 – MATERIALS AND METHODS 

 

Abstract: The materials used throughout the project as well as the methods used 

explained. This section was obtained from “Tommasone, S., Tagger, Y. K., Mendes, 

P. M., Targeting Oligosaccharides and Glycoconjugates Using Superselective Binding 

Scaffolds. Adv. Funct. Mater. 2020, 30, 2002298”. 
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6.1 Materials 

Commercially available solvents were purchased from Sigma–Aldrich and used 

without further purification. All the chemicals were purchased from Sigma–Aldrich with 

the exception of Verbascose, purchased from Carbosynth Limited and 5–amino–2–

(hydroxymethyl)phenylboronic acid cyclic monoester, purchased from Tokyo Chemical 

Industry UK Ltd. RNase B from bovine pancreas, RNase A from bovine pancreas, α1–

acid glycoprotein from bovine plasma and HRP from horse radish root were all 

purchased from Sigma Aldrich. Polycrystalline gold substrates were purchased from 

George Albert PVD, Germany. The gold substrates consist of a 100 nm gold layer 

deposited onto glass, which are covered with a 5 nm layer of chromium as an adhesion 

layer. These gold substrates were used for ellipsometry, XPS and contact angle 

analysis. The polycrystalline gold substrates which were employed in SPR 

experiments were purchased from Reichert Technologies, USA. The gold substrates 

consist of 49 nm gold with 1 nm chromium.  
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6.2 Synthetic procedures 

The synthetic procedures documented below were kindly provided by Dr Stefano 

Tommasone for the experiments conducted.  

 
6.2.1 Synthesis of 5–acrylamido–2–(hydroxymethyl) phenylboronic 

acid cyclic monoester (APB) [431] 

 

5–Amino–2–(hydroxymethyl)phenylboronic acid cyclic monoester (0.50 g, 3.35 mmol) 

was dissolved in a mixture of THF:H2O (1:1, 11.6 ml). The solution was cooled with an 

ice–bath and sodium carbonate (1.12 g, 13.40 mmol) and acryloyl chloride (0.54 ml, 

6.71 mmol) were then added. The reaction mixture was stirred at room temperature 

for 5 h. The solvent was removed under reduced pressure and the product was 

recovered by crystallization from water:methanol (0.30 g, y = 44%). The NMR analysis 

was in agreement with the literature.[431] 1H NMR (400 MHz, 298K, DMSO–d6): δ 

4.93 (s, 2H), 5.75 (dd, J1 = 10.0 Hz, J2 = 2.0 Hz, 1H), 6.26 (dd, J1 = 16.8 Hz, J2 = 2.0 

Hz, 1H), 6.46 (dd, J1 = 16.8 Hz, J2 = 10.0 Hz, 1H), 7.35 (bd, J1 = 8.0 Hz, J2 = 0.4 Hz, 

1H) 7.69 (dd, J1 = 8.4 Hz, J2 = 2 Hz, 1H), 8.06 (s,1H), 9.22 (s,1H), 10.19 (s,1H). 
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6.2.2 Synthesis of control SAM molecule (5) – 3,3'–disulfanediylbis 

(N–phenylpropanamide) [432] 

 

A solution of 3,3’–dithiopropionic acid (500 mg, 2.38 mmol) in THF (5 ml) was cooled 

in an ice bath and SOCl2 (0.67 ml, 9.27 mmol) was added dropwise. The reaction 

mixture was stirred overnight at room temperature. After cooling the solution with an 

ice bath, aniline (0.84 ml, 9.27 mmol) and Et3N (1.29 ml, 9.27 mmol) were slowly 

added. The reaction mixture was allowed to warm at room temperature and stirred for 

4 h. Water was added to quench the reaction and the product was extracted with 

CH2Cl2. The organic phase was washed with water, dried over MgSO4 and 

concentrated. The product was purified by column chromatography with silica gel 

(CH2Cl2:MeOH, 98:2) (73 mg, yield = 8%). 1H NMR (400 MHz, 298K, DMSO–d6) δ: 

2.74 (t, J = 6.8 Hz, 4H), 3.01 (t, J = 7.2 Hz, 4H), 7.03 (t, J = 7.2 Hz, 2H), 7.30 (t, J = 

7.6 Hz, 4H), 7.58 (d, J = 7.6 Hz, 4H), 10.02 (s, 2H); 13C NMR (101 MHz, 298K, DMSO–

d6) δ: 33.5, 36.0, 119.1, 123.1, 128.7, 139.1, 169.1. 
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6.2.3 Synthesis of benzoboroxole terminated SAM molecule (6) – 

3,3'–disulfanediylbis(N–(1–hydroxy–1,3–dihydrobenzo [c][1,2] 

oxaborol–6–yl) propanamide) 

 

3,3’–dithiopropionic acid (58 mg, 0.28 mmol) was dissolved in THF (2.8 ml). EDC (128 

mg, 0.67 mmol) and HOBt (90 mg, 0.67 mmol) were added and the reaction mixture 

was stirred at room temperature for 30 min. Afterwards, 5–amino–2–

(hydroxymethyl)phenylboronic acid cyclic monoester (100 mg, 0.67 mmol) was added 

and the reaction mixture was stirred overnight. The solvent was then removed under 

reduced pressure and water (10 ml) was added, affording a precipitate that was filtered 

and dried. The crude was suspended in CH2Cl2 and the precipitated was filtered and 

dried. Finally, the product was suspended in methanol and the white solid obtained 

was filtered and dried, affording the pure product (55 mg, yield = 42%). 1H NMR (400 

MHz, 298K, DMSO–d6) δ: 2.76 (t, J = 6.4 Hz, 4H), 3.03 (t, J = 6.4 Hz, 4H), 4.92 (s, 

4H), 7.31 (d, J = 8 Hz, 2H), 7.61 (d, J = 7.6 Hz, 2H), 7.99 (s, 2H), 9.22 (s, 2H), 10.06 

(s, 2H); 13C NMR (101 MHz, 298K, DMSO–d6) δ: 33.6, 36.0, 69.7, 121.0, 121.5, 122.3, 

137.9, 148.6, 169.0. ESI(+) MS m/z 495.10 [M–Na]+. HRMS (ESI) m/z [M–Na]+ calcd 

for C20H22B2N2O6S2Na 495.1010, found 495.1009. 
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6.3 Complex formation and indirect approach to access degree of 

complexation 

The oligosaccharide (20.0 mg, 0.030 mmol for stachyose and nystose, 0.024 mmol for 

verbascose) and 2–(hydroxymethyl)phenylboronic acid cyclic monoester (8.0 eq/sugar 

unit, 128 mg, 0.96 mmol) were suspended in a mixture of dioxane (2.4 ml) and 

acetonitrile (0.4 ml). For practical purposes, the commercially available 2–

(hydroxymethyl)phenylboronic acid cyclic monoester rather than the synthetic 

derivative 5–acryalmido–2–(hydroxymethyl)phenylboronic acid cyclic monoester was 

used. This allowed us to scale up the process and work with a more tangible amount 

of sugar. The reaction mixture was stirred at 90 ºC for 24 h under argon atmosphere 

in presence of activated molecular sieves 3Å. The solvent was removed under reduced 

pressure and the crude was dissolved in pyridine (0.5 ml). Benzoyl chloride (50 µl, 0.41 

mmol) was added at 0 ºC and the reaction mixture was stirred at room temperature for 

5 h. The reaction mixture was diluted in toluene and filtered through celite. The solvent 

was removed under reduced pressure and the crude was dissolved in a mixture of 

EtOAc (5 ml) and a solution of 1 M sorbitol/Na2CO3 (5 ml) and stirred for 1 h. The two 

phases were then separated and the aqueous layer was washed three times with 

EtOAc. The organic phases were combined, dried over MgSO4 and concentrated 

under reduced pressure. The crude was then purified by column chromatography on 

silica gel (DCM:MeOH 99:1 – 90:10). The fractions collected were analysed by MALDI–

MS.  
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6.4 Methods 

6.4.1 SAM Preparation 

The gold substrates were cleaned by immersion in piranha solution (70% H2SO4, 30% 

H2O2) at room temperature for 7 minutes, rinsed with Ultra High Quality (UHQ) water 

and then HPLC grade ethanol thoroughly for 1 min. (Caution: Piranha solution reacts 

violently with all organic compounds and should be handled with care). Immediately 

after rinsing, the substrates were immersed for 24 h in ethanolic 0.1 mM solutions of 

N,N’–bis(acryloyl) cystamine containing 2% trifluoroacetic acid (TFA). The substrates 

were rinsed with HPLC EtOH and dried under a stream of Ar. The control benzyl–

terminated SAMs were prepared in a similar way, by immersing the clean gold 

substrates in 0.1 mM ethanolic solutions for 24 h whilst the benzoboroxole control SAM 

was incubated in 0.1 mM methanolic solutions, followed by rinsing and then drying in 

a stream of Ar. 

 

6.4.2 Contact Angle 

Contact angle measurements were conducted on an Attension Theta contact angle 

meter from Biolin Scientific. The dynamic contact angles were recorded as an 

automated micro–syringe was used to add liquid onto the functionalized gold surface 

(advancing) or remove liquid from the drop deposited on the gold surface (receding). 

A video camera recorded images at an acquisition rate of 32 frames per second that 

were subsequently analysed using the OneAttension software to obtain the contact 
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angles of the drops at the three–phase intersection. Averages and standard deviations 

were determined from six measurements for each type of SAM.  

 

6.4.3 Ellipsometry 

The thickness of the deposited monolayers was determined by spectroscopic 

ellipsometry using an Alpha–SE ellipsometer from J.A. Woollam. The ellipsometric 

data acquired at angles of incidence of 65°, 70° and 75° was processed using the 

CompleteEASE software. The thickness 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 1.50. The thickness reported is the average of six measurements 

taken on each SAM, with the errors reported as standard deviation. 

 

6.4.4 X–ray photoelectron spectroscopy (XPS) 

XPS experiments were carried out using a Thermo Scientific K–Alpha XPS system and 

a monochromatic Al Kα X–ray source (1486.7 eV) at a take–off angle of 90o to the 

surface plane. High–resolution scans of C (1s), O (1s), N (1s) and S (2p) were recorded 

using a pass energy of 40 eV at a step size of 0.1 eV. Fitting of XPS peaks was 

performed using CasaXPS processing software. Sensitivity factors used in this study 

were: C (1s) 1.00; O (1s) 2.93; N (1s), 1.80; S (2p), 1.68. The S doublet was 

constrained to have a peak separation of 1.18 eV, a 2:1 area ratio (2p3/2 : 2p1/2) and 

equal FWHM. 
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6.5 Formation of binding scaffold and surface plasmon resonance 

studies   

6.5.1  Complex formation 

In a 25 ml round bottom glass flask, stachyose or nystose (6.67 mg, 10.01 µmol) and 

5–acrylamido–2–(hydroxymethyl)phenylboronic acid cyclic monoester (65.0 mg, 320 

µmol, 8.0 eq/sugar unit) were suspended in a mixture of dioxane (2 ml) and acetonitrile 

(0.34 ml). Man5 (8.29 mg, 10.01 µmo l) and 5–acrylamido–2–

(hydroxymethyl)phenylboronic acid cyclic monoester (81.2 mg, 400 µmol, 8.0 eq/sugar 

unit) were suspended in a mixture of dioxane (2.49 ml) and acetonitrile (0.41 ml). The 

reaction mixture was stirred at 90 ºC for 24 h under argon atmosphere in presence of 

activated molecular sieves 3Å. The solvent was removed under reduced pressure and 

the crude was treated with acetonitrile (0.6 ml) in order to afford a white precipitate. 

The suspension was transferred in a 1 ml Eppendorf and centrifuged. The supernatant 

was collected and the precipitate was re–suspended in acetonitrile (0.6 ml) for a 

second centrifugation. Subsequently, the supernatant was removed, the precipitate 

was dried and dissolved in a 1.6 ml solution of phosphate buffer (pH 7.4). 

 

6.5.2 Formation of binding scaffold 

The gold substrates functionalized with N’,N’–bis(acryloyl)cystamine SAMs were 

added to individual polymerisation solutions containing 800 µL of the complex 

prepared as described in section 6.1, 100 µL of ammonium persulfate (40 mg/mL) and 

100 µL of a 5 M N,N′–methylenebis(acrylamide) solution. 1 µL of 
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tetramethylethylenediamine (TEMED) was subsequently added to initiate the 

polymerization under argon. After 15 min, the modified gold surfaces were removed 

from the solution, rinsed with UHQ water, ammonium acetate (pH 6), ethanol and dried 

under a stream of argon. Bisacrylamide only studies were conducted with 800 µL of a 

0.1 M phosphate buffer saline solution, 100 µL ammonium per sulphate (40 mg/mL) 

and 100 µL of a 5 M N,N′–methylenebis(acrylamide) before adding 1 µL TEMED for 

15 minutes.  

 

6.6 Surface Plasmon Resonance (SPR)  

The SPR experiments were performed on a Reichert SR7000DC Dual Channel 

Spectrometer (NY, USA) at 25°C. A baseline was established for each surface by 

running degassed 0.1 M ammonium acetate at pH 10 over the sample at 25 µl/min 

until baseline stabilization was achieved. SPR sensorgrams were acquired by injecting 

solutions of either an oligosaccharide or protein diluted in the running buffer (i.e. 1 M 

ammonium acetate at pH 10) for 2 min at a flow rate of 25 µl/min, following by 5 min 

dissociation in the running buffer and 5 min regeneration using 1 M ammonium acetate 

at pH 6. For each concentration, 2 measurements from 2 individual chips were taken 

(n=4) from which the average and standard deviation values were then calculated.  

 

Data sets were analysed using Scrubber 2 (BioLogic Software, Campbell, Australia). 

In order to correct for bulk refractive index contributions arising from the 

oligosaccharides and proteins, SPR responses from the control 3,3'–

disulfanediylbis(N–phenylpropanamide) (5) SAM were subtracted from those obtained 
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from the surfaces containing the oligosaccharide–binding sites. The corrected SPR 

responses at equilibrium (Req) were plotted against the concentration of the injected 

oligosaccharide or protein (Cp) and fitted to a 1:1 steady–state model using Scrubber 

2. The model uses a non–linear least–squares regression method to fit data to the 

Langmuir adsorption isotherm, with KD being the dissociation constant and Rmax the 

maximum analyte binding capacity of the surface.  

 

 

e.  
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Abstract 

Recognition of oligosaccharides is associated with very limited specificity due to their 

strong solvation in water and the high degree of subtle structural variations between 

them. Here, oligosaccharide recognition sites are created on material surfaces with 

unmatched, binary on–off binding behavior, sharply discriminating a target 

oligosaccharide over closely related carbohydrate structures. The basis for the 

superselective binding behavior relies on the highly efficient generation of a pure, high 

order complex of the oligosaccharide target with synthetic carbohydrate receptor sites, 

in which the spatial arrangement of the multiple receptors in the complex is preserved 

upon material surface incorporation. The synthetic binding scaffolds can easily be 

tailored to recognize different oligosaccharides and glycoconjugates, opening up a 

realm of possibilities for their use in a wide field of applications, ranging from life 

sciences to diagnostics. 
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1 Introduction 

Oligosaccharides, which often occur as glycoconjugates, play essential roles within a 

multitude of biological processes, including fertilization, cell differentiation, cell 

signaling, and host–pathogen interactions.[1-4] Furthermore, they are emerging as 

important biomarkers for a wide range of diseases, including immune deficiencies, 

hereditary disorders, neurodegenerative and cardiovascular diseases, and many types 

of cancers.[5-7]Thus, materials with highly specific oligosaccharide recognition are key 

for advancing glycobiology research and producing new opportunities to diagnose and 

treat diseases. However, the approaches used today, that rely on anticarbohydrate 

antibodies,[8] lectins,[9]aptamers,[10] and synthetic carbohydrate receptors,[11] are 

limited in their capabilities to discriminate between a large repertoire of carbohydrate 

structures, including closely related isomers.[12] For instance, natural and recombinant 

lectins exhibit specificity only toward a particular carbohydrate motif or structural 

feature and are available in a very limited number when compared with the striking 

variety of oligosaccharide structures.[13] On the other hand, oligosaccharides are 

poorly immunogenic, posing major hurdles in the development of highly selective 

anticarbohydrate antibodies.[14] Examples of aptamers that evolved to recognize 

oligosaccharides are scarce owing to the limited number of noncovalent interactions 

that can be harnessed between carbohydrates and oligonucleotides.[15, 16] Synthetic 

carbohydrate receptors, including boronic acid moieties, which form reversible 

covalent complexes with diols, have been combined with molecular imprinting to obtain 

carbohydrate binding sites on polymer matrices.[17, 18] However, the available synthetic 

approaches are incapable to encode the binding sites with precise molecular 
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complementarity to target oligosaccharides. Here, we report on a modular synthetic 

approach that harnesses both the construction of high‐yield, complex oligosaccharide–

synthetic carbohydrate receptor assemblies and the precise generation of surface‐

confined templated binding sites (Figure 1), thereby creating recognition sites of 

unparalleled oligosaccharide discrimination. Benzoboroxoles are employed as 

carbohydrate receptors since, in contrast to their boronic acids analogs, 

benzoboroxoles can bind nonreducing hexopyranosides at pH values compatible with 

biological systems.[19] 

 

Figure 1 Method for creating synthetic materials with superselective oligosaccharide 

recognition. 1) Acrylamide‐terminated monolayer formation using N,N′‐

bis(acryloyl)cystamine; 2) pure, high‐order oligosaccharide: 5‐acrylamido‐2‐

(hydroxymethyl)phenylboronic acid cyclic monoester (APB) complex formation; 3) 

fixation of the complex on the surface and construction of molecular scaffold around 

the oligosaccharide template using N,N′‐methylenebisacrylamide; 4) removal of the 

oligosaccharide template. 
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2 Results and Discussion 

Initially, we demonstrated the feasibility of creating stable, high‐order complexes 

between oligosaccharides and benzoboroxoles using three model oligosaccharides, 

namely, stachyose 1, nystose 2, and verbascose 3. Optimum complexation conditions 

were achieved by stirring for 24 h a mixture of an excess of 2‐

(hydroxymethyl)phenylboronic acid cyclic monoester 4 (8.0 equivalents per sugar unit) 

and oligosaccharide in dioxane:acetonitrile (6:1 v/v) at 90 °C. These conditions 

provided the optimal compromise for both solubility and reaction temperature. An 

indirect method has been devised, using partial chemical benzoylation and mass 

spectrometry analysis, for obtaining a relative estimate of the different high‐order 

complexes formed (Figure S1, Supporting Information). Following complexation, the 

resulting complex was treated with benzoyl chloride in pyridine for 5 h, in order to 

functionalize the OH groups not involved in any bond with the boron. Afterward, the 

boronate esters were hydrolyzed by treatment with 1 m aqueous solution of 

sorbitol/Na2CO3 and EtOAc, and the product was finally recovered by several 

washings with EtOAc.[20] Together with the known binding mechanism of boronic acid 

derivatives with diols,[19, 21] the analysis of the resulting product gave us insight into the 

efficiency of the complexation and the structure of the complexes formed (more details 

in Figures S2–S8 in the Supporting Information). These analyses demonstrated that 

the highest‐order complexes were preferentially formed (Table 1). For instance, while 

stachyose 1 can interact with benzoboroxoles to form complexes with stoichiometry 

ranging from 1:1 up to 1:4, the results indicate that stachyose was able to form 

complexes with benzoboroxoles in high 1:3 and 1:4 stoichiometric ratios, with a greater 
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proportion of 1:4 (80%) than 1:3 (20%) complex. Benzoboroxoles usually bind fructose 

units in positions 2 and 3. However, according to the structure of nystose 2, the 

hydroxyls in positions 2 are not accessible since they are involved in the formation of 

glycosidic bonds. Nevertheless, with nystose, we observed the formation of high‐order 

complexes, as we found evidence of a 1:3 adduct and some 1:4 (maximum degree of 

complexation). A possible explanation is that the binding takes place via the OH in 

position 3 and 6, which are in a sin‐periplanar relationship.[22] This demonstrates that 

our approach can push the formation of boronate esters even when the conditions are 

less favorable, as well as being of general applicability since it affords high‐order 

complexes with oligosaccharides with different sizes and stereochemistry. 

Table 1. Degree of complexation of different oligosaccharides, stachyose 1, nystose 

2, and verbascose 3 with 2‐(hydroxymethyl)phenylboronic acid cyclic monoester 4. 

Relative ratios (%) of complexes derived by the MALDI spectra of the products isolated 

after column chromatography following the approach in Figure S1 (Supporting 

Information) 

 

The construction of the oligosaccharide binding scaffolds was initiated by immersing 

clean gold substrates in a 0.1 × 10−3 m ethanolic solution of N,N′‐

bis(acryloyl)cystamine with 2% trifluoracetic acid (TFA) for 24 h. The formation of the 
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acrylamide‐terminated self‐assembled monolayers (SAMs) was confirmed by contact 

angle (advancing and receding contact angles of 78 ± 1° and 62 ± 2°, respectively), 

ellipsometry (thickness of 0.56 ± 0.06 nm), and X‐ray photoelectron spectroscopy 

(XPS). XPS peaks (Figure S9, Supporting Information) account for the presence of C 

(1s), O (1s), N (1s), and S (2p), with the binding energies of the S (2p) peaks at 161.6 

and 162.8 eV, indicating the chemisorption of the N,N′‐bis(acryloyl)cystamine on the 

gold surface through S—Au bonds. 

We initially created oligosaccharide‐binding scaffolds using stachyose as the template. 

Following its complexation with 5‐acrylamido‐2‐(hydroxymethyl)phenylboronic acid 

cyclic monoester (APB; Figure 1), the complex and free APB were separated by 

precipitation followed by centrifugation. This protocol enabled us to remove the excess 

of unreacted APB, which otherwise would have had a detrimental effect in creating 

precise recognition sites for oligosaccharides. The binding scaffolds were prepared by 

grafting simultaneously N,N′‐methylenebisacrylamide (MBA) and the high‐order 

complexes between stachyose and APB onto the acrylamide‐terminated SAMs for 15 

min. Following dissociation of the oligosaccharide from the surface under acidic 

conditions, the binding affinity and selectivity of the stachyose‐binding scaffolds was 

evaluated using surface plasmon resonance (SPR) spectroscopy. Stachyose and 

three structurally related oligosaccharides, namely, nystose, raffinose, and melezitose, 

were employed to evaluate the selectivity of the binding scaffolds. The SPR 

sensorgrams of the binding scaffolds prepared using stachyose as a template reveal 

a striking difference in binding between the target stachyose oligosaccharide 

(Figure 2A) and nontarget oligosaccharides (e.g., nystose; Figure 2B), with the 
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formed binding sites allowing for a great degree of subtlety in recognizing stachyose. 

SPR binding analysis show that stachyose binds the stachyose‐binding scaffolds with 

a dissociation constant (KD) of 0.83 × 10−3 m, while no or negligible binding was 

observed for the nontarget oligosaccharides (Figure 2C). In creating a nystose‐binding 

scaffold, the selectivity is reversed and instead the recognition sites can only bind 

nystose, with a KD of 0.65 × 10−3 m (Figure 2D). 
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Figure 2 SPR sensorgram traces performed on binding scaffolds prepared on SPR 

chips using stachyose as a template and different concentrations of A) stachyose and 

B) nystose flowed over the surface at pH 7.4. SPR responses at equilibrium against 

the concentration of injected oligosaccharides, stachyose, nystose, raffinose and 

melezitose (shown at the bottom) using C) stachyose‐binding scaffolds and D) 

nystose‐binding scaffolds, from which KD and Rmax values have been obtained. 

The dissociation constants of benzoboroxoles for monosaccharides are largely 

dependent on their structure, with reported KD values for fructose, glucose and methyl 

α‐d‐galactopyranoside of 2.95, 32.3, and 34.5 × 10−3 m, respectively.[23] Thus, the 

surface‐confined binding scaffolds resulted in 5–50‐fold higher binding affinity for the 

target oligosaccharide as compared to monosaccharides. This behavior suggests that 

multivalent interactions are occurring between multiple benzoboroxoles receptors 

incorporated in the binding site with multiple hydroxyl groups within the oligosaccharide 

chain. While the binding affinity is comparable to that of oligosaccharide antibodies 

and lectins with dissociation constants in the low mm range,[12, 24] our oligosaccharide 

recognition sites exhibit an unprecedented binary on–off oligosaccharide binding 

behavior. 

The achieved maximum binding capacity (Rmax) for the stachyose‐ and nystose‐binding 

scaffolds was in the range of 0.2–0.3 ng mm−2 (100 response units (RUs) = 0.1 ng 

mm2[25]), corresponding to 1 oligosaccharide per 6–4 nm2. Assuming a footprint of 

approximately 2–3 nm2 for a tetrasaccharide,[26] an estimated 50% surface coverage 

by oligosaccharide can be achieved. The remaining surface area comprises 

crosslinked MBA, which defines the pocket shape and size of the oligosaccharide used 
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as template, enhancing to some extent its binding affinity. A control surface obtained 

by grafting only high‐order complexes between stachyose and APB onto the 

acrylamide‐terminated SAMs for 15 min (i.e., absence of MBA) has led to similar 

superselectivity for stachyose (Figure 3A), but a slightly higher KD value of (0.93 ± 

0.13) × 10−3 m. The MBA is a crosslinking agent that allows building a molecular 

scaffold around the template. Apart from creating a shape complementary to the 

template, MBA can provide additional weak interactions with carbohydrates (i.e., 

hydrogen bonds) which could enhance the affinity for the target template. However, in 

our case only a slightly increase in the binding affinity was observed (KD of 0.83 × 

10−3 m with MBA, Figure 2C vs 0.93 × 10−3 m without MBA, Figure 3A). This is 

probably because either the thickness of the polymer layer is too small and does not 

allow, the MBA to have a significant effect on the overall binding or the crosslinker 

does not make the surface rigid enough to affect the properties of the binding site. 
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Figure 3 SPR responses at equilibrium against the concentration of injected 

oligosaccharides, stachyose, nystose, raffinose, and melezitose. A) Acrylamide‐

terminated SAMs with only high‐order complexes between stachyose and APB grafted 

on it (i.e., absence of MBA) using pH 7.4 oligosaccharide solutions. B) pH 4 and C) pH 

10 oligosaccharide solutions were employed to run SPR on stachyose‐binding 

scaffolds. D) Surfaces prepared by copolymerizing MBA onto the acrylamide‐
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terminated SAMs using pH 7.4 oligosaccharide solutions. E) Benzoboroxole‐

terminated SAMs using pH 7.4 oligosaccharide solutions. The table illustrates 

the KD and Rmax values obtained for the different oligosaccharides used. 

 

The presence of the benzoboroxole receptors in the recognition site is crucial to 

establish the selective binding for the target oligosaccharide. At pH 7.4, the binding 

scaffolds showed higher binding for the target oligosaccharide such as stachyose due 

to the benzoboroxole moieties forming boronate esters with stachyose, whereas no 

binding occurred at pH 4 (Figure 3B) since boronate ester formation is less favorable 

in acidic conditions. While acidic conditions disrupt binding, the stachyose‐binding 

scaffolds displayed similar binding behavior towards stachyose at pH 7.4 (KD = 0.83± 

0.02, Figure 2C) and pH 10 (KD = 0.82± 0.02, Figure 3C). Furthermore, control 

experiments involving only the copolymerization of MBA onto the acrylamide‐

terminated SAMs have led to negligible binding to all the oligosaccharides (Figure 3D), 

indicating that selectivity arises from the binding pockets containing the suitably 

spatially arranged benzoboroxole receptors. 

Our findings provide evidence of the importance of precise and multivalent spatial 

pattern recognition to achieve superselective oligosaccharide binding. When we take 

into consideration that stachyose is a higher homolog of raffinose and an all‐or‐nothing 

binding occurs between them, it indicates that the nature of the superselective behavior 

is likely associated with a threshold in binding stability. The precise spatial 

arrangement of the receptors promotes the establishment of multiple interactions with 

the target oligosaccharide, stabilizing the binding event with consequent 
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enhanced KD values, which is otherwise not possible with oligosaccharides that do not 

match the binding site. Although raffinose could potentially fit the binding sites of 

stachyose‐binding scaffolds, it is probably not able to establish enough interactions to 

overcome the energetic requirements to reach an observable binding. This 

interpretation is supported by control experiments, wherein a surface comprising a 

monolayer of benzoboroxoles show similar binding for stachyose, nystose, raffinose 

and melezitose (Figure 3E), with KD values in the range (1.58–1.86) × 10−3m. The 

presence of a high density of benzoboroxoles on the surface is not able to provide a 

specific spatial arrangement to regulate binding stability of target and nontarget 

oligosaccharides, with these surfaces allowing the binding of all the oligosaccharides. 

The superselectivity of our system could find some analogy in a mechanism previously 

proposed,[27] where the binding energy is not a linear function of the number of bonds 

but grows more rapidly. In fact, we were able to distinguish between a ligand that can 

form three bonds (raffinose) and one that can form four (stachyose), with an all‐or‐

nothing behavior. However, we believe that the superselectivity of our system also 

accounts for an additional contribution, which could be related to geometrical factors. 

A fine control of the shape complementarity of the binding site could explain why we 

can also discriminate between oligosaccharides with the same number of ligands 

(stachyose and nystose). Another point to consider is that benzoboroxoles have 

different binding affinities for different carbohydrates (Gal, Glu, and Fru), therefore 

each sugar unit of the oligosaccharides interacts with the receptors in a different way. 

The power of the methodology was further demonstrated by the capability of the novel 

binding scaffolds to bind specifically their glycoconjugates (Figure 4). Ribonuclease B 
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(RNase B) contains a single glycosylation site of high‐mannose type with 5–9 mannose 

residues, Man5–Man9.[28] Binding scaffolds using Man5 as the template were shown 

to bind only RNase B and not the nonglycosylated RNase form, RNase A, and two 

highly glycosylated glycoproteins, α1‐acid glycoprotein (AGP) and horseradish 

peroxidase (HRP). AGP (45% glycosylation) possesses complex‐type glycans that are 

strongly sialylated,[29] while HRP (21% glycosylation) consists predominantly of the 

oligosaccharide (Xyl)Man3(Fuc)GlcNAc2, containing only low levels of the high 

mannose‐type glycan.[30] 

 

Figure 4 A) The oligosaccharide structure of the Man5 glycoform of RNase B, of which 

Man5 was used as a template for the generation of the binding scaffolds. The Man6–

Man9 RNase B glycoforms contain further mannose units, which are added to the outer 

three mannose residues in Man5. B) SPR sensorgram traces performed with Man5‐
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binding scaffolds on the SPR chip and different concentrations of RNase B flowed over 

the surface. C) SPR responses at equilibrium against the concentration of injected 

protein, RNase B, RNase A, AGP, and HRP using Man5‐binding scaffolds, from 

which KD and Rmax values have been obtained. 

3 Conclusion 

In conclusion, a unique modular strategy, which harnesses supramolecular assembly 

and well‐controlled chemistry, was developed to create robust and highly reproducible 

template‐induced oligosaccharide recognition sites on synthetic scaffolds. Our findings 

show that our approach has a remarkable ability to deliver synthetic receptors capable 

of highly specifically targeting oligosaccharides whether they occur in free form or as 

components of glycoproteins. These results go beyond the scope of the 

oligosaccharides described here, with the modularity of the synthetic strategy lending 

itself to adaptivity and incorporation into technologies for diagnostics, biotechnology, 

and glycobiology research. 
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