Clickable surfaces for
selective recognition of
oligosaccharides

Joshua Ryan Norman

A thesis submitted to

The University of Birmingham

For the degree of DOCTOR OF PHILOSOPHY

School of Chemical Engineering, College of physical Sciences

and Engineering, The University of Birmingham

January 2020



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

With the emergent role of protein glycosylation as a
potential biomarker of disease, new technologies are required
to selectively recognise unique glycan structures
symptomatically expressed in disease states. Currently, glycan
recognition is achieved through methods lacking high affinity
and selectivity or through complex analytical methods and are

poorly suited to clinical laboratories.

In this thesis we propose an alternative glycan sensing
strategy based on molecular self-assembly and imprinting of
glycan ligands with phenyl Dboronic acid (PBA), imbuing
selective oligosaccharide recognition to a surface. This
strategy employs extensive use of the copper catalysed click
reaction providing a simple highly biocompatible and adaptable
self-assembled monolayer intended to form a foundation for

future modifications.

The synthesis and characterisation of wvarious SAM
monomers has been described here alongside azide
functionalised-PBA CuAAC ligands and PBA terminated SAM
monomers. SAMs formed with these were characterised for surface
organisation and the CuAAC reaction yield established thus
confirming reaction utility in functionalisation of alkyne
terminated SAMs. Saccharide binding of PBA functional SAMs was

then examined accounting for surface organisation between SAM



monomer designs. Having determined a suitable SAM for
functionalisation, we then produced a novel oligosaccharide-
PRBA imprinted surface demonstrating high selectivity between
structurally different oligosaccharides. An overview of this

thesis is provided below.

Chapter. 1: Here we provide background to the research in the
field discussing the changes in glycan expression in disease,
current detection methods and introduce Dboronic acid as a
saccharide binding compound. This then proceeds to discuss the
emergence of nanotechnology and molecular imprinting in
biosensor design with examination of the limitations of the

current research.

Chapter 2: A Dbrief explanation of the employed surface
characterisation methods is given providing clarity to the

techniques used in this research.

Chapter 3: Describes the synthesis and characterisation of the
alkyne and PBA terminated SAM monomers and azide functional

CuAAC ligands.

Chapter 4: Examines the organisation and formation of the SAMs
produced with synthesised compounds through various surface

characterisation techniques.
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Chapter 5: Saccharide binding to PBA terminated SAMs and
surface functionalised SAMs was 1investigated using SPR
analysis. Here we describe the synthesis of molecularly

imprinted surfaces for the oligosaccharide stachyose.

Chapter 6: Conclusions and future work

Chapter 7: methods

Chapter 8: References
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Chapter 1.

Section 1.3.1 of this chapter is reproduced from the paper "“The
challenges of glycan recognition with natural and artificial
receptors” Tomasonne, S; Allabush, F; Taggur, YK; Norman, J;

Képf, M; Tucker, JHR; Mendes, PM; Chem Soc Rev. 1-18, 2019

Introduction

Abstract: With the discovery of better and new biomarkers,
naturally there is a commitment to develop diagnostic technology
that can bring about their application to the clinical
laboratory. In this chapter we will discuss the literature
regarding the aberrant glycosylation of cancer biomarkers. This
will develop into the potential application of molecular self-
assembly as a potential diagnostic platform when coupled with
glycan sensing moieties. Through summarising and discussion of
major research themes 1in this area, pitfalls and problems 1in
application of this will be presented providing clarity for the

importance of this research.



1.1 Chapter outline

Despite our ever-increasing technological capacity in the
clinical laboratory, the detection and differentiation of
complex glycan structures remains problematic. The absolute
heterogeneity brought about by subtle structural differences
provides an outstandingly complicated biological system through
which only sensitive and clinically impractical techniques can
circumvent (i.e. mass spectroscopy). The focus of this research
has been on the study and development of a new generation of
diagnostic platforms: molecular self-assembly and the generation
of artificial antibodies. The potential of these to
differentiate complex glycoforms will be explored 1in this
literature review allowing a transition to the research
conducted providing clarity on the design, application and

intention in writing this thesis.

This chapter will begin with a brief introduction to glycans
expanding on N-linked and O-linked glycosylation. This will
introduce biosynthesis of these glycans leading into the
recognition of aberrant glycosylation in disease caused by
disruption to these pathways. The complexity of glycan
structures will then be expanded in examination of
monosaccharides and their configurations. Once the complexity of
carbohydrates is established, current detection techniques will

be discussed.



Once the problems in detection are established, this
chapter will move to review the current research in
nanotechnology and the development/study of molecular self-
assembly with emphasis on self-assembled monolayers (SAMs).
These SAMs will then be examined for their application to
biosensor design along with boronic acids as a potential addition
for detection of glycans. Molecular imprinting and design of
‘artificial antibodies’ will then be discussed culminating in

the current status of the field.



1.2 Introduction to carbohydrates and
glycoproteins

Carbohydrates, proteins and nucleic acids form the three
main subsets of biopolymers and of these, carbohydrates are the
most diverse. Being originally thought of as only nutritional or
structural material, advances in our understanding of biology
has revealed a far more complex nature to carbohydrates being

responsible for a myriad of regulatory activity (1,2).

Structurally, carbohydrates range from simple
monosaccharide units composed of carbon, oxygen and hydrogen to
complex biomolecules containing numerous monosaccharide units
with wvarying degrees of Dbranching or chemical moieties.
Physiological function extends from essential cellular processes
i.e. glucose metabolism in ATP production to extensive
regulatory functions such as seen for the large sulphated

saccharide family, the glycosaminoglycans (3-5).

Alongside 1isolated physiological function, carbohydrates
are also essential components in DNA as deoxyribose and in
posttranslational modification of proteins imparting essential
functions. For instance, seen for sialyl Lewis X structures in
lymphocyte signalling or in expression o0of Dblood group
saccharides A, B and O (6,7). Owing to the diversity and

essential function of these biomolecules, the study of the



glycome has revealed numerous aberrations that can occur from
genetic defects to autoimmunity to implications in human ageing
(8-10) . Not surprisingly, malignant cell growth has also shown
an altered glycosylation profile potentially providing a new

class of biomarkers for disease such as cancer (11).

Unfortunately, the complexity of glycan structures and
glycosylation pathways complicates detection and quantification
of potential glycan biomarkers. Despite this issue, approaches
at glycoprofiling have been successful 1in isolation (i.e.
through electrophoresis or chromatography) and in analysis
through mass spectroscopy and lectin arrays (12). Regardless of
advances, the clinical utility of glycan biomarkers is still
lacking due to clinical impracticality of current 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.

1.2.1 Protein glycosylation

The glycosylation of proteins 1s an essential post-
translational modification and underpins a critical quality
control step in protein synthesis. In the addition of saccharide
units to a protein, the intrinsic physical properties are altered
promoting folding and maturation whilst preventing aggregation

through transformation of hydrophobic regions. These structures



additionally serve as regulatory elements for misfolding of
proteins enabling saccharide recognition by glycosidases or

lectins that may promote protein degradation (13-15).

While there exists five distinct forms of glycosylation
namely: glypiation along with N, O, P and C-linked, we will only
discuss N-linked and O-linked in this review due to the
distribution and importance in disease. Graphical representation
of glycans will use the symbol nomenclature for glycans (SNFG)
system as per Fig. 1 to display complex carbohydrate structures

as simply as possible.
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1.2.2 N and O-linked glycosylation.

Forming the most widely distributed form of glycosylation
with a quarter of all eukaryotic proteins displaying this
carbohydrate-peptide linkage, N-linked glycosylation is highly
conserved and essential post-translational modification (14,17).
The process of glycopeptide linkage is observed to be homologous
between the prokaryotic periplasmic membrane and endoplasmic
reticulum (ER) membrane enabling comprehensive study of these
mechanisms. Similarities are observed in the attachment of an
oligosaccharide to an isoprenoid lipid (dolichol in eukaryotes)

acting as a carrier to enable attachment to a protein (18).

Glycopeptide linkage for N-linked glycans occurs through an
asparagine residue defined in a conserved amino acid sequence:
AsnxSer/Thr (‘'x’ may be any amino acid except proline) (17,19).
A relatively large glycan, GlcsMansGlcNAcz; 1s enzymatically
transferred to this from a dolichol carrier through action of
oligosaccharyltransferase in the ER. This glycan is sequentially
recognised through wvarious lectins: malectin, calnexin and
calreticulin and ER chaperones and trimmed of glucose units
through glucosidases. On removal of the third glucose, folding
status is probed by glycoprotein glucosyltransferase (UGGT) that
associates with MansGlcNAc,. Unfolded protein provides a
substrate for UGGT docking allowing reattachment of a glucose to

the glycan chain and retaining it in the ER. Correctly folded



glycoproteins are unable to bind UGGT and undergo further glycan
digestion or relocate to the golgi for chain elongation (Fig. 2)

(17,20-23) .

Endoplasmic reticulum

Golgi
3
B3P immb 2 g r - ae & a
@° mmE g ——— YL -— N
03~\F dgmmt 2l . > il
Fucosyltransferase a-Mannosidase a-Mannosidase

n-acetylglucosaminyltransferase
Galactosyltransferase
sialyltransferase

Fig. 2: Biosynthetic route for N-linked glycosylation in the ER
starting with attachment of GlcsMansGlcNAc, with sequential
glucose removal before chain elongation or further saccharide

removal in the golgi.



The O-linked glycans form through any amino acid expressing
a free hydroxyl group hence, they can occur on Ser, Thr, Tyr and
Hyp (hydroxyproline and hydrolysine) and occur in both o and B
anomeric configurations. Conversely to N-1linked glycan
biosynthesis, O-linked glycans do not form from a common glycan,
rather, they are added sequentially typically in the golgi and
may be single saccharides or elongate from various
monosaccharides including mannose, fucose and N-
acetylgalactosamine (13,24-27). Whilst gene expression controls
protein translation, glycosylation pathways have no written code
hence, rely on a complex system of chaperones, translocation and
expression of glycosyltransferases. Because of this, altered
gene expression can provide drastic changes to the cellular
glycoprofile. The co-appearance of N and O-linked glycans on
numerous glycoproteins therefore provide an excellent marker of
cellular malignancy where aberrations 1in structure mark

disruption in these pathways (13).

1.2.3 Aberrant glycosylation in disease

Altered glycan expression clinically manifests in a variety
of disease states being brought about by congenital disorder,
infection, age and cancer (28). Physiological effects are
typically severe being incompatible with life in some congenital

disorders while also being recognised in Alzheimer’s, cardiac

10



conditions and autoimmune disease (29-33). In cancer however,
these changes are acute, manifesting as a by-product of oncogene
expression providing disturbed glycosyltransferase
transcriptional signalling (34). For example, on producing
tumours in mice through polyomavirus middle T antigen oncogene,
Granovsky et al (2000) demonstrated that R1, 6N-
acetylglucosaminyltransferase V (MGAT5) deficient mice showed
significantly less tumour growth than MGATS positive
littermates. 1Interestingly, a positive feedback loop was
observed between MGATS5 ©products and phosphatidylinositol
3kinase-protein kinase (PI3K) signalling thus supporting
amplification of oncogene expression through glycosyltranferase

expression (35).

It is recognised that in almost every cancer
glycosyltransferases are upregulated producing several very
common tumour antigens notably: sialyl-Lewis* (sLe¥), sialyl-
Lewis? (sLe?), sialyl-Tn (sTn) and Thomsen-Friedenreich (Tf)
antigen (36-39) (Fig. 3). While present on both N and O-linked
structures, these antigens are more commonly O-linked
structures, brought about by increased expression of
sialyltransferases and fucosyltransferases that catalyse
transfer of sialic acid and fucose to the common O-linked
structure GalNac (40-43). Typically, N-linked expression however

shows increased branching and sialic acid and change in fucose

11



content originating from overexpression of Bl-6-N-
acetylglucosaminyl transferase-5 (GnTb5), sialyltransferases and

fucosyltransferases (36,44-46).

=

N-linked

al B4

Sialyl Lewis*

=]

al B3

N or O linked

Sialyl Lewis®

-

Sialyl Tn

O-linked

5§

B3

Fig. 3: Common carbohydrate antigens occurring as result of
aberration to glycosynthetic pathways and expression of
glycosyltransferase i.e. a-N-acetylgalactosaminide a-2,6-

sialyltransferase-1 (St6GalNAc-1), Rl, 6-N-acetylglucosaminyl

transferase-5 (GnT5) and fucosyltransferases 8 (FUT8) [Glycan
structures produced with DrawGlycan-SNFG, version 1.0] (45,47-
49) .
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Given the prevalent occurrence of changes to the expressed
glycoproteome 1in cancer, naturally we can assume there 1is
diagnostic and prognostic value in their detection. An
interesting example of such inquiry is recognised in the altered
glycan expression on the prostate cancer (PCa) tumour marker:

prostate specific antigen (PSA).

PCa is the 1leading cause of male cancer incidence and
contributes significantly to male mortality but despite this,
current detection methods using a PSA cut off >4 ng/mL using
highly sensitive enzyme linked immunosorbent assays (ELISA) have
significant problems. Despite current clinical assays achieving
significantly lower limits of detection than the PSA cut-off
value such as the Roche Elecsys total PSA ELISA limit of
detection 2 pg/mL, the clinical sensitivity and specificity is
low causing significant false positive and negative results (50-
52). This 1s due to PSA not being a true marker of PCa but
rather, of destruction to prostate architecture allowing leakage

of PSA from prostate to circulation (53).

Interestingly, PSA demonstrates significant changes 1in
glycosylation patterns correlated with disease state i.e. benign
from malignant disease. The glycan structures of PSA have been
extensively studied over the past decade in attempts to elucidate
new PCa Dbiomarkers. This however has been complicated by

differences in glycoprofiling techniques and PSA sources between

13



research generating conflicting results as shown in Table. 1.
Application of mass spectroscopy in glycoprofiling of healthy
PSA demonstrated significantly higher sensitivity than
previously used lectin and HPLC methods and could provide
valuable insight into the glycoproteome of ©PCa but is
unfortunately dimpractical in the «c¢linical laboratory (54).
Despite conflicting views on PSA glycoprofile a general
consensus shows a decrease in fucosylation, increased branching
and increase 1in o2-3 sialic acid and O-linked glycosylation,
consistent with altered expression of glycosyltransferases in

PCa tissue (55-58).
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Table.

1: Various methods used to profile glycan structures of

PSA and results.

directional change.

glycan profile of LNCaP cells),

PCa patients to serum from benign prostate hyperplasia

Symbols:

(+)

increase, (-)

decrease,

(£) non-

(* results compare serum from PCa patient to

(**results compare serum from

(BPH) ) .

Purification Analysis Glycoprofile
changes
(59 | LNCaP Immunocaffinit | Electrophoresis (+)
) y branching
(60 | LNCaP Affinity MALDI-TOF MS (=) NeubAc
) chromatograph | HPLC-ESI MS (+) Fuc
v (+) GalNAc
(+) al,2Gal
(61 | LNCaP Ion-exchange MALDI-TOF MS (+)
) Human serum | chromatograph | Lectin affinity o2, 3NeuSAc
y
(62 | Human urine | ITon-exchange Lectin affinity (=) glycans
) chromatograph (+)
Yy branching
(63 | Human Affinity Lectin affinity (=) Fuc
) serum: chromatograph | Chemiluminescenc | (-
PCa (+) y e ) a2, 3NeubAc
Electrophoresis (+) sLe
X%
(64 | Human Immunoaffinit | MALDI-TOF MS (+)
) serum: y MALDI-QIT MS a2, 3NeubAc
PCa (+)
(65 | Human Affinity MALDI-TOF MS No
) serum: chromatograph | QTRAP LC/MS/MS conclusions
PCa (+) y on
Human expression
serum: changes
BPH (+)
(66 | LNCaP Lectin Lectin affinity (+) ol,2Fuc
) Human affinity ELISA (+) GalNAc
serum: Real-time PCR
PCa (+)
Human
serum:
BPH (+)
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(67 | Human Immunocaffinit | MALDI-TOF/TOF MS | (-) NeubAc

) serum: y Electrophoresis (=) Fuc
PCa (+) * %k

(68 | PCa tissue N/A HPLC-TSQ-SRM MS (+) NeubAc

)

(69 | Human Immunoaffinit | Lectin western (+)

) serum: y blot a2, 3NeubAc
PCa (+) Lectin affinity (=) Fuc
Human chromatography
serum:

BPH (+)

(70 | Human Immunoaffinit | LC-MS () NeubAc

) urine: y (x) Fuc
PCa (+)

Human
urine:
BPH (+)

It is clear that a multitude of glycan biomarkers are
produced as a result of abnormal cell growth however the
complexity of biosynthetic routes and heterogeneity of expressed
structures currently represses their clinical utility. Before
discussion of current glycan detection methods, the structural
configurations of carbohydrates will first be examined. This
will elaborate the anomeric configurations saccharides may take
providing background for subsequent sections and clarifying the

complexity involved in synthetic detection methods.

1.2.4 Monosaccharides

Monosaccharides form the Dbasic unit of all saccharide
structures consisting of carbon, oxygen and hydrogen in the

empirical formulae: Cmn(H20)n where (n) are repeating saccharide
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units and (m) being between 3 - 7. The Nomenclature of a
carbohydrate depends on several elements that can be represented

in several projections namely: Fischer, Haworth or chair (Fig.

q) .

Experimentally, saccharides are recognised to be either
reducing (containing aldehyde) or non-reducing (containing
ketone) classifying them as either aldoses or ketoses

respectively. The number of carbons present denotes the name
(Table. 2) which contains a prefix designating stereochemical
information; either (D) or (L) dependent on arrangement of
hydroxyl furthest from aldehyde/ ketone and (a) or (B) derived
from spatial arrangement of hydroxyl around the anomeric carbon
in the c¢yclic monosaccharide form (Fig. 4). The remaining
hydroxyl configuration along with carbon content are used to

chemically define monosaccharides.
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1 CHO CHO

2 H OH HO————H
3 HO H H———0OH
Fischer
4 H OH HO———H
5 H O HO =——f——=H
6 “H.OH CHOH
() - ghacose (L) - glueose
CHL0H
N
I,
i Haworth
OH
OH
- (D) - glucose
H
HsC
-~ i &
HO Chair
AR
H oH
H H
i = (D) - glucose

i - () - glacose

Fig. 4: Fischer, Haworth and chair projections of the
monosaccharide glucose in (D)/ (L) configuration and (a)/ (B)

configuration.



Table. 2: Carbon number, name and examples of common
monosaccharides expressed as either aldose (blue) or ketose

(red) (71).

(n) Example monosaccharide

Carbons

3 Triose Glyceraldehyde,

dihydroxyacetone

4 Tetrose Erythrose, erythulose
5 Pentose Ribose, ribulose
6 Hexose Glucose, fructose

In aqueous solution saccharides exist 1in equilibrium
between linear and cyclic form albeit favouring cyclic. In taking
this form, a hydroxyl reacts with the carbonyl forming a
hemiacetal and producing an additional sterogenic centre at the
anomeric carbon (72,73). Based on spatial arrangement of the
hydroxyl at the anomeric carbon, stereogenic configuration will
take either axial position in the o conformation or conversely,
equatorial in the [ when drawn in the Haworth projection (C1,
Fig. 4). Both configurations are characterised by distinct
melting points and exist in an equilibrium between rotations and
the open chain formation in a process referred to as mutarotation

(73) .
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OH OH

[3-(D)-glucofuranose -(D)-glucofuranose

H——OH
HO—1—H

H—T—O0OH

H——O0H
CH,0H

aldo-(D)-glucose

CH,0H CH,OH
o OH o
OH OH
0 0 OoH
OH OH
(-(D)-glucopyranose -(D)-glucopyranose

Fig. 5: Mutarotation of (D)-glucose showing possible
transitions between (o) and (p) and between linear, pyranose

and furanose configuration

Additionally, during c¢yclisation, ©pentose and hexose
saccharides will take on either five or six membered rings
designated furanose and pyranose, respectively. In conjunction
with mutarotation this gives rise to five possible forms shown

in Fig. 5. This rate of this process, while typically slow, can
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be altered with the addition of organic solvents, acid-base or
enzymatically (74,75). Furthermore, the proportion of these
forms depends on the monosaccharide unit i.e. with increased
percentage of furanose form of fructose observed compared to
glucose which thermodynamically favours the pyranose form

(Table. 3).

Table. 3: Proportion of configurations for two common

monosaccharides: glucose and fructose arising from mutarotation.

Mono-

saccharide pyranose pyranose furanose furanose linea

Glucose 33 66 0.498 0.498 0.004 | (75)

Fructose 3 57 9 31 1 (76)

1.2.5 Di, oligo & polysaccharides

Glycosidic 1linkage between two monosaccharide wunits 1is
achieved through condensation reaction between the anomeric
carbon (glycoside) and a hydroxyl group on opposing saccharide
(aglycone) . In nature, this reaction is controlled enzymatically
being capable of generating a variety of configurations

dependent on bond formation (Table. 4). Typical notation of
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glycosidic bonds states o/f configuration proceeded by bond
linkage with glycoside appearing first i.e. for sucrose: o-D-

glucopyranosyl-(1-2)-f-D-fructofuranoside (72,73).

Table. 4: Disaccharides produced from two glucose molecules.

Disaccharide bond

Maltose a(l-4)
Trehalose a(l-1)o
Isomaltose a(l-6)
Cellubiose B(1-4)
Sophorose B(1-2)
Qentiobiose B(1-6)

While monosaccharides and disaccharides are typically more
important nutritionally, on increasing size and complexity, as
oligo and polysaccharides they Dbecome crucial regulatory
elements. As discussed, the complexity of monosaccharides alone
allows for numerous configurations of a simple sugar. On joining
to form a disaccharide, a second layer of complexity is added
where Dbonds determine the disaccharide product. As an
oligosaccharide (3-10 monosaccharide units) and polysaccharide
(>10 wunits) branching may occur presenting unique structural

biomolecules (77-79).
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Dependent on glycosidic bond location, mutarotation may
still occur 1in oligo and polysaccharides dependent on
availability of a free hydroxyl attached to the anomeric carbon.
Where there is no free hydroxyl however i.e. in sucrose (o-D-
glucopyranosyl-(1-2) -f-D-fructofuranoside) and trehelose (o-D-
glucopyranosyl-(1-1) -a-D-glucopyranoside), mutarotation cannot

occur (76).

1.3 Glycan & saccharide recognition methods

Not surprisingly, saccharide sensors have become ubiquitous
in the biomedical industry since the first proposed enzymatic
assay by Clark & Lyons 1in 1962 (80). With rapidly rising
incidence of diabetes and the recognition of altered glycan
expression 1n numerous diseases, the rapid quantification and
saccharides 1s essential 1in disease management (81). Serum
monosaccharide sensors commonly use enzymatic methods as seen in
point of care glucose meters. Saccharide detection occurs the
catalysed breakdown of a saccharide such as glucose or fucose
and measurement of by-products via amperometric or spectroscopic
methods (82-84) . While simple quantitative methods are
sufficient for simple sugars, quantification of complex
carbohydrates requires more robust approaches. Anti-glycan

antibodies (AGAs) and lectins has garnered significant use in
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probing glycan structures and attempts at quantifying serum

glycans but suffer with inherent poor immunogenicity.

1.3.1 Anti-glycan antibodies

A vast collection of AGAs are present in human sera and
play critical functions in a diverse range of immune processes
displaying highly specific immunogenicity to foreign glycan
epitopes such as NeubGC and a-Gal and to sequences of the ‘self’
i.e. blood group antigens (85-87). Interestingly, similar to
saccharides, AGAs are useful Dbiomarkers of disease seeing
increased expression in inflammatory and autoimmune disease such
as cancer, multiple sclerosis and Crohns (88-93). While
promising as a diagnostic tool, therapeutic value of AGAs in
tumour targeted treatment is limited due to poor immunogenicity

of AGAs without modification such as glycan clustering (94,95).

Lower affinity 1is observed between AGAs and ligands
displaying equilibrium dissociation constants (Kp) in the uM
range for monovalent interactions compared to antibody-protein
KD values in the nM range. This low Kp is typically compensated
by multivalency of the protein-glycan interaction (96-98).
Interactions mostly consist of hydrogen bonding within defined
grooves alongside additional Van Der Waals interactions. While
dependent on proximal amino acid functional groups i.e. methyl

or carboxyl, ionic or hydrophobic interactions may also support
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binding. The network of hydrogen bonding between an AGA and
Streptococccus pneumoniae tetrasaccahride antigen TS14 (GalPl-
4G1lcPl-6[GalBl-4]G1lcNAcBl) is shown in Fig. 6 as resolved by X-
ray crystallography (99). Building wupon these structural
studies, phage display technology has enabled screening and
generation of highly specific AGAs and are providing a means to
produce diagnostically and perhaps therapeutically important

libraries of AGAs (100-103).
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Fig. 6: Crystal structure of TS14 specific AGA in complex with
tetrasaccharide TS14 ligand with network of hydrogen bonds in
the binding pocket displayed (right). [image (left) produced

using PyMol, version 2.2, image (right) taken from (99)].

Well-defined validated specificities are now possible due
to, in particular, recent improvements in glycan microarray-
based technology with new revelations of antibody requirements
for interaction. For instance, for IgG anti-glycan
immunoglobulins, glycan binding additionally  depends on
recognition of specific peptide motifs. Comparatively IgM anti-
glycan immunoglobulins show glycan binding irrespective of

peptide motifs demonstrating dependence on both glycan and
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protein interactions depending on the antibody isotype (104-

107) .

Despite there being over 1000 AGAs discovered to date, only
247 glycan epitopes can be recognised through immunogenic means
due to high cross-reactivity of AGAs for multiple glycan antigens
(108). Finding selective AGA-glycan binding 1is therefore
important in obtaining clinically relevant immunogenic glycan
detection. Tumor-associated carbohydrates, such as the sLe¥,
Thomsen-nouvelle (Tn) antigen, sTn, and the TF antigen, have
been particularly targeted for AGA development as promising
biomarkers of disease (58,109-115). There is also a significant
number of AGAs for ABH blood group antigens, Lewis antigens and
glycolipids i.e. CA19-9 (sLea), CA1l5-3 and CA125 (116-119).
Amongst these are several clinically available assays, clinical
trials for implementation and application to therapeutic use in
cancer vaccines as seen with CA19-9 and its conjugation to

keyhole limpet hemocyanin (119,120).

Despite considerable efforts, many current AGAs still lack
high affinity for their target glycans and have broad specificity
whereby families of structurally related glycans, rather than a
single distinct glycan structure are recognised. Furthermore,
considering the breadth of the glycoproteome, only a narrow set

of glycans are currently targeted by AGAs.
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1.3.2 Lectins

The superfamily of lectins represents a large class of
glycan-binding proteins (GBP) and are found amongst all species
class including bacteria, wviruses, plants and animals. On
discovery of the first 1lectin in 1887 the nature of the
interaction was presumed immunogenic on observation of jack-bean
haemagglutinin reaction with erythrocytes (121-123). These
interactions are now known to be neither immunogenic or catalytic
but may reversibly bind carbohydrates. Furthermore, lectin-
carbohydrate interaction has demonstrated indispensable
importance 1in a host of biological activities, including
bacterial adhesion (124), tumorigenesis (125), inflammatory

response (126), infection (127) and foetal development (128).

Dependent on carbohydrate-binding domain (CBD) sequence and
origin, lectins are split into the 6 sub-classes: C-type, P-
type, R-type, L-type, I-type and galectins. Of these, the L-type
lectins have been extensively used in lectin based glycan assays
imparted by their high concentrations in readily available
legume seeds (1). Despite comprehensive use in glycan research
and similar to application problems of AGAs, lectins suffer from
weak affinities to saccharide ligands typically with Kp in the
mM range whilst also cross-reactivity between individual
saccharides. Similar to AGA, this is due to monovalency and

nature of interaction sites with CBPs usually exhibiting shallow
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grooves allowing heterogeneity in ligand binding. This may be
circumvented in the oligomerisation of lectin binding pockets

producing large multivalent binding sites (129-132).

Consistent with this similarity to AGA-carbohydrate
binding, lectin-carbohydrate interaction depends on a network of
hydrogen bonding, Van der Waals, CH-n and electrostatic
interactions (for charged saccharides such as sialic acid)
(133,134). An example of this multivalent bonding is shown in
Fig. 7 in the resolved crystal structure of the Platypodium
elegans lectin A in complex with trimannosidase saccharide
(135) . Strength of binding is influenced by 1length of
oligosaccharide, flexibility and solvation alongside
multivalency of interaction where monosaccharides show lower Kp

values than large glycans (133,136-138).

Interestingly, lectins can also exhibit conformational and
stereo selectivity as observed for the pertussis toxin lectin
preference of terminal o2-3 sialic acid glycans or the plant
lectins: Maackia Amurensis (MA) and Sambucus Nigra (SN) for o2-
3 or o2-6 linked sialic acid respectively (139,140) .
Additionally, anomeric selectivity is observed amongst some C-
type lectins with Ca' ions co-ordinating hydrogen bonding
differentiating axial or equatorial anomeric hydroxyl groups,
whilst others such as L-arabinose binding protein (ABP) 1is

selective for both o and B isomers of arabinose (133,141,142).
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Despite relatively weak binding, high selectivity of lectins for
differentiating saccharide units, linkage and anomeric
configurations is highly desirable in assay development and has
found application in various research and diagnostic

technologies (143-145).

Fig. 7: (Left) crystal structure of‘él elegans Lectin A complexed
with trisaccharide (PDB 1ID: 3ZYR, 1image generated in PyMOL,
version 2.0). (Right) network of bonds between trisaccharide and
binding pocket. Green lines represent hydrogen bonding, curved

lines represent Van der Waals contacts. [image taken from (135)].

To date, numerous lectin based assays for ©probing
glycoprofile have been developed including lectin-affinity
chromatography, western blotting, lectin-probed flow cytometry,
enzyme-linked lectin assays (ELLA) and lectin microarrays (146-

151). Of these, lectin microarray platforms have significant
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economic advantage over AGA based platforms owing to the abundant
library of readily available lectins —capable of rapid
glycoprofiling the Dbiomaterial (152). Application of this
technology to cancer diagnostics in particular has revealed a
multitude of promising new biomarkers but has not yet found
extensive use in the clinical laboratory (153-158) .
Unfortunately, consistent with all antibodies, lectins suffer
from the same susceptibility to degradation from environmental

factors such as heat or pH.

Additionally, while ELLAs can ©provide quantitative
measurements of a narrow glycoprofile, they fail to capture the
broad changes in glycan expression. With specific glycan changes
recognised in tumour states i.e. increased core fucosylation or
O-GlcNAcylation, as correlated with increased metastasis or
proliferation through metabolic reprogramming respectively
(159,160); screening for isolated glycan changes as produced by
ELLAs fail would fail to derive a full image of tumour
progression with only a small number of glycan changes
quantified. Contrarily, screening for broad changes to the
glycoprofile might reveal structures 1isolated to Dbenign,
aggressive, or metastatic outcomes thus providing wvaluable
prognostic data. Conversely to ELLAs, lectin microarrays typical
provide qualitative data on glycans giving an essential

‘snapshot’ of cellular changes but lacking crucial information
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on extent of change. This provides prognostic wvalue 1in the
variety of glycans at the expense of quantitative data.
Nevertheless, both AGAs and lectins have been indispensable in
glycoprofiling but clearly, new approaches are needed to expand
our range of glycan binding compounds with higher affinity,

selectivity, and stability.

1.3.3 Boronic acids

The design of new glycan sensing probes is dependent on
compounds that can successfully and strongly interact with
saccharides; more-so than AGAs and lectins whilst Dbeing
economically viable i.e. cheap, stable, abundant etc. Boronic
acids (BA) have diverted attention in recent decades by virtue
of their ability to covalently and reversibly bind saccharides
through recognition of 1,2 or 1,3 cis diols forming 5 or 6
membered cyclic esters respectively (Fig. 8) (161). Individually
and at neutral pH, BAs show relatively weak association constants
(Keq) to saccharides such as glucose (Keg= 4.6 M71l). However, on
increasing multivalency of interaction i.e. addition of multiple
BA groups, binding increases significantly (Keq up to 19000 M™1)
as demonstrated by various research groups (161-166). The
stability and adaptability of BAs undoubtedly makes them a viable
candidate for glycan sensing probes however, further conditions

must be met to attain a feasible glycan selective platform.
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Fig. 8: Fructose recognition by PBA in (a) pyranose configuration
forming 1,2 diol bond and (b) furanose configuration forming 1,3

diol bond (167).

The esterification of BA to diols while covalent, 1is a
reversible and dynamic process observed to be dependent on pH.
Acting as a Lewis acid, BA accepts electrons from a base forming
an equilibrium between a hybridised sp? trigonal planar to an sp3
tetrahedral boronate anion configuration (Fig. 9) (168,169). At
lower pH, this equilibrium favours the former configuration
while at higher pH it favours the latter. The tetrahedral
configuration has demonstrated increased reactivity with diols
thought to arise from proton transfer and hydroxide displacement
within the coordinated boron (170). The consequence of this is

requirement of BA sensors to operate at a pH above the pKa of BA
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species therefore limiting its potential in clinical diagnostics

that usually require settings at physiologically relevant pH.
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Fig. 9: Transition between trigonal and tetrahedral

configuration of PBA with diol binding. [adapted from (171)]

The inclusion of functional groups proximal to the BA group
has been shown to alter the pKa of the compound allowing for
application of more useful pH ranges with BA sensors. Given the
pKa of phenylboronic acid (PBA) is 8.7, pushing the equilibrium
towards the tetrahedral —configuration would require pH
conditions damaging to fragile glycoprotein biomarkers. The
development of Dbenzoboroxoles (BBA) bypassed this problem

whereby the incorporation of the boron into a 5 membered
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oxoborole ring displayed a pKa around 7.3, significantly closer
to physiological pH than PBA. This is believed to arise from
relief of ring strain upon the BA on ionisation into its

tetrahedral configuration (172,173).

Similarly, the Wulff-type BAs contain a proximal amino
group that forms intramolecularly co-ordinated complex between
boron and amine by acting as a Lewis base thereby facilitating
a reduction in pKa (174-176). Alternatively, addition of an
electron withdrawing group to the PBA such as sulfonyl or
carbonyl groups increases Lewis acidity of the BA acting to
decrease the pKa (177-179) (Fig. 10). In developing clinically
relevant BA based sensors, manipulation of +the chemical
environment collectively with the multivalency of the BA-glycan

interaction could provide the necessary foundation for sensor

> A
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design.

0]

(a) PBA (b) Benzoboroxole
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(c) Carbonyl (d) Wulff-type (e) Sulfonyl
PBA PBA PBA

Fig. 10: Various chemical modifications made to PBA, altering

the optimum binding pH of the BA-diol interaction.
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1.3.4 Boronic acids in carbohydrate sensing technology

The versatility of BA as a sensing moiety has seen numerous
probes developed ranging from histopathological stains for the
anionic compound peroxynitrite to glucose sensitive/ insulin
releasing micelles (180-182). Aside from sensing application, BA
has seen use in pharmaceuticals being a key component in the
drug bortexomib used in treatment of multiple myeloma (183).
Furthermore, its chemical stability and adaptability has allowed
a variety of additional chemical modifications supporting its
use on a range of substrates making it of particular interest in

glycoprofling research.

As an additional benefit of PBA in biosensor design, BA can
be used to modulate fluorescence in chemically grafted
fluorophores provided there is an nearby electron donor such as
an amine group (165,184). This modulation of fluorescence was
originally explained through photoelectron transfer (PET) with
BA esterification driving reduction in pKa thereby inducing PET
between amine and fluorophore (165). More recently, Sun et al
(2018) have proposed fluorescence occurs independent of amine-
BA dative bond which is instead suggested solvent inserted in
protic media. It 1is suggested fluorescence occurs through
suppression of internal conversion on saccharide binding through
removal of BA hydroxyl vibrational states referred to as ‘loose

bolt effect’. In essence, the fluorophore acts as the energy
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donor while hydroxyl groups of the B(OH)3  anion being in a high
frequency vibrational state absorb this energy thus quenching
fluorescence. Binding to saccharide sees suppression of this

internal conversion thereby modulating fluorescence (185).

For mono-boronic acid (mBA) sensor designs, saccharide
binding across a range of pH produced measurable fluorescence
showing equivalent fructose and glucose binding (186). This
research was expanded to 1include a di-boronic acid (dBA)
connected to an anthracene fluorophore that showed selectivity
for D-glucose. This was confirmed by !H NMR and mass spectroscopy
to hold a 1:1 binding ratio between glucose and anthracene-dBA
(Fig. 11) while fructose was in 2:1 ratio (187). On swapping the
anthracene fluorophore for 1,1’ -binapthyl, chiral discrimination
of saccharides was also observed for D and L enantiomers of
common monosaccharides (188). The impact of spatial modulation
of BA moieties has on saccharide selectivity was later explored
by Phillips and James (2004) who showed both fluorophore and
linker modulate saccharide selectivity in PBA binding compounds

(1e5) .
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Fig.1l1l: Glucose binding of dBA connected via anthracene

fluorophore showing 1:1 binding as resolved by !'H NMR and mass

spectroscopy [taken from (187)].

It is observed then that while basic saccharide binding is
dependent on the immediate BA moiety, selectivity is dependent
on chemical adjuncts that can modulate spatial configuration of
multiple BAs. Immobilisation of BA to a solid substrate can
therefore provide a scaffold to induce this selectivity,
foregoing ‘designer BAs’ in place for molecular imprinting of
saccharides. Using modified poly(glycidyl methacrylate)
microbeads, Wei et al (2016) recently developed a fluorescent
sensor for glycated horseradish peroxidase (HRP) through
imprinting a BA-HRP complex with aniline (189). While this only

discriminated glycated from non-glycated glycoproteins, Jiang et
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al (2019) later developed a less sensitive but more specific co-
polymerised BA/ dopamine silica nanoparticle selective for HRP
over other glycoproteins (190) . Similarly, glycoprotein
isolation  has been achieved with BA capped magnetic
nanoparticles in various groups. While this 1lacks direct
quantification parameters, extraction of glycans or
monosaccharides could be used as an enrichment step in saccharide

characterisation (191,192).

The importance of steric placement of BA coordinated with
saccharide is further shown by Zhou et al (2019) in sialic acid
imprinted BA sensor on a carbon cloth electrode. Despite the
lack of dimprinting monomer, coordinating BA polymerisation
through complexation with sialic acid produced a remarkably
sensitive (LOD 0.5 uM) sensor even 1n presence of other
monosaccharides (193). Additionally, chiral discrimination of
monosaccharide enantiomers has been produced on Au nanoparticles
and cross—-linked micelles further highlighting the potential

sensitivity of this technology (194,195).

Diverging from imprinting, simpler BA sensor designs have
also provided selectivity for carbohydrates. The use of bis-BA
immobilised on solid Au substrate showed increased affinity for
glucose over other monosaccharides consistent with the early
research of James et al (1994) (196). By increasing the BA

content further, affinity for oligosaccharides can be induced
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over monosaccharides as demonstrated by BA capped silver
nanoparticles that display enhanced binding of the large

polysaccharide dextran over glucose (197).

Alternatively, application of BAs to drug delivery systems
has yielded novel approaches to treatment of diseases such as
diabetes, cancer and infection. The development of glucose
responsive insulin releasing structures has gained particular
notoriety seeing numerous micellar and hydrogel polymers
developed. For example, Jun Loh et al (2012) used the competitive
binding of glucose to BA imbedded in micelles to disrupt
structural integrity of the micelle allowing release of insulin
(198) . Comparatively, another system used the charge response of
PBA to glucose Dbinding to induce volumetric changes in
amphiphilic gels thereby supporting timed diffusion of
encapsulated insulin (199). Additionally, BA mediated cellular
coordination shows potential in cancer treatment with several
studies using PBA to modulate delivery of small interfering RNA
(siRNA) . In this, tumour cell sialic acid recognition by polymer
bead displayed PBA moieties enables improved cellular uptake of
SiRNA consequently increasing siRNA dose received (200). More
recently, a novel cholesterol modified siRNA delivery system was
developed using the competitive binding of PBA between siRNA
ribose and ATP thereby prompting timed release on delivery to

cell cytoplasm (201).
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The versatility of BAs has been extensively demonstrated by
researchers 1in numerous fields showing potential as both a
diagnostic and therapeutic agent. Of particular interest in this
research is its value in diagnostics being verifiably capable of
selectively differentiating saccharides and potentially glycan
structures. As Dbriefly discussed, this selectivity must be
modulated Dby spatial arrangements being dependent on the
immobilisation of BA units complimentary to saccharide hydroxyl
groups. The self-arrangement of molecules on a substrate dubbed
‘molecular self-assembly’ is a phenomenon that may provide the
naturally forming architecture to produce such complimentary
shapes. By foregoing the designer BA based sensors such as those
presented by Phillips and James (2004), larger more complex
saccharide structures naturally forming their own BA templates
in a system of self-assembly might produce a more elegant and

sensitive sensor design.

1.4 Nanotechnology: self-assembled monolayers

Self-assembly describes the autonomous process of a
disordered system arranging to form an ordered system dependent
on internal components without manipulation. This is observed in
many facets of nature seen at the nanoscale i.e. crystallisation
and biological process such as the formation of phospholipid
cell membranes (202,203). While the description of self-assembly

remains broad, being also used to describe macro and mesoscopic
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systems such as weather patterns and living processes, in the
context of diagnostic development, it is molecular self-assembly
that presents significant opportunity (204). In particular,
intermolecular self-assembly, seeing spontaneous arrangement of
molecules 1into supramolecular patterns provides a means of
nanoscale manipulation. Thus, by observing transient
interactions between chemical groups, nanostructures formed
through resulting self-assembly can be predicted with examples
provided 1in Fig. 12. Aside from hierarchal Dbuilding of
nanostructures, this process also informs formation of self-
assembled monolayers on a molecule on a solid substrate. This
enables molecular customisation of a surface providing the
foundation layer for molecular imprinting and will be discussed
in the following sub sections and used to inform our own

biosensor design (202).
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(a)

Fig. 12: Example of nano and microscale self-assembly. (a)
Peptide-amphiphile nanofiber formed through pH dependent self-
assembly of chemical structure shown Ieft [Image from (205)] (b)
Self-assembly of =10 pm sized metal plates into 3-dimensional
aggregates by capillary forces dependent on plate surface

functionalisation (scale bar pM) [Image from (206) ]

1.4.1 Self-assembled monolayers

Taking inspiration from antibody-antigen interactions, in
designing novel diagnostic sensors self-assembly can be used to
build chemical scaffolds around a ligand producing a ‘molecular
imprint’ (MIP). Naturally, the first step in building a structure
is preparation of the foundations achieved through formation of

a self-assembled monolayer (SAM).

The assembly of a well organised SAM is firstly dependent

on spontaneous adsorption of a surfactant to a suitable solid
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substrate. Ideally, this interaction should be non-covalent
allowing a metastable organisation such that any inappropriate
monomer arrangement can synchronise with the monolayer structure
(202) . Inorganic surfaces typically used for functionalisation
include Au, Ag, Ti and silicon owing to their ease of surface
characterisation and intrinsic properties i.e. Dbiological
compatibility of Au films (207-209). Alternatively, polymeric
substrates such as poly(vinyl) alcohol (PVA) or polyethylene
have biomedical applications where mechanical flexibility is

required (210).

SAM monomer selection determines both the organisation on
the substrate and functionalisation imbued at the surface and
can be split into three distinct groups (Fig. 13). At the head
group, substrate interaction occurs determining rate of
association and orientation of monomer. The backbone forms the
joining (typically aliphatic) carbon chain actuating molecular
order 1i.e. density of the layer, while the terminal group
presents the physiochemical properties (211). This directly
changes certain parameters of the surface such as wettability
and may also provide functional groups for further modification

i.e. attachment of IgG (207).

44



Fig. 13: Representation of basic SAM structure. (a) Head group
associates with substrate. (b) Backbone forms lateral
interactions regulating surface packing and organisation. (c)
Terminal group modifying surface properties i.e. NHz, COOH, CCH,

biotin etc.

1.4.2 Alkanethiol SAMs on Au substrates

Considered one of the most important SAMs, alkanethiols
have seen extensive research in recent years imparted by their
stability and ease of preparation. While a number of metal
substrates such as Cu, Ag and Pd have been used, Au substrates
remain a more popular choice given the strong binding between
Au-S (~160 kJ/mol) and Au surfaces being agreeably inert (212).
Furthermore, the thiol-Au bond does not require chemically pure
surface being strong enough to displace contaminants. Modulation
of surface packing and functionalisation is achieved through

backbone length and chemical groups allowing for a controllable
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layer well suited to functionalisation/ modification and

biomolecule immobilisation (213).

Both disulphides (R-S-S-R) and thiol (HS-R) adsorb strongly
to Au however the nature of the event remains controversial. It
is generally agreed that S-Au bonding occurs over two steps:
rapid physiosorption of SAM compound to Au surface then slower
chemisorption of S-Au bond formation (214) (Fig. 14). During
physiosorption SAM backbone groups form interactions with Au
surface via Van de Waals interaction thus rapidly producing a
‘lying down’ arrangement of monomers. With increasing surface
coverage, SAM compounds transition from lying down to
perpendicular ‘standing up’ arrangement while forming a covalent
bond between Au-thiol species (215,216). Experimental scanning
tunnelling microscopy (STM) evidence suggests however a more
dynamic process seeing creation of a 2D AuS phase with Au lattice
restructuring on thiol adsorption (217). This is contrary to X-
ray photoelectron spectroscopy (XPS) and STM data provided by
Lusteinberg et al (2008) who observe only small surface
restructuring with no AuS phase but populations of mono and
polymeric thiol species i.e. trimer and tetramers, chemisorbed

to Au (218)
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Fig. 14: Stages of alkanethiol organisation on Au. (a) Rapid
physiosorption of SAM compound to surface through backbone
groups. (b) Slower chemisorption of sulphur resulting in
covalent Au-S bond. (c) gradual organisation of SAM
transitioning from parallel to perpendicular orientation with

dense packing of SAM compound.

Alternatively, disulphides also readily form organised SAMs
through formation of two thiolate Dbonds. Unlike thiol
chemisorption however the transition from lying down to standing
up phase 1is sterically hindered. It has Dbeen suggested that
disulphides break into separate thiol species favouring the S-
Au bond. Contradictorily, oxidation of thiol groups thus forming

disulphides at the Au interface has been observed at surface
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defect boundaries being implied as a causative agent in SAM
degradation (215,219) . While disulphides ©provide several
advantages over thiols for SAMs, notably, chemical stability,
requiring no protecting groups during synthetic procedures and
a resistance to oxidation, they additionally suffer from slow
SAM formation time (220). Inclusion of thiol species as both
head and terminal group (dithiol) has additionally been explored
however ‘biting-back’ of the terminal thiol to the Au substrate
presents a structural problem. Nonetheless, dithiol SAMs can
form ordered SAMs with Millone et al (2009) suggesting a hydrogen
exchange between free dithiol and chemisorbed dithiol. This
enables liberation of one end of surface dithiol simultaneously
chemisorbing the free dithiol thus producing typical substrate
bound and free thiol groups at opposing terminus of the SAM

monomer.

1.4.3 SAM surface defects

While initial surface adsorption occurs within minutes,
formation of stable well-ordered monolayers may take several
hours depending on SAM structure. Longer alkane chains are
observed to adopt a crystalline like assembly with chains tilted
30-40° more rapidly than shorter counterparts (215,221). If a
densely packed monolayer is required, the use of longer chain

alkanethiols is preferred. However, all SAMs in practise suffer

48



from a number of defects. Common defects are shown in fig. 15
including: (a) pinhole defects, (b) chemical defects, (c) domain

defects and (d) wvacancy islands.

Notwithstanding favourable surface coverage by long chain
alkanethiols, all surfaces will present missing monomers in the
monolayer called pinhole defects (Fig. 15a). These pinholes
under STM also appear pronounced in instances of monomer collapse
or gauche defects interrupting SAM organisation (Fig. 15b)
(222,223) . 1Interestingly, Chen et al (2017) found alkane
backbone lengths 2Cs; / <Co form a gauche defect dominated SAM in
a liquid like state with quantity of defects reducing in longer
alkanethiols (224). Larger surface anomalies occur under gradual
growth of SAMs observed as domain defects (Fig. 15c). These arise
during initial SAM nucleation with SAM monomers coalescing at
domain interfaces. Naturally as surface coverage increases
structural mismatching is observed where interfaces meet with
heterogenous orientations. Vacancy islands unlike other defects
mentioned, are not true SAM defects instead arising from Au
remodelling on thiol adsorption. These present as mono oOr
diatomic dips in the monolayer caused by local removal of Au
possibly to solution and see increased occurrence with high

concentrations of thiols (218,222).
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Fig. 15: Four common SAM defects (a) pinhole defects, (b)

Chemical defects, (c) domain boundaries, (d) vacancy islands.

As noted, SAM organisation is significantly affected by
chemical composition of the backbone, hence also impact surface
defects. Increasing backbone length (minimum 2Cg) with simple
alkane thiols provides well organised/ densely packed surface
structure owing to increased chain flexibility and Van de Waals

between alkane chains (225).

Contrarily, in short chain alkanethiols (2C3) lower packing
density has been observed as calculated from a modified Young-
Dupre equation from contact angle analysis. With this Chen et al

(2017) suggest that short alkanethiol SAMs only pseudoform as
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implied by calculated surface entropy due to lack of inter-
monomer interactions and/ or inductive effects caused by
proximity of surface to the thiol-Au bond (224). Furthermore,
odd/ even carbon number has shown pronounced effect on SAM
orientation where odd numbered alkanes displayed increased tilt
coinciding with fewer gauche defects and decreased sensitivity

to temperature (226).

1.4.4 Multi-component SAMs

As a modification to typical homogenous SAM design,
multicomponent SAMs have a number of benefits and have become
archetypal in biosensor design through SAM formation. As a common
monomer inclusion, ethylene glycol terminated thiols used in
solution with a functional thiol imparts dual function to a
surface: a group capable of immobilisation and an anti-fouling
layer resisting non-specific protein adsorption (227). By
spacing functional monomers, steric hinderance in immobilisation
of external groups 1s additionally minimised while also
modifying wettability of the surface. In doing so, biomolecule
immobilisation yield can be increased thus improving sensor
sensitivity (228). This is exemplified in a ConA lectin sensing
interface using immobilised maltoside developed by Sato et al
(2014) . In this significantly improved binding was observed only

on 1inclusion of OH-terminated alkanethiols >Cs. On reducing
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surface coverage of maltoside from 100% to 10% and modulation of
spacer length, a multivalent recognition site for ConA was
developed as opposed to the more rigid and homogenous maltoside

monolayer (Fig. 16) (229).
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Fig. 16: ConA sensor design using mixed alkanethiol SAM. (a) SAM
design showing maltoside terminated (functional) monomers with
ConA capture efficiency at low and high maltoside monomer
concentration (b) SPR response curve of 1 pM ConA binding against
varying surface concentrations of maltoside terminated SAM. (c)
SPR binding response displaying varying spacer alkane chain
length with 5 pM ConA binding comparing 10% maltoside terminated

SAM (blue) with 0% maltoside SAM (red). [image taken from (229)]
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Further consideration must be given to solvent selection
and relative size and chemical composition of each included
monomer in the multi-component SAM. Selection of incompatibly
sized units or with opposing chemical groups has shown domain
segregation at the surface nullifying attempts at producing
binding pockets while increasing potential surface defects
(230) . Equally, backbone length as discussed affects adsorption
hence, competitive adsorption from a mixed monomer solution will
be unsymmetrical generating uncertainty in the ratio of surface
presented groups (231). Finally, solvent selection must be
attuned with chemical composition of SAM monomers with several
studies observing more densely packed alkanethiol structures in
water/ ethanol systems including suggestions to the monomer
solubility and hydrophobicity as a driving force of phase

segregation alongside SAM monomer composition (228,231,232).

1.4.5 Monolayer functionalisation

In considering each element of SAM design to deliver an
optimised densely packed and well organised monolayer, the stage
is being set for a «critical step in biosensor design:
functionalisation of the surface, thus producing a practical use
to the surface. Over the years a multitude of various surface
reactions have Dbeen researched however, 1in bicassay design

fragile Dbiomolecules require more gentle immobilisation
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techniques than typically available synthetic routes. This leads
to two possible design paths: (1) use of biocompatible reaction
or (2) pre-synthesis of the whole recognition monomer (the latter
being far less frequently used given complex synthesis and
purification methods). Several of these will Dbe discussed
further in the following chapters with emphasis given to the

Cu(I) catalysed azide-alkyne cycloaddition (CuAAC).

While a multitude of surface reactions have been used in
SAM functionalisation, there are several that have attracted
considerable attention due to their ease of use and suitability
for use with biomolecules such as DNA and proteins. Two such
reactions, the Michael addition and thiolene reaction (Fig. 17a,
Fig. 17b) are of particular interest given both make use of
sulphur containing reactions hence could use a double sided
alkanethiol, potentially reducing chance of improper surface
association of the SAM monomers. These reactions also proceed
rapidly with high yields and at neutral pH thus making them
highly desirable reactions in biosensor design (233,234). This
has been demonstrated across a number of maleimide-S reaction-
based surface immobilisations of peptides, carbohydrates and DNA
(235-238), while thiolene has been used in Dbiotin and DNA
immobilisation 1in microfluidic devices (239,240)and in both

protein (241) and carbohydrate (242) based immunoassays.
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Fig. 17: (a) Michael addition. (b) Thiolene reaction. (c) Diels-

Alder reaction (233,243).

Despite agreeable suitability, use of these reactions is
limited by natural abundance of cysteine residues 1in some
proteins potentially adding non-specific adsorption or improper
orientation to immobilised ligands. Furthermore, monomer design
with thiols at each terminus would require a rigid chemical
structure i.e. phenyl ring to prevent chemical SAM defects with
adsorption at both ends of the SAM. Dense packing of the SAM may
also be interrupted by bulky terminal groups such as maleimide

while wuse of radical initiators 1in thiolene reaction has
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potential to introduce surface contaminants or damage to

monolayer itself.

Alternatively, the Diels-Alder reaction (Fig. 17c) as
introduced for surface reactions by Yousaf and Mrksich (1999) is
a catalyst free rapid cycloaddition reaction between conjugated
diene and dienophile 1i.e. alkene or alkyne (244). Being
kinetically favourable, this reaction produces good yields even
at low concentrations of reactants which, being coupled with its
use in aqueous media makes this reaction highly compatible with
biomolecules. This reaction has seen extensive use in peptide
and protein immobilisation given reactivity can be imparted to
nucleophilic side chains of amino acids: 1lysine, serine,
threonine and tyrosine or through hexadienyl or maleimide
conjugation (245). Whilst an excellent reaction for proteins and
various chemical compounds, cross-reactivity can still occur as
observed by Hammer et al (2014) who observed Michael additions
between nucleophilic amino acids and maleimide commonly used in
Diels-alder reactions (240) . Furthermore, suitability to
carbohydrate ligands is limited given the lack of reactive dienes
on saccharides hence requiring complex further modification such
as produced by Sun et al (2006) who used a Diels-Alder reaction
to functionalise a surface before carbohydrate immobilisation

via CulAAC reaction (247).
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1.4.6 Cu(I)-catalysed azide-alkyne cycloaddition

Since Huisgen Dbegan his descriptions of 1,3 dipolar
cycloadditions in 1963 much attention has been given to this set
of reactions but none so much as from 2002 with the addition of
a copper(I) catalyst introduced by Rostovtsev et al (2002)
(248,249). In the addition of a Cu(I) catalyst, increased
reaction rates and regioselectivity are imbued to alkyne-azide
reactions yielding almost exclusively 1,4 disubstituted
triazoles, a far more favourable regioisomer for surface
chemistry compared to 1,5 disubstituted triazole counterpart
(250) (Fig. 18a). The accepted reaction progression is shown in

Fig. 18b.
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Fig. 18: (a) Reaction of alkyne and azide producing 1,4-

disubstituted and 1,5-disubstituted triazoles respectively. (b)

currently accepted CuBAAC reaction scheme (251).

As proposed by Rostovstev et al (2002), the Cu(I) forms
acetylide intermediates with alkyne species (249). This was
later expanded by Worrell et al (2013) who used heat-flow
calorimetry and isotopically enriched Cu® in time-of-flight mass

spectroscopy (TOF-MS) to study the reaction. From this, it was
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proposed a second n-bound Cu was recruited to the complex (252).
More recent computational DFT studies have confirmed the
reaction progresses through enhanced nucleophilicity of Cu-
acetylides enabling a transition from non-polar one step
synthesis (uncatalyzed) to polar multi-step synthesis (Cu
catalysed) (253). As shown in fig. 18b, the reaction starts with
formation of Cu(I) acetylides through the alkyne which then
associates with an azide species. A six-membered ring
intermediate is then produced from f-carbon of alkyne-Cu(I)-
acetylide and terminal nitrogen of the azide. The prototype
triazole 1is then formed through reductive elimination of one
Cu(I) Dbefore protonation of the final Cu(I) species thereby
regenerating it for further reaction thus closing the cycle

(253,254) .

In achieving rapid reaction rates in aqueous media and
lacking common biological ligands i.e. amino acid side chains,
the CuAAC reaction has particularly high potential in
biomolecule immobilisation. This is further emphasised in its
application in neutral pH solvent systems and at ambient
temperature thus  Thas found widespread use in surface
functionalisation. Significant amounts of research has been
attributed to immobilisation of both alkyne or azide with varying
degrees of success. An early study produced by Rohde et al (2006)

adsorbing alkyne terminated SAM to silicon(l1l1l) surface with
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CuAAC attachment of benzogquinone to the surface produced only 7%
surface coverage. Successful CuAAC reaction was dominated at
silicon step edges suggesting steric hinderance of the reaction
preventing layer growth (Fig. 19a) (255). Surface coverage was
markedly improved by Ciampi et al (2007) who saw 80& and 76%
coverage for short azidoalkane and phenylazide compounds
respectively via CuBAAC reaction on alkyne terminated SAMs (Fig.
19b) . Steric hinderance at the alkyne layer again was suggested
to prevent CuAAC progression with mixed SAMs proposed to

circumvent this issue (256).
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Fig. 19: Examples of CuAAC clicked SAMs (a) Short alkyne SAM
with large azido ligand producing 7% yield (255). (b) Long alkyne
with wvarying azido ligand size producing 80% and 76% yield
respectively (256). (c) Long alkyne SAM with large ferrocene

azido ligand with 20% yield (257).
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Alternatively, several studies have used azide terminated
monolayers and report higher yielding CuAAC surface reactions
compared to similarly run alkyne terminated SAMs. A study
produced by Chelmowski et al (2009) comparing alkyne Vs. azido
terminated SAMs on Au (Fig. 19c) observed poor yields for CuAAC
reaction between surface alkyne and solution azidoferrocene even
with inclusion of up 90% mercaptoundecanol spacer monomer.
Conversely, azido terminated SAMs produced significantly more
ferrocene surface coverage further suggesting steric constraints
of alkyne units can reduce CuAAC reaction rates. However, it
should also be considered the size of the ferrocene ligand in
this study ©potentially producing steric hinderance thus
explaining conflicting results between alkyne terminated SAMs
(257) . Despite the steric constraints of alkyne functional SAMs,
photolytic degradation of azide moieties has been reported
elsewhere for peptidic alkyl azides at ambient laboratory light
and temperature suggesting potential instability of this surface

design (258).

The CuAAC reaction has become ubiquitous with
bioconjugation 1n recent vyears as reviewed excellently by
Pickens et al (2018). Extensive use has been sought in cell
labelling, drug discovery and antibody/ protein conjugation
emphasising the critical importance of this reaction in the

biomedical industry (259). Amongst these, it’s utility in SAMs
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has not gone unnoticed with a number of studies using CuAAC
reaction to immobilise bioclogically significant compounds to a
substrate providing a new generation of potential biosensors.
These have included peptide terminated surfaces for stem cell
recognition (260), DNA and drug presenting surfaces (261) and

molecularly imprinted polymers for cancer diagnostics (262).

1.4.7 Molecular imprinting & artificial antibodies

If we reconsider the work of Sato et al (2012) as discussed
in section 1.4.4 in producing a sensor for the lectin ConA, only
on expression of multivalent interactions was the surface able
to bind ConA. Likewise, in nature immunogenic interactions rely
on a network of weak bonds working in synchronisation to deliver
a strong association between antibody and ligand. Subsequently,
biomimetic platforms wusing short oligonucleotide or peptide
sequences (aptamers) or molecular imprinting rely on similar
weak interaction networks. In producing this mesh of multivalent
bonds, antibody-like 1ligand recognition can be designed and
modulated offering stable and cheap alternatives to immunogenic

detection.
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Fig. 20: Typical MIP polymerisation scheme. (a) Functional
monomer and template molecule bonding. (b) Polymerisation of
cross-linker monomer immobilising template molecule in matrix
via functional monomers. (c) Binding cavity formed around
template molecule by cross-linker with functional monomers
complimentary to reactive groups. (d) Washing and removal of
template molecule revealing empty functionalised binding cavity

specific for template molecule.
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Aptamers are formed from specific oligonucleotide or
peptide sequences that hold high affinity and selectivity for
target 1ligands and hold several advantages over Dbiological
antibodies, not dissimilar to molecular imprinting. Notably, the
synthetic nature and ability to chemically modify sequences
allow incorporation of functional moieties such as fluorophores
(263). Referring specifically to oligonucleotide aptamers,
synthesis requires enrichment of high affinity sequences from
random DNA or RNA pools on exposure to target ligand through the
process: systemic evolution of ligands by exponential enrichment
(SELEX) (264). As each nucleotide sequence adopts specific
conformations that enable ligand binding through various forces
i.e. Van Der Waals, hydrogen bonding and electrostatic or
hydrophobic interaction, only high affinity structures are
captured on the target ligand allowing isolation (265).
Inclusion of primers at each strand end allow amplification
through polymerase chain reaction (PCR) thus producing a smaller
library of high affinity sequences. Affinity determination and
strand modification allows for identification of Thighly
selective sequences for specific analytes as produced for small

molecules, proteins and whole cells (266,267).

Alternatively, peptide aptamers are formed of short amino
acid loops constrained within an inert scaffold protein i.e.

inserted within catalytic domain of thioredoxin A (TrxA) thus
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inactivating catalytic function (268). These function similarly
to oligonucleotide aptamers using short conserved biomolecule
sequences providing structurally distinct and selective binding
domains. Synthesis of peptide aptamers typically relies on
dihybrid yeast expression systems using a strategy of coupling
target 1ligand and aptamer-scaffold to a DNA-binding yeast
transcription factor and Yeast transcriptional activator. Only
on conjoining these two factors will expression of a reporter
gene be induced hence, only on interaction between peptide
aptamer and target ligand will transcriptional factor be
activated which can be detected through expression of reporter

gene such as luciferase (269).

Once a suitable aptamer structure has been isolated and
amplified, advantages over antibodies Dbecomes abundant. The
short simple structures associated with aptamers can be easily
synthesised in bulk, hold higher stability, can be chemically
modified without detriment to ligand binding and can have
equivalent or improved dissociation constants to antibodies
(270,271) . A large library of aptamers have been developed
against a number of protein and small molecule targets including
PSA (272), dopamine (273) and several HIV expressed proteins
(274) . While fewer glycan targeting aptamers exist, charged
saccharide residues such as sialic acid has been marked for

development. High affinity RNA aptamers for sialic acid
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providing nanomolar dissociation constants were produced by Cho
et al (2013) using SELEX providing a promising cancer diagnostic
probe (275) . More recently, a DNA aptamer against N-
glycolylneuraminic acid, a type of sialic acid, was developed
into an immunochromatographic strip through conjugation of DNA
aptamer onto gold nanoparticles. Offering high potential as a
point of care device, these test strips produced semi-
quantitative detection as low as 30 ng/mL under visual inspection

reducing to 5.38 ng/mL with a scanning strip reader (276).

Aside from sialic acid, several aptamers have been
synthesised against glycan structures including fibrinogen (277)
and PSA (278). Directing aptamer selection against glycans is
a major challenge however where cross-reactivity with the
protein component of the glycoprotein is common. This was
overcome by Li et al (2008) with the incorporation of boronic
acid to direct aptamer selection towards the glycan moiety of
fibrinogen. While successful, the resulting aptamer showed
dependency on presence of boronic acid to induce high affinity
binding. To prevent reliance on chemical modification, Diaz-
Fernandez et al (2019) adopted a rigorous counter-SELEX approach
requiring challenging of the DNA 1library against both
glycosylated followed by non-glycosylated PSA producing a high

affinity anti-PSA glycan aptamer with Kp 177 * 65 nm.
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While promising, the application of aptamers to glycan
sensor development is inhibited by several key challenges. As
observed by Diaz-Fernandez et al (2019), the selective anti-PSA
glycan aptamer developed showed cross-reactivity to other
glycoproteins notably, lipocalin-2. While this was overcome
through incorporation of a sandwich aptamer assay targeting both
protein and glycan units, the homology between some glycan
structures may serve to reduce clinical specificity.
Furthermore, affinity without chemical modification was shown to
be lower than with additional chemical groups reflective of low
availability of interaction sites on glycan structures as
described by Li et al (2008). Nonetheless, overcoming these
challenges with advances in counter selection and multiplexing
of aptamer assays, this technology might offer a useful platform

for glycan sensing (134).

The 1in vitro production of artificial antibodies using
molecular 1imprinting was explored much earlier than aptamer
technology beginning in 1942 by Pauling and Campbell. Using
triphenylmethane methyl blue dye (TPMM) due as the ligand, the
proposed the denaturing of vy-bovine globulin and subsequent
refolding 1in presence of TPMM would allow complimentary
refolding (279). While successful in creating a unique synthetic
antiserum of non-immune origin, this process still suffered from

the usual ©protein associated drawbacks notably: fragile
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materials, complex production, time consuming and potentially
costly. Nonetheless, research continued in artificial antibodies
with some success around 1980 in producing wholly synthetic MIPs
(280,281). Building on this early research, recent attempts at
organically synthesising MIPs use a three-step approach. The
antigen (template molecule) is first bound to functional
monomers through either reversible, covalent or non-covalent
associations to provide reversible binding. A ‘binding pocket’
is then produced through co-polymerisation of a cross-linking
monomer  with functional monomer-antigen complex thereby
producing a polymer matrix. In the final step, template molecules
are removed via washing yielding a complimentary binding cavity

unique to the template molecule (Fig. 20) (282).

The benefits of using a polymer matrix include consistent
control over binding cavity specificity achieved through careful
choice o0of binding cavity functional group presentation. For
instance, modification of a dopamine imprinted styrene-
divinylbenzene (SdVB) polymer matrix with PBA and free sulphonic
acid group demonstrated binding 400 times higher than just SdVB
binding cavity alone (283). This research group later proceeded
to construct a 1lysozyme specific MIP with binding cavities
expressing various functional groups including amine, carboxyl
and sulphonate groups that modulate re-binding of lysozyme

(284) . More recently in 2019, a PSA glycan specific MIP using
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PBA groups to bind glycan structures was produced (Fig. 21).
Whilst lacking sensitivity as demonstrated in SPR response
curves, this 1imprint expressed selectivity against other
proteins. Selectivity was increased through a dynamic protection
method where post-imprinting, MIPs were exposed to PSA allowing
binding of PSA within the high PSA affinity MIP pockets.
Poly (ethylene) glycol (PEG) was then introduced to the MIP
reacting with remaining low affinity binding pockets thereby
capping them, preventing non-specific binding where the binding
pocket failed to properly form. With observed higher selectivity
of the capped MIP against non-capped MIPs this demonstrates
importance in avoiding over expression of functional groups on

a surface (285).
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Fig. 21: MIP specific for PSA glycan structures as produced by
Matsumoto et al (2019). SPR response (bottom) show specificity
induced only on capping the cavities that lack PBA functionality.
This was achieved through capping the MIP after incubation with
PSA providing competitive binding between PSA and capping

monomer. [image taken from (285)].

Attaining selectivity in MIPs has long been a challenge in
the transfer of this technology to the biomedical industry

particularly when using seemingly more flexible and functional
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targets such as proteins. Nonetheless, recent publications in
specific MIPs for CA-125 using a polypyrrole monomers to form
binding cavities have been produced while also this year, another
group published a carcinoembryonic antigen (CEA) specific MIP
that acted as a pre-concentration step before CEA antibody
binding and quantification via surface-enhanced Raman
spectroscopy (SERS) (286,287). Interestingly, neither MIP used
functionalised cavities instead relying on predominantly
hydrophobic protein-polypyrrole interaction and gallic acid
(monomer)- CEA hydrogen bonding respectively thereby only
producing conformationally selective MIPs. Furthermore, in light
of current research into glycans as potential biomarkers
(section 1.2.3), it is surprising neither MIP were

functionalised for glycan sensing.

Given the innocuously complex structural formations of
glycans, generating MIPs selective for carbohydrates should
provide a new set of challenges. One such challenge, the
differentiating between glycosaminoglycan species has recently
been explored by Zhang et al (2019) who produced MIP magnetic
nanoparticles specific for heparin disaccharide (288) .
Similarly, to the above discussed MIPs however, these
nanoparticles relied on a network of weak hydrogen bonds
generated through functional acrylate monomers further

emphasising the importance on provision of a multivalent mesh of
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bonding. Imprinting of another glycosaminoglycan, hyaluronic
acid (HA) was alternatively achieved through templating of the
monosaccharide glucuronic acid (GlA) against a benzamidine
bearing monomer which forms strong electrostatic interactions
with COOH groups of the saccharide (Fig. 22a) (289). This complex
was immobilised on glass beads via CuAAC reaction alongside a
fluorophore, thermoresponsive monomer and cross-linking reagent.
Despite only imprinting a monosaccharide unit of HA, comparative
HA staining to traditional HA stains was observed in human
keratinocytes (Fig. 22b) suggesting binding for the
oligosaccharide thus providing a simpler method for biosensor

design for complex glycan structures.
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Fig. 22: (a) CuAAC reaction for immobilisation of GlA after which
benzamidine, rhodamine B flurophore and cross-linking monomer
were polymerised around template yielding GlA binding cavity.
(b) G1lA-MIP stain (left) versus HA-binding protein stain on human

keratinocytes (scale bar 20 uM) [image taken from (289).

Alternatively, by utilising the stronger covalent Dbonds
provided by PBA, a MIP specific for the trisaccharide kanamycin
was produced by Zhang et al (2018) providing selectivity over
other similar glycoside antibiotics (290). Despite this, non-
specific binding was still present in MIPs with optimum binding
pPH surprisingly observed at pH 7.5. Being below the pKa of PBA

and favouring trigonal BA configuration, this might suggest the
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role of other interactions besides BA-diol esterification in
producing binding. Further attempts with PBA functionalised MIPs
have seen a unique glycoprotein imprinted polymer developed for
ovalbumin by Saeki et al (2019). Their approach wused dual
functional monomers including fluorinated PBA with lower pKa
value 1n conjunction with pyrrolidyl acrylate (PyA) as
functional monomers thereby producing covalent PBA-glycan
bonding with electrostatic interaction between PyA at the
protein (Fig. 23). Control of polymer thickness was found to
significantly impact MIP sensitivity to ovalbumin with
suggestion of keeping thickness roughly double that the target
glycoprotein (291). Consistent with this, Mitchel et al (2019)
found polymer thickness and concentration of PBA functional
groups determined both sensitivity and selectivity of the MIP to
target glycoprotein. Using atom transfer radical polymerisation
(ATRP), precise control over thickness was maintained during MIP
formation. From this, sensor performance was optimised to 1:10
ratio of template glycoprotein to PBA and ATRP polymerised for
60 minutes showing significantly better sensor performance than

at other PBA-template ratios and polymerisation time (292).
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Fig. 23: Scheme for production of BA and PyA functional MIPs

specific for ovalbumin. [image taken from (291)]

While the body of research on MIPs as diagnostic platforms
is substantial, the transfer of this technology to clinical
practise remains impeded. Long term stability and cost of
synthesis make imprinting a desirable technology however, low
sensitivity and specificity remains a major challenge in
improving on current immunogenic sensor platforms (293). As
discussed by Verheyen et al (2011), low reproducibility of
imprints is common with suggestion that a significant number of
published imprints do not withstand critical analysis (294).

These issues are confounded further in development of glycan-

75



based imprints imparted by lack of available interaction sites
compared with protein imprints. While careful selection of
functional monomers such as boronic acids can overcome this,
affinity is typically still within low millimolar range thus
sensitivity must be markedly improved to produce a clinically

relevant platform for glycan analysis (295).

Moving forward, a growing trend of inclusion of multivalent
functionality in MIP structures imbuing MIPs with far greater
sensitivity and selectivity is observed in recent publications.
However, it 1is apparent more robust and carefully controlled
methods are required to transfer this technology to biomarker
detection to enable highly reproducible and <clinically
appropriate platforms. Alongside the imprinting process, careful
choice of sensor technology will provide enhanced sensitivity.
The growing use of SPR technology as a detection method with
MIPs provides considerable benefits given the sensitivity of the
technique. When used in conjunction with BA and MIPs could
potentially provide a biosensor sufficiently sensitive to detect

the small changes in glycoproteome expression.
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1.5 Concluding remarks

Over the vyears, the role and prevalence of saccharide
structures and protein glycosylation has come to be understood
as an essential function both nutritionally and as regulatory
biomolecules. Application of ultrasensitive detection methods
such as mass spectroscopy and HPLC has begun to elucidate the
minutiae of these regulatory functions and has revealed a complex
picture of the glycoproteome. Aberration to the glycoproteome as
a marker of cellular malignancy is an important discovery arising
from these studies and has generated a new avenue for biomarker

discovery for a range of diseases.

Of particular interest, disruption to glycosylation in
cancer 1is a commonly observed trait and may uniquely provide
both diagnostic and prognostic data on tumours. For hard to
differentiate tumours such as BPH and aggressive PCa, this is a
highly desirable function currently impossible by current
techniques without invasive histopathological intervention. As
discussed however, techniques to characterise glycan structures
fail to usefully quantitate glycoproteome changes being reliant
on the weak interactions provided by AGA or lectins. Moreover,
these methods lack variety in glycans they can bind or lack
specificity thus reducing clinical application. Conversely,

sensitive physical methods of detection i.e. mass spectroscopy,
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HPLC etc. require expensive and impractical equipment setup

outside of specialist chemical laboratories.

In this review we have considered alternative routes of
glycan detection namely, BA esterification with saccharides and
their potential to be coupled with SAMs and molecular imprinting.
This field of research has attracted significant attention in
recent years given the commercial wviability of a cheap reusable
‘artificial antibody’” and has seen a number of diagnostic
applications produced. While wvarious recent publications has
attempted saccharide binding on MIPs, there is a distinct lack
of biosensors using BA moieties as a glycan binding functional
monomer despite the abundant evidence for its potential.
Furthermore, whilst various surface reactions have been explored
for biomolecule immobilisation, wvery few have used CuRAAC in
direct immobilisation of BA-saccharide complexes despite its
suitability in physiologically relevant conditions. In keeping
these conditions, perhaps glycan structures can be conserved
during molecular imprinting given the highly dynamic nature of
these structures thus producing a genuine saccharide imprint, an
essential process if we hope to imbue selectivity to these new

diagnostic platforms.
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1.6 Aims & objectives

The aim of this PhD research 1is to synthesise a novel
platform for selective binding of oligosaccharides. This will be
produced using the well-established alkanethiol-Au SAM system
which will provide the foundation layer for functionalisation
with PBA. Response of the PBA terminated surface to saccharides
will be probed with respect to inclusion of spacer monomers to
establish effect of steric hinderance on saccharide binding. To
imbue the surface with selectivity, we then intend to
functionalise the surface via CuBAAC reaction with a PBA-
oligosaccharide complex thereby producing a complimentary PBA
pattern on the surface. This research will Dbe original in
functionalisation of a surface with PBA via CuAAC reaction

accounting for differences in SAM monomer composition.

This research can be broken down into three main objectives

to achieve these aims as follows:

1. Chemical synthesis of all SAM compounds and functional monomers.
Varying alkane chain length SAMs terminated in alkyne groups will
be synthesised to assess impact on functionalisation. A
corresponding azido PBA will be synthesised alongside an azido
benzene compound to act as a control surface. A pre-synthesised

thiol-PBA terminated SAM monomer consistent with alkanethiol
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length will additionally be synthesised to provide a fully PBA

terminated surface (Fig. 24).
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Fig. 24: Compounds to be synthesised for formation or
functionalisation of SAMs. (a) Branched dithiol SAM monomer. (b)
Linear short (C2) dithiol SAM monomer. (c) Linear long (Cig) thiol
SAM monomer. (d) Azide functional PBA. (e) Azide functional
pinacol protected PBA. (f) Benzyl azide. (g) PBA functionalised
long (Cio) thiol SAM monomer. (h) PBA functionalised short (Cz)

dithiol SAM monomer.
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. Each SAM  and PBA functionalised surface will then be

characterised for film growth via a collection of contact angle
goniometry, ellipsometry and X-ray electron spectroscopy (XPS).
As an effective procedure is developed to produce well defined
SAMs, we will then move to probe the surfaces for saccharide

binding (Fig. 25).

B-oy B-oy__B-oH
(o SEF

NH NH NH 2=/ Z=/ Z;/

o= o= o NH NH NH

A\
3
z
R

\ Au \ \ Al \ \ Au :\ } Au ‘ ‘ Au ‘
DFC DTPAIk MBDAIk McB DcB

Fig.

' 'L Lk

DFC-AzBA MBDAIk-AzBA DTPAIk-AzBA

25: (Top) SAMs produced from monomers (left to right) DFC,

DTPAlk and MBDAlk expressing terminal alkyne groups. McB and DcB
expressing terminal PBA groups. (Bottom) Alkyne SAMs surface
functionalised with AzBA using the CuAAC reaction based on (left

to right) DFC, MBDAlk and DTPAlk SAMs.
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. Once characterised, each developed protocol will be used to
produce PBA functional SAMs for wuse with surface plasmon
resonance (SPR). Through use of SPR we will establish saccharide
binding of pure PBA and PBA functionalised SAMs and optimise this
binding. From this we will then produce an oligosaccharide
selective MIS using a pre-complexed PBA-saccharide compound to
impart complimentary PBA motifs to the surface with binding

pocket formation using azido-PEG (Fig. 26).
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Fig. 26: Schematic for formation of oligosaccharide selective
MIS. (a) Chemically clean Au substrate will be (b) functionalised
with MBDAlk SAM. A pre-formed oligosaccharide-AzBA will then be
(c) immobilised on the surface through CuAAC reaction between
AzBA azide groups and MBDAlk alkyne groups. (e) Remaining alkyne
groups will then be capped with azide functional PEG (AzOEG)
followed by (f) oligosaccharide removal via washing revealing

complimentary binding pocket with PBA motifs.
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Chapter 2.

Surface characterisation techniques

Abstract: Alongside surface preparation and formation of
our SAMs it 1is essential that growth and composition of each
layer 1is monitored. To do so, we have employed several practical
methods that will be discussed briefly in this chapter including
contact angle, ellipsometry and X-ray photoelectron spectroscopy
(XPS). These techniques were used to monitor wettability,
surface thickness and elemental composition providing a means to
study SAM organisation and growth. Following characterisation,
surface plasmon resonance (SPR) will also be described as the

method used to probe interaction between surface and ligand.

84



2.1 Chapter introduction

Understanding the spontaneous generation of monolayers
through chemisorption is critical to the development of SAMs in
the Dbiomedical industry and has employed a variety of
spectroscopic and physical methods in elucidating kinetics,
growth and organisation. Characterisation of surface parameters
have seen use of various analytical methods such as infrared
spectroscopy to distinguish functional groups to atomic force
microscopy to study surface defects and topography. Of this
repertoire of methods, this project employed contact angle,
ellipsometry and XPS to monitor to measure wettability,
thickness, and elemental composition respectively. Following
this, surface plasmon resonance (SPR) was used for 1in situ
observation of saccharide binding to our surfaces (Fig. 27). A
brief background of each technique will be discussed in this
chapter to give the reader a better clarity of the choice of

methods and surface preparation in later chapters.
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Fig. 27: Overview of methods used to study thickness
(ellipsometry), wettability (contact angle), elemental

composition (XPS) and ligand interaction respectively (SPR).

2.2 Contact angle goniometry

As identified by Thomas Young in 1805, the measurement of
the angle between solid-liquid and ligquid-air interface can be
a useful determinant of the properties of a surface (296). This
technique quantifies the wettability of a surface under certain
conditions from which surface tension and free energies of a
surface can Dbe calculated (297). To measure this, a modern
laboratory setup for measurement of contact angle typically uses

a silhouetted sample stage facing a high-resolution camera for
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optical measurement and calculation of drop angles against a

surface (Fig. 28).
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Fig. 28: Typical contact angle goniometry setup. The liquid drop
is back-1it against a light source producing a silhouette. The
camera 1s typically connected to a computer enabling automatic

angle calculation.

On dispensing of a solvent drop against a surface there is
an immediate reaction against the point of contact between solid-
liguid and liguid-air interface dependent on atmospheric

conditions, solvent and surface properties. Application of a
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backlight against the sample enables generation of a silhouette
through which a camera can capture real time dynamic angles
generated at this interface forming the contact angle (6) (298).
The contact angle can theoretically be described based on the
thermodynamic equilibrium between the three phases: solid,
liguid and wvapor. Youngs equation (Eg. 1), describes the shape
of the droplet on the surface based on interfacial energies
between these phases where vysv represents the solid-vapor
interface, Ys1 represents the solid-liquid interface, Yiv
represents the liquid vapor interface (alternatively, surface

tension) and Oy is the determined contact angle (299).

Egq. 1 Y1vCOSOy = Ysv — VsI

The calculated contact angle according to the Young
equation can therefore be used to determine surface tension and
free energy for vys: and vysv. Using water as the solvent drop, on
contact with the surface, the drop will spread according to
minimisation of total free energy; thus, dependent on surface
parameters 1i.e. chemical group and topography, the drop will
spread forming a high contact angle (>90°) demonstrating

hydrophobicity (low surface energy) or a low contact angle (<90°)
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showing hydrophilicity (high surface enerqgy) (Fig. 29) (299-

303).

A B
Yiv

Yiv
2 Ysv sl 6 Ysv

§=>90° 6=<30°

Fig. 29: solvent drop on substrate showing solid-liquid, liquid-
vapor and solid-vapor interface. (A) hydrophobic surface with 6

(B) hydrophilic surface with low 0.

A popular method for studying contact angle, the sessile
drop experiment uses a solvent drop deposited on a surface to
obtain either static (Bs) or dynamic contact angle. For
calculation of surface free energy from sessile drop, contact
angle for two or more solvents with known polar and dispersive
components must be obtained with surface free energy calculated
from the sum of these. For calculation of contact angle from
sessile drop , a single solvent i.e. water is typically used
providing information on surface chemistry and homogeneity
(304,305). In the static experiment, solvent deposition on a

surface will spread to its final static angle. Conversely, in
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its dynamic counterpart, the contact angle is studied during
movement of the three phase interface; initially during solvent
deposition and drop growth giving the advancing angle (6a) and

then on solvent removal giving the receding angle (6gr) (306,307).

From the difference between advancing and receding angles,
the hysteresis (6s) can be calculated. Surface parameters such
as roughness, chemical heterogeneity and contamination can be
gauged from the hysteresis where a surface can be assumed smooth
and homogenous where the hysteresis is <10 ©°. Despite the
seemingly simple application of the hysteresis, it has still
been observed on smooth homogeneous surfaces as well and can be

assumed all surfaces will display one (298,299,308,309).

While surface parameters can be inferred from the sessile
drop experiment, we must consider the accuracy of the measured
hysteresis. Chemical interactions between each interface
categorised as the kinetic hysteresis will influence the
measured hysteresis (305). For instance, evaporation of the drop
from the liquid-vapor interface with potential deposition and
pre-wetting of surrounding substrate. Furthermore, any affinity
between solvent and chemical groups of the substrate at the
solid-liquid interface may introduce swelling, penetration or
reorganisation of the chemical groups. For example, Good (1992)
describes the behaviour of polar hydroxyl groups of polymer

chains being buried at the solid-vapor interface but surfacing
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forming hydrogen bonds with water in the solid-liquid interface
thus introducing very different advancing and receding contact
angles (310). Careful consideration of solvent choice and purity
and efforts to minimise time-dependent sources of kinetic
hysteresis must therefore be made for accurate collection of
contact angle data. Consequently, inferring surface chemistry
and homology using hysteresis cannot preclude sources of kinetic
hysteresis from results unless ideal experimental conditions are
met i.e. no sources of motion, no interaction between chemical

groups and solvent and evaporation of solvent minimised (311).

2.3 Ellipsometry

Despite the ©principles of ellipsometry first being
described in 1902 by Drude (312), the actual term was not coined
until 1945 by Rothen who used elliptically reflected light to
determine film deposition thickness on metal slides (313). Since
1990, this technique has received considerably more publications
and 1is an essential tool 1in characterizing ultra-thin films
(314). As a non-destructive technique, ellipsometry uses the
change in 1light polarization on reflection from a surface
measuring changes in surface properties. Furthermore, its ease
of use, ability to work under ambient conditions and speed allow
for in situ experiments providing a desirable technique for real

time film growth studies (315,316).
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In order to describe the principles of ellipsometry, it is
necessary to briefly describe the components of 1light first.
According to Maxwell’s theory, light can be represented by two
mutually perpendicular vectors: E (amplitude of the electric
field) and B (amplitude of the magnetic field) both of which are
perpendicular to 2 (direction of propagation of 1light). 1In
unpolarized light, E oscillates randomly on a plane
perpendicular to Z. Where polarization occurs, light may become
linearly, <circularly or elliptically polarized where the
parallel (Ep) and perpendicular (Es) components of E are out of
phase. For linear polarized light, E components: Ep and Es are
in phase with coinciding maximas. Conversely, when Ep and Es
become 90° out of phase the wave would appears to rotate
circularly around Z if observed head on (Fig. 30). Where the
amplitude of Ep and Es are unequal, this produces an elliptical

trace as opposed to circular (315,317).
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Fig. 30 (top) linearly polarized light with E parallel and

perpendicular components in phase. (bottom) E components 90 ©°

out of phase displays circularly polarized light. Deviation

from this becomes elliptical polarized

(318) 1.

[image taken from
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The reflection of linearly polarised light from a surface
will cause E to resolve its Ep and Es components out of phase and
amplitude dependent on surface characteristics. The result 1is
elliptically polarized light reflected from the surface from
which the ellipsometer can quantify changes and provide

information such as film thickness (Fig. 31)

|lewlou ajdwes

plane of incidence

Fig. 31: Change in E components Ep, and Es on reflectance of
linearly polarized light from a surface. Shift in amplitude
and phase can be quantified allowing calculation of film

thickness.

Shown in Fig. 32 1s a basic ellipsometer experiment. A
source of collimated unpolarized light is passed along a set
angle (close to the Brewster angle) through a polarizer and a

compensator (i.e. dquarter wave plate, retarder or phase
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modulator) placed either before or after reflectance on a sample.
This produces linearly polarized light that on interaction with
optical properties of a surface, reflect elliptically polarized
light. An analyser then manipulates the ©polarization of
reflected 1light Dbefore Dbeing passed through a detector.

(315,317)

linearly polarised light

Light source
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Polariser
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Fig. 32: basic ellipsometer setup showing transition from
unpolarized light to linear and to elliptically polarized on
reflectance from a surface. The change in phase and amplitude

is used to calculate ¥ and A.
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From the change to Ep and Es amplitude and ratio, the
reflection coefficient p can be calculated according to Eqg. 2
where p is equal to the ratio of Ep and Es coefficients and can
be expressed as angles A (phase difference) and ¥ (amplitude
ratio). These angles are related to reflection coefficients
derived by Fresnel expressed as rs and rp for s and p polarized

light respectively.

Eq. 2 o = - = tan (¥)eid

The ¥ and A parameters obtained through measurement of
optical constants are however abstract thus requiring an
indirect method to measure surface parameters such as thickness.
To derive useful surface parameters from ¥ and A, a model using
least squares minimization is used to vary the optical constants
n (refractive index) and k (extinction coefficient) and the
Fresnel equations used to calculate ¥ and A forming a predictive
surface parameter model. Matching predicted ¥ and A with
experimental data ¥ and A is used to obtain experimentally
derived n and k optical constants alongside varied parameters

such as surface thickness (315,319).

Modern ellipsometers provide an impressive sensitivity to
films with reported thickness as low as 0.1 nm with a precision

of 0.002 nm across 30 measurements and measuring up to 10 um for
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transparent films (320,321). Despite this, measurement of ultra-
thin film (<15 nm) however 1is complicated by inability to
experimentally calculate refractive index due to correlation
between film thickness and refractive index below the threshold
thickness of <15 nm (322). To calculate thickness therefore we
must assume refractive index with this commonly fixed at between
1.45 - 150 for wultra-thin transparent films. Consequently, we
must always assume a small degree of error associated with
varying the assumed refractive index in ultra-thin films

(318,320,323-326) .

Alongside refractive index, the optical constant k
describes the change in parameters of the electromagnetic wave
passing through a medium i.e. phase and amplitude. For
transparent thin films, k is observed very close to zero in the
visible light spectrum (~600 nm) however, for absorbing or films,
k is coupled to thickness and unknown hence must be determined
either from a wavelength region where k=0 or through inclusion
of alternative parameter derived from alternative methods such

as thickness in modelling procedures (315,327,328).

As previously stated, experimentally derived ¥ and A are
abstract thus we cannot determine thickness from these alone. In
addition, for ultra-thin transparent films, k is defined as zero
and n cannot be determined due to correlation with the parameter,

thickness. To calculate thickness therefore, an approach of
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predicting ¥ and A through varying parameters such as thickness
until uniformity between experimental and theoretical ¥ and A is
observed with the goodness of fit quantified with root mean
squared error (MSE). A commonly used predictive model for
transparent films, the Cauchy dispersion relationship (equation.
3) provides a simple predictive model for ¥ and A where n 1is
expressed as a function of wavelength (A) forming nA and A, B
and C are the Cauchy coefficients determining nA at different
wavelengths. By varying parameters such as thickness, A, B and
C, theoretical ¥ and A values can be produced and matched against
experimental ¥ and A thus we achieve uniformity between observed
and theoretical ¥ and A from which we can infer experimental

thickness of our film from a predictive model (329,330).

Because thickness 1is not directly measured but instead,
inferred from theoretical modelling we must always consider
potential sources of inaccuracy as result of poor data fitting.
For instance, Durgapal et al (2006) describes a discrepancy of
13% in calculated thickness of thin Si0O2 (<10 nm) when calculated
with different models including Cauchy and Sellmeier
dispersions. Interpretation of ellipsometry derived thickness
must always therefore consider a source of innate error dependent

on modelling procedures (327,329).
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Eg. 3 n(/l)=A+/1—2+/1—4

In the context of this research, ultra-thin (<1 nm) films
of alkanethiols on Au substrates were being studied. To obtain
thickness we used a Cauchy model based on a three phase system
of ambient/SAM/substrate where optical constants of ambient and
substrate phases were known and SAMs were assumed homogenous and
defect free (331). For optical constants of our SAMs we assume
a refractive index of 1.5 as previously used for similar ultra-
thin films (262,324). To determine if the film is transparent or
absorbing, the relationship between experimental optical
constants n and k must be observed for ‘physical’ shape that is,
n must increase towards shorter wavelengths on the spectrum
whereas n decreases towards shorter wavelengths in absorbing
films (332). As the observed n and k relationship represented a
transparent film for our SAMs, k was defined as zero. The three
Cauchy model parameters A, B and C alongside thickness were then
varied to calculate ¥ and A in our theoretical model wuntil
matching experimentally derived ¥ and A thus providing our
reported thickness values with goodness of fit determined from

MSE (322,333,334).
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2.4 X-ray photoelectron spectroscopy

One of the major challenges in surface chemistry remains
studying ultra-thin film deposition where ellipsometry and
contact angle lacks sensitivity and ability to derive
compositional information. To circumvent this, X-ray
photoelectron spectroscopy (XPS) is a technique that uses X-ray
irradiation of a surface up to 10 nm to cause ejection of
photoelectrons. Energy of ejected electrons are characteristic
of both the atom and of chemical environment i.e. bonds and
nearby atoms. Elemental composition of ultra-thin films can be
derived from this emission spectra providing data on surface

characters such as chemical composition and contamination (335).

A typical XPS setup sees a sample mounted and placed under
ultra-high wvacuum. A source of monochromatic X-rays generated
from a metallic anode such as Mg or Al Ka providing X-ray
energies of 1253.6 or 1486.6 eV respectively, is aimed at fixed
angle towards the sample. An electron collection lens connected
to a hemispherical electron energy analyser which is placed
adjacent for capture of ejected photoelectrons. The electron
energy analyser is connected to a detection device and computer
peripherals through which binding energy of the ejected

photoelectrons can be calculated (Fig. 33) (336-338).
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Fig. 33: Schematic of experimental XPS setup. Sample

irradiation occurs in ultra-high vacuum chamber. Ejected
photoelectrons are detected and used to generate XPS spectra

plotting intensity against electron binding energy.

The characteristic elemental peaks provided by XPS are
produced from ejected photoelectrons. On irradiation of an atom
with an X-ray beam, inner core-level electrons will absorb the
X-ray photon energy which, 1if sufficiently large will cause
ejection of a core electron as a result of ionisation (Fig. 34).
In addition peaks attributed to outermost valence band electrons
are typically observed at weak binding energy (up to 30 eV)
however low resolution using typical Al Kua X-ray sources prevent

useful resolving of peaks spectra in this region (339,340).
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Following photoelectron ejection, a relaxation process
occurs with two possibilities: an electron from a higher energy
level fills the vacancy emitting an X-ray photon or an additional
auger electron 1s ejected from an outer low energy shell
(335,337,339). The measured gquantity in this process is the
electron kinetic energy (Ex). However, this does not account for
X-ray photon energy used in the experiment. A more useful
parameter is the electron binding energy accounting for this

relationship and shown in equation. 4.

Eq. 4 Egp = hv — Ex — W

In this, the photon energy (hv) and work function of the
spectrometer (W) are known quantities while Ex is derived from
the experiment allowing easy calculation of binding energy
(EB) (339,341). Given the different chemical environments and
binding strengths of electron configurations, this transcribes
to a series of discrete binding energy peaks and chemical shifts
between 0.1 eV to 10 eV unique to irradiated atoms and associated

auger peaks (341).
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Fig. 34: illustration of electron ejection during X-ray
irradiation. During relaxation, an electron from lower energy
state can fill the vacancy or an outer shell auger electron

can be lost.

For each element, electron subshell peak positions are
determined by the chemical environment it originated from. In
addition, elemental quantification can be provided through peak
areas as calculated from curve fitting the XPS spectrum using
Gaussian/ Lorentzian line shapes with the background subtracted.
Peak intensity 1s however dependent on a number of factors
including: cross section of the orbital i.e. increased emission
is observed at higher subshell number such as 1s, 2p, 3s etc.,
electron escape depth as related to sample thickness, electron

location and kinetic energy of the electron, and instrument
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dependent parameters such as detector efficiency (339,342). We
can nonetheless account for these factors for instance, applying
relative sensitivity factors (RSF) to scale quantified peaks and
through depth profiling of sample layers. Accurate
quantification however relies on defined separation of peaks as
observed in the full width half maxima (FWHM) of peaks which is

determined by the energy resolution of the instrument (342,343).

The energy resolution depends on instrument specific
parameters but 1is commonly modulated through wvarying of pass
energy. Typical pass energies range from 5-50 eV with lower pass
energy producing high resolution but decreased signal strength.
Conversely, high pass energy provides reduced resolution but
increased peak intensity thus suiting it to elemental survey
scans where accurate quantification is not required (339,342).
At high pass energy, increased peak intensity results from
rejection of lower energy inelastically scattered electrons that
serve to 1increase signal to noise ratio while diminished
resolution is a consequence of reduced angular deviation of

higher energy electrons in the hemispherical analyser (344).

In effect, a trade-off is observed between peak intensity
and peak separation. Instrument parameters must therefore be set
according to the chemical configuration and requirements of the
experiment 1i.e. low pass energy for accurate elemental

quantification (345-347). Accurate quantification therefore
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rests on achieving high resolution with peak separations above
the energy resolution of the instrument, hence clarifying
individual chemical environments. In practise, ejected electrons
can be close in binding energy thus providing broad peaks
representing multiple environments. Unless the chemical
configuration of the sample 1is known and the sample 1is
homogenous, we cannot reliably assign peaks with less separation
than the energy resolution. Consequently the accuracy of XPS is
limited with energy resolution of the instrument (348). 1In
addition, decomposition of organic surfaces under the X-ray beam
has been observed hence sample degradation may also

artefactually reduce peak intensity (349).

Despite this limitation, XPS provides a highly sensitive
elemental quantification typically within +10% of elemental
composition (350). As this technique is sensitive to depths of
<10 nm, XPS is well suited for the study of ultra-thin films
such as SAMs. In addition, subsurface profiling can be achieved
with sputtering techniques while thickness and composition

parameters can be attained through angle resolved XPS (351-353).
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2.5 Surface plasmon resonance

Providing a real time, label-free and adaptable analysis
procedure, surface plasmon resonance (SPR) has become a
desirable technique in the bio-assay industry. The phenomena of
SPR was first observed by Wood in 1902 (354) where he viewed
anomalous diffraction of light through diffraction gratings.
This was expanded into practical procedures by incorporation of
attenuated total reflection allowing for development of modern

SPR spectrometers using the Kretschmann configuration (355,356).

To understand the typical setup of an SPR spectrometer it
is necessary to describe surface plasmon wave (SPW) generation.
If we consider again the components of light described in section
2.3, the polarisation state of 1light 1is represented in the
parallel (Ep) and perpendicular (Es) components of the vector E
(amplitude of the electric field) (Fig. 30) (315). Isolation of
either polarisation state provides p-polarised and s-polarised
light respectively. While s-polarised 1light is incapable of
exciting plasmons, p-polarised light on striking a thin metal
film interfaced with a dielectric media can produce delocalised
charge-density oscillations called a surface plasmon wave at the

metal-dielectric interface (357-359).

For stable SPW generation however, momentum conditions must
be synchronised between incident light and the propagated SPW

i.e. wave vector of the surface plasmon must match the wave
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vector of the incidence 1light. Therefore, the SPW cannot be
produced simply at the planar metal-dielectric interfaces with
direct light but requires tuning of incident light wave vector
to match the surface plasmon wave vector. Surface plasmon
excitation can be achieved by inclusion of a prism with incident
light angled under total internal reflection (TIR) conditions.
At a fixed angle above the critical angle of TIR, excitation of
surface plasmons occurs where a decrease 1in intensity of
reflected light is seen thus providing the SPR angle (8spr) where
minimal reflectivity 1is observed (360,361). The SPW 1is
propagated along the metal-dielectric interface while
evanescently decaying approximately 200 nm into the dielectric
media (362,363). The propagation constant of this wave is shown

in equation. 5.

W , EmEd
Eg. 5 = = |/
E B C Al Em+ &g

In this, w is the angular frequency, ¢ is the speed of light
in a wvacuum, ¢&€m is the dielectric constant of the metal and eg
is the dielectric constant of the dielectric media. This model
establishes connection between incident light wavelength and SPR

oscillation decay penetration in media (364).

The Kretschmann configuration 1is a common experimental

setup relying on directly coupling a thin metal film (typically
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Au or Ag) to a glass prism with high refractive index (RI). This
allows coordination of incident light with surface plasmon wave
vectors thus providing generation of the SPW under TIR conditions
with the metal film subsequently interfaced with a dielectric
media (Fig. 35). In this configuration, changes in the dielectric
media RI are measured equating to changes in the propagation
constant. This 1in turn impacts interaction between surface
plasmon (SP) and optical wave which is subsequently measured via
reflected 1light parameters such as phase, 1intensity and
polarization. Alternatively, decaying SP oscillations in media
manifest as sensitivity of Bspr to changes in media RI that can
be quantified as changes 1in intensity, phase and angle of

reflected light (364-366).

p-polarised

@ light source

attenuation of

reflected Iight
measure

Detector
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Fig. 35: Kretschmann configuration measuring attenuation of p-
polarised light resulting from disturbance in SPW at metal and

dielectric media interface.
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As the evanescent field of the SPW only penetrates within
approximately 200 nm of the propagating media, this technique is
highly sensitive to real time events occurring at a surface (Fig.
36) . While ©Ospr sensitivity to changes in RI 1is wuseful in
detecting binding events on a surface this also means SPR is
unable to distinguish between different types of interaction. In
effect, any change to the RI can be mistaken for binding
including non-specific interactions or differences in buffer
solutions forming the dielectric media (367). For actual
representation of binding then we must either select a region of
the SPR sensogram where we expect stable binding and free from
excess ligand (Fig. 36d) or provide a null-binding control
surface for determination of bulk refractive index. Comparison
then of binding and non-binding surfaces will provide actual
binding response free from RI change caused by analyte presence
in the dielectric media. In addition, the intensity of Bspr change
is mass sensitive with larger molecules producing increased
response. While suitable for bioassays using large proteins,
sensitivity is reduced for smaller molecules such as metabolites

or saccharides (368).

For example, 1if we consider a standard immunoassay: an
antibody is immobilised on an SPR suitable substrate (i.e. Au
sputtered-on glass). On passing the ligand over antibody we

expect binding to occur disturbing the stable SPW evanescent

109



field and in turn disturbing the propagation constant which then
changes the Bgpr. This 1is quantified in reflected 1light
attenuation parameters i.e. phase and intensity, which 1is
translated to response units (RU). During injection of our ligand
however, a significant increase in RI is associated with solution
concentration of the ligand (Fig. 36c). On exchange of ligand
solution for the original dielectric media, only bound ligand
immobilised on the surface will remain producing a stable change
in the Ospr which is converted to response units (RU). Plotted RU
against time, this shows real time binding events and
dissociation at a surface making this an excellent technique for
quantification and binding kinetics study where a rule of thumb

is signal accumulation of 1000 RU » 1 ng mm 2 (Fig. 36) (366,369).
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Fig. 36: SPR response curve for Dbasic immunocassay binding
pattern. (a) only buffer in contact with immobilised antibody,
RI is stable (b) introduction of ligand. Binding event occurs at

surface translating change in SPW to Ospr to accumulation of RU.

(c) antibody-ligand interaction saturated, response curve
stabilises. (d) surface washed with buffer leaving strongly
bound ligand at the interface. (e) regeneration of surface with

cleaning agent reduces bulk shift response from buffer and
removes tightly bound ligand. (f) no ligand bound, and buffer

equilibrates surface RI back to baseline
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Chapter 3.

SYNTHESIS OF SAM COMPONENTS

Abstract: In this chapter we describe the selection and
synthesis of compounds for Iimmobilisation on our surfaces
producing SAMs expressing terminal alkyne or PBA functional
groups. In the first stage of synthesis, three SAM forming
compounds were synthesised to examine effect of branching and
alkane backbone length impact on SAM organisation with each
presenting alkyne groups for CuAAC reaction. Azide
functionalised PBA was then synthesised alongside a similar
azido benzene compound and a pinacol protected Azido-PBA for
producing surfaces resisting saccharide binding. In the final
synthesis set, short and long linear SAMs DTPAlk (C2) and MBDAlk
(C10) were functionalised with PBA 1in solution allowing
optimisation of the synthesis and to provide a defined terminal

PBA expressing surface for future saccharide binding studies.

112



3.1 Introduction

Despite their recognised importance in disease diagnosis,
the detection and quantification of carbohydrates still lacks
suitable clinical tests. While a small number of clinically
relevant assays exist (i.e. CAl25 ELISA for ovarian cancer or
aPTT for monitoring heparin therapy), demand 1is currently
outstripping supply with the myriad of new glycan disease markers
now available (38,370,371). While anti-glycan antibodies and
lectins exist, the difficulties in production and inherently
weak affinities of these biomolecules prevents mass
implementation in assay design (121,134,372). In addition, being
biomolecules, these suffer from typical susceptibility to
environmental degradation i.e. temperature, pH, solvation etc.,
impeaching their designation to point-of-care (POCT) testing
facilities (373,374). As potential diagnostic and prognostic
markers of disease, bringing anti-carbohydrate assays to
community physicians as POCT assays would enable extensive
population screening for malignancy such as PCa (375,376). To
meet anti-glycan assay demand therefore, new strategies must be

developed for generation of assay supply.

The development of chemically stable SAMs and MIPs has
attracted attention in recent years as a means to produce highly
sensitive and selective synthetic biosensors. With a range of

substrates including silica, gold and nanoparticles and a
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variety of functional groups and surface reactions available,
this technology presents a fully customisable template for
biosensor design (282). As discussed in Chapter 1 (section 1.4)
selective SAMs and MIPs have been developed for several
biomolecules including ConA (229), dopamine (283), lysozyme
(284) and estrone (377) each using unigque chemical imprinting
procedures. Additionally, through functionalisation with PBA,
several glycoprotein and saccharide biosensors have Dbeen
developed hence confirming its potential utility in diagnostics
(194,262,292,378) . Having found extensive use in
bioconjugations, click chemistry is a genre of reactions that
provide high vyield, stereospecific and easily purifiable
products from abundant precursors produced through simple
synthesis (379). Given the biocompatibility of click reactions,
this provides an excellent library for immobilisation of
biomolecules to a synthetic platform thus has been explored in

regards to our MIS design.

In the design of these MISs and SAMs, careful consideration
must be given to the chemical composition of components with
surface organisation being highly influenced by SAM
characteristics i.e. alkane backbone length and terminal group.
In selection of certain parameters such as length, surface
organisation can be modulated allowing for more or less packing

thus, concentration of terminal groups can be altered, steric
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hinderance from dense packing of SAM monomers reduced and unique
structural patterns developed on the substrate

(216,219,222,226,380) .

It is with these considerations that informed the synthesis
of our saccharide sensor design where length and branching of
the SAM monomer could be changed to alter SAM organisation.
Typically, MIPs are produced as either 2D or 3D systems where
imprints are developed on solid substrates or within 3D polymer
matrixes respectively. Limitations of 3D MIPs include poor
suitability to large heterovalent binding complexes seeing
ligand trapping and poor reusability however (262,381). To
overcome this, a 2D imprinting system is proposed based on simple
hierarchal construction of an alkyne functional SAM and
subsequent functionalisation providing PBA expression within a
binding pocket. Free from trapping effects observed with 3D MIPs,
this system would allow free binding and regeneration providing

a reusable and stable molecularly imprinted surface (MIS).

Having seen use in previous SAM designs, the CuAAC reaction
as discussed in Chapter 1 (Section 1.4.6) uses Cu(I) to catalyse
stereospecific reaction between alkyne and azide producing 1,4
disubstituted triazoles (382,383). With a significant number of
studies describing optimisation and accelerating ligands, we
will address the functional utility of the CuAAC reaction in

producing saccharide sensing surfaces. Given the contradictions
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regarding surface yield of the CuAAC reaction, using various SAM
monomer designs will allow examination of SAM composition impact
on the reaction yield (255-257). Given the biocompatibility of
the CuAAC reaction, our intention will be to design an imprinted
surface for selective saccharide detection thus preparing the
foundation for an adaptable glycan sensor design. Given the
commercial abundance of azide functional 1ligands, preparing
clickable surfaces will not be limited to saccharide biosensors
allowing for a customisable platform depending on the target

biomarker (259).

To this end, we will describe in this chapter the synthesis
of three alkanethiol SAM monomers for production of SAMs on gold
appropriate for use with SPR analysis 1in addition to azide
functional PBA and a null saccharide Dbinding compound.
Additionally, the synthesis of preformed PBA terminated monomers
will be described thus providing a reference PBA terminated
surface. This can therefore be broken down into the following

objectives.
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3.1.1 Objectives

1. Synthesis of three alkyne terminated SAM monomers including
Branched design (1), short chain (Cz) (2) and long chain (Cio)
(3) providing distinct SAM structural characteristics to be

assessed for reaction CuAAC yield (Fig. 37).

2. Synthesis of azide functionalised CuAAC reaction ligands
including PBA terminated (4), pinacol protected (5) and benzene
terminated (6) providing glycan sensing component through PRA
and two non-glycan binding control CuAAC reaction ligands (Fig.

37) .

3. Synthesis of PBA terminated SAM monomers via solution CuAAC
reaction of long chain (7) and short (8) monomers with azide
functionalised PBA (Fig. 37) to provide defined PBA terminated
SAMs for glycan binding and structural characterisation

studies.
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3.2 Synthesis of SAM monomers

Forming the foundation of our MISs, three monomer
configurations were selected to explore SAM organisation induced
by branched monomers, short alkanethiols and long alkanethiols
(Fig. 37,1-3). On increasing alkane chain length, increased SAM
organisation has Dbeen observed imparted by Van der Waals
interactions along the carbon backbone. Conversely, short (<C7)
alkanethiol SAMs while more rapidly forming SAMs, exhibit lower
organisation with a fluid-like behaviour around the orientation
angle resulting from lack of backbone interactions (226). For
branched monomers, conflicting reports of changes in surface
organisation exist depending on polarity of branched groups
however both studies observe lower concentration of branched
monomers on the substrate (384,385) . Alongside backbone
configuration all monomers must incorporate both a substrate
anchoring and terminal functional group. Given the high affinity
of the thiol-gold interaction, all selected monomers contained
either thiol or dithiol groups enabling self-assembly on gold
substrates (386) . To provide route for surface
functionalisation, SAM monomers were modified with terminal
alkynes to provide site for CuAAC reaction between surface and

azide functionalised PBA or control benzene.
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3.2.1 Branched monomer: DFC

To produce a branched dithiol SAM monomer, we followed the
synthesis for a di-functionalised cysteine (DFC) described by
Stephenson-Brown et al (2015). With DFC, a PSA selective MIP was
previously reported using two surface reactions: the CuAAC
reaction and free radical polymerisation. Whilst we only intend
to approach click chemistry, the inclusion of alternative
functional groups provides additional routes for more complex
MIP generation in future studies. Given the previous success in
imprinting achieved with this SAM, this design was included in
our selection for comparison to linear SAMs for development of
saccharide sensors. The synthesis of this compound can be broken

down into four stages as shown in Scheme. 1.

120



8]
O
oy DCC NHS i 688, ?
“Sﬁ)LDH ’OW'HVS% /\I)k .
THF, 1, 2ah &_’l s °

M
0 0. .NH 0 O. _NH o
ﬁ’ ‘Lr’ 5 \]:];
Di-Boc-L-cystine FC1
—= [THF, 24h,
HoN rt, 50%
O
S NH“+5 i TFA H H“Lﬂk 9
N - e T
70('\/ S/ﬁﬁﬁ/\% DCM, rt, 86% %Nj('vs“s’\‘}ﬁ“’\%
3
DEC3 © >]’D‘1r”“
(0]
0
L |THF 24n, DFC2
cl rt, 68%
0

Scheme. 1: Synthetic route to functionalise cystine with
alkyne and acryloyl functional groups. Detailed synthetic
methodology is available in Chapter 7 (section 7.2.1.1 -

7.2.1.4).

In the first stage of this reaction, Addition of alkyne
groups to terminal <carboxylic acids was achieved through
activation of these groups with dicyclohexylcarbodiimide (DCC)
followed by addition of N-hydroxysuccinimide (NHS). The reaction
mixture was stirred over 24 hours at room temperature to produce
DFC1. With no purification of DFC1l, the reaction mixture was

cooled to 0 °C and reacted with propargylamine over 24 hours in

121



THF liberating NHS groups and forming amide to produce DFC2 which
was purified by silica chromatography. Boc deprotection of amine
groups was achieved by adding trifluoroacetic acid (TFA) to a
DCM solution of DFC2 to yield DFC3. Acryloyl group attachment to
deprotected amines was achieved through reaction of DFC3 with
acryloyl chloride in THF for 24 hours producing the final product
DFC. This was characterised by !H NMR with the spectrum and

proton assignment shown in Fig. 38.
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Fig. 38: 1H NMR spectra of DFC (D6-DMSO, 298K, 400 MHz) with

proton assignments.
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Interpretation of !H NMR spectra of the final DFC compound
in Fig. 38 shows several interesting peak splittings notably
protons ‘G’ and ‘F’. Long range coupling is observed for alkyne
group proton ‘H’ with a J = 2.5 Hz manifesting as a triplet due
to coupling with ‘G’. This is also seen in proton ‘G’ coupling
to protons of both amide ‘A’ and alkyne ‘H’ exhibiting a
quadruple double doublet resulting from diastereotopic
configuration of DFC. Due to this configuration, geminal
coupling is observed for protons ‘D’ and ‘E’ with peak roofing
suggestive of coupling to ‘C’. This geminal coupling 1is
additionally seen in protons ‘I’ and ‘J’ showing similar peak
splitting between these protons while exhibiting a double
doublet from coupling to ‘f’ with J = 13.5 for both ‘I' and ‘J’.
Peak splitting for ‘F’ 1is influenced by the cys-trans amide
groups showing coupling to ‘B’, ‘I' and ‘J’ as a triple doublet.
Confirmation of coupling relationships between protons was

achieved with COSY NMR shown in Fig. 39.
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Fig. 39: 2D COSY NMR spectra of DFC (D6-DMSO, 298K, 400 MHz)

In addition to NMR spectroscopy the isolation of DFC was
confirmed via mass spectroscopy (ESI-(+)MS) analysis. In this,
two peaks at m/z 445.10 and 461.07 were observed corresponding
to sodium ([M+Na]*) and potassium ([M+K]*) adducts respectively

as calculated from expected DFC mass of 422.52.

3.2.2 Short (C,) monomer: DTPAlk
For comparison between linear and branched SAMs we
synthesised a linear short alkane chain monomer with similar

structure to DFC but lacking acryloyl groups. With similar
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chemical composition along the backbone group this synthesis
used the commercially available 3’ 3-dithiopropionic acid (DTPA).
While a similar DCC/NHS coupling chemistry could be used as in
DFC synthesis, an alternative (but analogous 1in principle)
coupling strategy was wused to avoid time consuming silica
chromatography. In place of DCC, N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) was used to form an O-
acylisourea intermediate. Addition of 1l-hydroxybenzotriazole
(HOBt) then displaces EDC as 1-(3-dimethylaminopropyl)-3-
ethylurea (EDU) while forming a stable ester between carboxylic
acid and alcohol on HOBt. Similar to the NHS ester, this is
susceptible to attack by nucleophilic amines hence on exposure
to free amine this ester is cleaved forming a stable amide (387).
This reaction to functionalise DTPA with alkyne groups 1s shown

in Scheme. 2.
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Scheme. 2: Synthetic route to functionalise DTPA with alkyne
groups producing DTPAlk. Detailed synthetic methodology 1is

available in Chapter 7 (section 7.2.5).
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To produce DTPAlk, carboxylic acid groups on DTPA were first
activated by EDC followed by HOBt over 1 hour producing DTPAL.
The reaction was then cooled to 0 °C and propargylamine added
and allowed to react over 18 hours forming DTPAlk. This was
easily purified by precipitation in ultra-pure H>O (UHP) as both
EDC and HOBt were soluble 1in water while DTPAlk readily
precipitates. DTPAlk was characterised by NMR spectroscopy as

shown with proton assignments in Fig. 40.
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Fig. 40: 'H NMR spectra of DTPAlk (D6-DMSO, 298K, 400 MHz) with

proton assignments.
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1H NMR spectra of DTPAlk shows similar peak locations for
common groups between DFC and DTPAlk with protons ‘C’ and ‘B’
occurring at 3.12 and 3.87 ppm respectively while for DFC similar
protons appeared at 3.12 and 3.86 ppm. Proton ‘B’ occurs as a
double doublet with long range coupling to alkyne proton ‘C’
with J = 2.4 Hz and coupling to amide ‘A’ while in DFC this
occurred as a quadruple doublet. Protons vicinal to dithiol are
unfortunately partially masked by D6-DMSO solvent peak however
clear coupling to protons ‘D’ is observed in COSY spectra. All
coupling between protons is confirmed in COSY NMR spectra shown
in Fig. 41 showing clear coupling between CH, ‘B’ and amide ‘A’

and alkyne ‘C’.
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Fig. 41: 2D COSY NMR spectra of DTPAlk (D6-DMSO, 298K, 400 MHz)

The isolation of DTPAlk was confirmed via ESI-(+)MS in
positive ion mode producing three observed species. The peak at
m/z 285.07 was ascribed to DTPAlk ([M]*) having a calculated mass
of 284.39. At higher mass, the peak at 307.06 was assigned to a

sodium adduct ([M+Na]l*').
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3.2.3 Long (Cip) monomer: MBDAlk

To 1increase availability of alkane <chain interactions
during SAM formation we synthesised a linear SAM monomer
containing higher carbon content than DTPAlk similar to a
previously published alkyne terminated SAM design (257,388). In
providing inter-chain interactions higher SAM organisation with
dense packing of monomers should be observed compared to SAMs
formed with DTPAlk (224). The same approach for the synthesis of
DTPAlk was used in this synthesis employing EDC/ HOBt coupling.
The synthetic pathway for this reaction is shown in Scheme. 3
using the commercially available ll-mercaptoundecanoic acid (11-

MBD) as starting material.
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Scheme. 3: Synthetic route to functionalise 11-MBD with alkyne
groups producing MBDAlk. Detailed synthetic methodology 1is

available in Chapter 7 (section 7.2.7).
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Similar to DTPAlk synthesis, carboxylic acid groups on 11-
MBD are activated with EDC followed by HOBt producing 11-MBD1.
Propargylamine was then added directly to the reaction vessel
cleaving the HOBt ester and forming and amide with the
propargylamine forming MBDAlk. MBDAlk was precipitated in UHP
leaving the by-product EDU and HOBt in solution. MBDAlk was then

characterised by !H NMR with assigned protons shown in Fig. 42.
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Fig. 42: 1H NMR spectra of MBDAlk (D6-DMSO, 298K, 300 MHz) with

proton assignments.
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Proton assignment of MBDAlk reveals similar peak splitting
pattern for alkyne group to both DFC and DTPAlk as expected.
Proton ‘B’ occurs as a double doublet coupling to both amide ‘A’
and with long range coupling to alkyne ‘C’ (J = 2.4 Hz). A large
multiplet assigned to alkane chain ‘G’ shows convoluted
splitting due to unsymmetrical configuration of MBDAlk being
chemically inequivalent at each end of the alkane backbone. Being
adjacent to distinct functional groups, peaks ‘D’ and ‘F’ are
assigned to CHz neighbouring thiol and carbonyl respectively with
thiol proton assigned to ‘E’. Coupling was confirmed between CH:
‘B’ with amide and alkyne and between thiol ‘E’ with adjacent
CHz ‘D’ with COSY NMR shown in Fig. 43. Coupling between ‘D’ and

‘I'/ is also observed with the alkane chain ‘G’.
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Fig. 43: 2D COSY NMR spectra of MBDAlk (D6-DMSO, 298K, 400

MHz)

The isolation of MBDAlk was confirmed by ESI-(+)MS showing
two observed chemical species. With calculated weight of 255.42,
the peak observed at m/z 256.18 ([M]*) was assigned to MBDAlk
while with a higher mass, 278.16 was assigned to MBDAlk with

sodium adduct ([M+Na]*').
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3.3 Synthesis of azide functionalised CuAAC

ligands

With the successful synthesis and characterisation of three
alkyne terminated SAM monomers we then sought to synthesise azide
functionalised CuAAC ligands. While various configurations of BA
exist as discussed in Chapter. 1 (section 1.3.3) exhibiting
differences in pKa and saccharide affinities, we used a standard
PBA given its extensive use in previous research
(169,196,262,292,389-391). By inclusion of an azide group,
alkyne terminated SAMs can be functionalised in situ with a Cu(I)
catalyst enabling generation of PBRA terminated SAMs.
Furthermore, as this reaction is compatible with aqueous media
with no side reactions reported with biomolecules, this process
will be compatible with molecular imprinting of oligosaccharides
in future experiments (392). Coinciding, we additionally
synthesised two similar compounds providing no saccharide
binding sites namely, benzyl azide and a pinacol protected PBA.
These serve as a control surface for SPR analysis enabling
calculation of binding affinity between PBA terminated SAMs and
saccharides and will be discussed in more detail in Chapter. 5

(section 5.2.2).
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3.3.1 Synthesis of benzyl azide and 3-(azidomethyl)phenyl

boronic acid

For synthesis of our azide functionalised PBA 3-
(azidomethyl)phenyl boronic acid (AzBA) and control benzyl azide
(AzBEN) we used the synthetic strategy shown in Scheme. 4. This
simple reaction uses nucleophilic substitution (Sy2) between the
nucleophile (azide) and electrophile (bromide) thereby
substituting the bromide for azide producing sodium bromide as

a by-product (393).

OH OH
5~oH % on
+ NaBr
Br N3
BrPBA acetone/ water AZBA
.................... + NaN3 L.
50 °C , 2 hours, 93%
ours b + NaBr
Br N3
BrBEN AzBEN

Scheme. 4: Synthetic route to functionalise BrPBA and BrBEN with
azide group producing AzBA and AzBEN respectively. Detailed
synthetic methodology is available in Chapter 7 (section 7.2.2,

7.2.4).
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Both AzBA and AzBEN followed identical synthetic routes
using a single step reaction with sodium azide. In each synthesis
commercially available benzyl bromide (BrBEN) or 3-
(bromomethyl)phenyl boronic acid (BrPBA) was dissolved in an
acetone water mixture with sodium azide and allowed to react for
2 hours at 50 ©°C producing azide functionalised counterparts
AzBEN or AzBA respectively. Both compounds were characterised by
1H NMR alongside respective starting material as only discreet

changes to CH> chemical shift were expected shown in fig. 44c.
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Fig. 44: (a) 'H NMR spectra of AzBEN with proton assignments.
(b) 'H NMR spectra of AzBA with proton assignments. (c) Stacked
spectra of AzBEN and AzBA with starting material BrBEN and BRPBA
showing decrease in chemical shift of CH, group on exchange of

bromide for azide group.
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1H NMR spectra for AzBEN (Fig. 44a) shows two isolated
chemical environments with the aromatic ring ‘A’ assigned to the
multiplet at 7.38 ppm due to adjacent CH; imparting chemical
inequivalency to the phenyl group. Being unable to couple to the
aromatic ring however, the CHz group ‘B’ appears as a singlet
being shifted upfield from 4.7 ppm to 4.44 ppm on exchange of
bromide for azide group (Fig. 44c). As AzBEN has full
characterisation previously reported and proton assignment
reported here is in agreement, no further characterisation was

pursued (394).

For AzBA a similar single peak corresponding to CHz group
‘d’ is observed being shifted from 4.7 ppm in BrBA to 4.43 ppm
in AzBA (Fig. 44c). With the inclusion of the BA group,
additional hydroxyl signals ‘A’ are assigned to the isolated
singlet at 8.11 ppm not seen in the BrBA spectra due to presence
of water solvent impurity causing deuterium exchange (395,396).
Aromatic ring peaks are further split to two multiplets ‘B’ ortho

to BA at 7.76 ppm and ‘C’ meta and para at 7.39 ppm.

The isolation of AzBA was confirmed using ESI- (+)MS however
significant fragmentation of the azide occurred consistent with
previous reports (397,398). With a predicted mass of 176.97, the
peak at m/z 179.11 was assigned to AzBA ([M]*). Displaying
graduated lower masses, peaks at m/z 164.11 ([M-N]*), 150.08 ([M-

N2]*) and 135.01 ([M-N3]*) were assigned to incremental

137



fragmentation of the azide group. Fragmentation of the BA group
was additionally observed as peaks with mass of 105.99 ([M-N3,
BO2]1%) and 94.05 ([M-N2, BO2]*) corresponding to total loss of BA

and partial or total loss of azide group respectively.

3.3.2 Pinacol protection of AzBA

Commonly used in Suzuki-Miyaura coupling, esterification of
BA with pinacol produces a highly stable boronate ester (399).
To provide an alternative control to AzBEN while maintaining
similar chemical configuration to AzBA we synthesised a pinacol

protected counterpart to AzBA as outlined in Scheme. 6.

Ether, 50 °C, 1 hour

HO

AzBA Pinacol pinAzBA

Scheme. 6: Synthetic route for pinacol protection of AzBA
producing pinAzBA. Detailed synthetic methodology is available

in Chapter 7 (section 7.2.3).
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PinAzBA was synthesised by reaction of pinacol with AzBA in
diethyl ether at 50 °C over 1 hour yielding pinAzBA. PinAzBA was

characterised by 'H NMR with proton assignments shown in Fig.

45.
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Fig. 45: 'H NMR spectra of pinAzBA (D6-DMSO, 298K, 300 MHz) with

proton assignments

Proton assignment for 'H NMR spectra of pinAzBA (Fig. 45)
shows similar multiplet peaks for ortho aromatic protons ‘A’ and

para and meta aromatic protons ‘B’ to AzBA as expected.
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Consistent with this, CHz group ‘C’ is assigned to the single
peak at 4.48 ppm in similar location to CHz group on AzBA lH NMR
spectra (Fig. 44b) . Confirmation of successful ©pinacol
protection can be seen in loss of hydroxyl protons previously at
8.11 ppm for AzBA and gain of large single peak at 1.30 ppm which
integrates to 12 protons ‘D’ corresponding to the 4 methyl groups

of the pinacol ester.

Isolation of pinAzBA was confirmed by ESI-(+)MS and showed
less fragmentation of the azide than previously with AzBA. With
a predicted mass of 259.12, the peak corresponding at m/z 232.2
was assigned to pinAzBA with loss of azide group ([M-N3]*). At
lower mass, the peak at m/z 217.19 was assigned to loss of both

azide and adjacent CHz ([M-CH2Nz]*).

3.3 Synthesis of PBA terminated SAM monomers

With alkyne terminated SAMs and azide functional PBA ligands
synthesised we then optimised the CuAAC reaction in solution
prior to application on our SAMs. Coinciding, with the pre-
synthesis of PBA terminated monomers these would also serve as
defined PBA terminated SAMs for future surface characterisation
and saccharide binding studies. Referring back to Chapter. 1
(section 1.4.6) we discussed the CuAAC reaction progressing

through formation of multiple Cu(I) acetylide intermediates with
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alkyne species.

Alkynes then associate with azide groups which

then converts to 6-membered ring intermediate from B-carbon of

alkyne-Cu(I)-acetylide and terminal nitrogen of the azide.
Reductive elimination of one Cu(I) then forms a prototype
triazole before protonation of the remaining Cu(I) thereby
regenerating Cu(I) catalytic function (Fig. 46) (254).
N 2
N N-R
R1
Cu
H* H*
N 2
Lo ——R
N)f:N rmRI——Cu,
R" Cu
R2
/N_
+N\\
N
Cu . R2
. N=N
RL(l\l/::N'N_RZ jN{
~——— mrR1I——=—Cl,
Cup
Fig. 46: Progression of the CuAAC reaction forming 1,4-

disubstituted triazoles (254)
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3.3.1 Synthesis of PBA terminated C; SAM monomer from
DTPAlk and AzBA

Whilst the CuAAC reaction 1is well characterised, initial
attempts at CuAAC reaction of AzBA with DTPAlk showed slow
reaction times showing incomplete reactions by thin-
chromatography (TLC) after three days. To increase reaction rate
we included the rate accelerating ligand tris[ (l-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine (TBTA) as previously described
(400,401). On inclusion of TBTA reaction times shortened to 24
hours consistent with previous reports. The reaction scheme for
synthesis of PBA terminated dithiol from AzBA and DTPAlk is shown

in Scheme. 7.

OH
0 i
H = B.
///\H J\/\S/S WN \// + Q OH
(0]
N3
DTPAIk AzBA

NaAsc, CusS0Oy4, TBTA
DMF/ H,0 (2:1), RT, 24 hour, 7.5%

Y

0
HO. N=N H OH
oL sy

HO OH
o)

DcB

Scheme. 7: Synthetic route for CuAAC reaction of DTPAlk with
AzBA producing DcB. Detailed synthetic methodology is available

in Chapter 7 (section 7.2.6).
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To synthesise DcB, a catalyst prepared by stepwise addition
of Cu(II)SO4, sodium-L-ascorbate (NaASC) and TBTA was prepared
in a DMF UHP water mixture thereby reducing Cu(II) to Cu(I).
DTPAlk and AzBA were added to this catalyst solution and reacted
over 24 hours protected from light to prevent NaASC degradation
(402) producing DecB. Only low yields of DcB were able to be
produced from this reaction due to complications in
purification. Attempts at column chromatography produced poor
separation in standard dichloromethane (DCM)/ methanol (MeOH) or
hexane (hex)/ ethyl acetate (EtOAC) solvent systems attributed
to interaction between PBA and silica (403) . Further
precipitation or crystallisation trials yielded impure products
and failed to <crystallise DcB. Basifying the silica with
trimethylamine showed small improvement in the column
chromatography separation in DCM/ MeOH however, only on
basifying with ammonium hydroxide we were able to recover a small
amount of pure DcB. This was characterised by 'H NMR spectroscopy

with proton assignments shown in Fig. 47.
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Fig. 47: 'H NMR spectra of DcB (D6-DMSO, 298K, 400 MHz) with

proton assignments.

Proton assignment for 'H NMR spectra of DcB in D6-DMSO (Fig.
47) shows similar peak distribution to both AzBA and DTPAlk with
downfield peaks (8.12 - 7.33 ppm) corresponding to aromatic ring
of AzBA and upfield showing CHz adjacent to carboxyl (2.87 ppm).
Several differences in peak distribution are observed however
notably the appearance of the singlet ‘C’ at 7.93 attributed to
triazole proton close to previously reported shift of 7.91 ppm
(404) . The conversion of alkyne to triazole sees double doublet
of DTPAlk (proton 'B’', Fig. 40) converted to doublet for proton

‘G’ that couples to amide ‘A’ occurring as a triplet. Hydroxyl
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protons ‘B’ on DcB are observed in similar location to AzBA
hydroxyl protons (8.12 and 8.11 ppm respectively) as are peaks
assigned to aromatic ring (7.75, 7.33 ppm and 7.76, 7.39 ppm
respectively). A shift is observed in adjacent CHz peaks from
4.43 ppm for AzBA to 5.53 ppm on DcB with incorporation of
neighbouring triazole. Similarly, to DTPAlk, CH, protons
adjacent to thiol are masked by D6-DMSO solvent signal thus, 1H

NMR was additionally provided in MeOD shown in Fig. 48.
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Fig. 48: H NMR spectra of DcB (MeOD, 298K, 400 MHz) with proton

assignment

On exchanging NMR solvent from D6-DMSO to MeOD peaks
corresponding to CHz protons ‘g’ adjacent to thiol are observed

at 2.54 ppm coupling to ‘f’ protons as suggested by roofing of
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both triplets (393). Peaks corresponding to amide and hydroxyl
protons on BA are lost however due to deuterium exchange with
the NMR solvent MeOD (393). With deuterium exchange at the amide,
proton ‘e’ no longer couples to the amide occurring now as a
singlet as opposed to the doublet observed when in D6-DMSO (Fig.
47). Proton ‘d’ as with previous AzBA and DcB in D6-DMSO spectra
occurs as a singlet having no coupling while triazole proton ‘a’
is similarly observed as a singlet at 7.84 ppm close to
literature value (404). Coupling was confirmed with COSY NMR in
D6-DMSO to ensure visible amide peaks. Coupling is observed
between protons ‘H’ and ‘X’ and between amide ‘A’ and ‘G’ (Fig.
49) . Due to low solubility, 1!3C NMR was unable to be obtained for
DcB where increasing concentration of DcB in the NMR solvent D6-

DMSO or MeOD caused precipitation.

The isolation of DcB was confirmed by ESI-(+)MS showing
three distinct masses. The peak at m/z 639.29 was assigned to
DcB ([M]*) having predicted mass of 638.33. A small peak
corresponding to mass of 140.01 was assigned to fragmentation of
DcB constituting a sodium adduct of phenyl boronic acid
([pheBO2+Na]*) consistent with previous fragmentation around the

CH2N3 group.
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Fig. 49: 2D COSY NMR spectra of DcB (D6-DMSO, 298K, 400 MHz).
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3.3.2 Synthesis of PBA terminated C;o SAM monomer from
MBDAlk and AzBA

Synthesised alongside the short chain (C2) DcB, we
additionally produced a long chain (Cip) PBA terminated SAM
monomer using the developed CuRAAC reaction from Scheme. 7. The
synthetic pathway to produce the PBA terminated long chain (Cio)

SAM monomer (pMcB) is shown in Scheme. 8.

QH

H = (0] B.
N = O o H = OH
HS/{\%/S\Q/ \/ * )J\OJ\ Pyridine, 0 °C, > ASWN\//+ @
0

24 hours, 68%

A e :
pMBDAIk AzBA
HO\B/OH
N\N NaAsc, CuyS0O,4, TBTA

(0]
Ps P
Sm N DMF/ H;0 (2:1), RT,

24 hour, 42%
pMcB

Scheme. 8: Synthetic route to produce pMcB through CuAAC reaction
of MBDAlk and AzBA. Detailed synthesis methodology is available

in Chapter 7 (section 7.2.9).
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Initial attempts at CuAAC reaction between our MBDAlk and
AzBA evidently produced several unknown side-products (observed
by TLC) attributed to oxidation of the thiol by NaASC and
reactions between boronic acid and thiol groups (405-407). To
prevent this, we first acylated the thiol group on MBDAlk
producing pMBDAlk which was then reacted with AzBA using the
Cu(I) catalyst as described in section 3.3.1 producing pMcB.
pMcB was characterised by H NMR spectroscopy with proton

assignments shown in Fig. 50.
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Fig. 50: 'H NMR spectra of pMcB (d6-DMSO, 298K, 400 MHz) with

proton assignment.
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Consistent with proton assignments for DcB (Fig. 47),
Confirmation of successful CuAAC reaction between pMBDAlk and
AzBA producing pMcB 1is providing in several changes to peak
distribution. Disappearance of alkyne triplet (3.07 ppm, MBDAlk
1H NMR spectra, Fig. 5) and occurrence of singlet assigned to
triazole at 7.90 ppm confirms pMcB synthesis. Additional
downfield shift of protons ‘F’ to 5.53 ppm are assigned to
aromatic adjacent CH, observed in similar position to
corresponding protons in 'H NMR DcB spectra (5.51 ppm). With loss
of long-range alkyne coupling to neighbouring CHz protons ‘G’,
this now presents a doublet coupling only to amide protons ‘A’.
PBA group hydroxyl protons ‘B’ occur as a single peak while
aromatic ortho protons ‘D’ couple to para and meta protons ‘E’
as confirmed in COSY NMR spectra (Fig. 51). Coinciding, protons
‘H’ are assigned to CHz neighbouring the carboxyl group and ‘J’
to thiol neighbouring CH; showing coupling to alkane chain ‘K’
as observed in COSY NMR spectra. Protons ‘K’ show clear coupling
to the large peak at 1.25 ppm assigned to homogenous alkane
backbone ‘L’ while the acetyl protecting group ‘I’ shows an
isolated peak at 2.31 ppm. Due to low reaction yield and
complications in scaling up this reaction, no '3C NMR was acquired

for pMcB.
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Fig. 51: 2D COSY NMR spectra of pMcB (D6-DMSO, 298K, 400 MHz).

The isolation of pMcB was confirmed using ESI- (+)MS showing
significant fragmentation of pMcB. With predicted mass of
474.43, the peak at m/z 475.26 1is assigned to pMcB ([M]*).
Additional major peaks are seen at m/z 333.11 assigned to
fragmentation of acetyl group and PBA with sodium adduct ([M-
CgHoO3B+Nalt), m/z 239.16 assigned to fragmentation at carbonyl
group with sodium adduct [M-Ci2H13N4O3B+Na]* and 185.11 assigned

to fragmentation within the triazole ([M-Ci6H2602SN2+Nal”t) .
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3.5 Conclusion

In this chapter we have described the design rationale and
synthesis of three compounds for generation of alkyne terminated
SAMs. The synthesis of a further three azide functionalised
compounds has been described thereby providing CuAAC ligands for
alkyne terminated SAMs. Finally, we have optimised the CuAAC
reaction in solution producing two distinct PBA terminated SAM
monomers. With the developed CuAAC method, rapid reaction time
between monomer and azide ensure suitability with surface
functionalisation with the reaction proceeding to completion
within 24 hours. With the SAM monomers, azide functionalised
ligands and methodology developed in this chapter we will now
proceed to generate alkyne functional SAMs and optimise the
procedure for PBA functionalisation using the wvarious surface

characterisation techniques described in Chapter. 2.
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Chapter 4.

Formation and characterisation of alkyne

and PBA terminated SAMs

Abstract: In this chapter we will examine the SAMs produced
by compounds synthesised in chapter 3 through various surface
characterisation techniques. In this we will explore the effect
of alkane backbone and branching on SAM organisation to establish
procedures for producing organised alkyne terminated SAMs.
Following this, pre-clicked PBA terminated monomers will be used
to produce SAMs with defined BA-saccharide binding surfaces,
serving as a comparative surface to our CuBAC reacted AzBA
functionalised SAMs. Once surface parameters are established,
the CulAAC reaction between our alkyne terminated SAMs and AzBA
will be examined for yield and speed of reaction thus producing

an effective surface functionalisation procedure.
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4.1 Chapter introduction

The spontaneous adsorption of chemical groups to a
substrate producing SAMs provides a simple route of surface
functionalisation and a method by which to impart unique chemical
properties. This has seen use across a number of fields including
biomedical implants (408,409), corrosion inhibition (410,411)
and of concern to this research, biosensors (412,413). Given the
vast library of research on various substrates and self-
adsorbing chemical groups, complex molecular imprinting
technology-based biosensors has surged in recent years seeing
development of synthetic multivalent binding pockets producing
remarkable selectivity in biomarker discrimination

(193,285,291) .

The chemical composition of the SAM monomer has
demonstrated remarkable effect on quality and formation rate of
the final monolayer being regulated by the length of alkane
chain, terminal groups and elemental composition throughout the
compound (222,224,225). By increasing backbone length more
densely packed monolayers are produced suggesting benefits to
use of long simple alkanethiols for monomers. Contrary to this,
high packing density imparts steric hindrance to further surface
reactions and potentially imparts more dramatic boundary defects

given the adopted tilt by 1long alkanethiols and chain
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flexibility. The use of mixed thiolate SAMs has been used to
alleviate steric hinderance effects thus in an ideal monolayer,
terminal functional groups must be sufficiently spaced
(228,414,415). Alternatively, use of a pre-functionalised SAM
monomer provides a route for complete functionalisation being
unrestrained by reaction yields. Quality of the produced SAM
however will be affected given the inclusion of bulky groups
inhibits dense packing and increases time taken for full SAM

organisation (416).

Selection of a high vyield, rapid and physiologically
suitable surface reaction is essential for sufficient surface
functionalisation and has seen development of several well
suited reactions (235,242,246). Being stable under atmospheric
conditions and soluble in aqueous buffer, the CuAAC reaction has
seen extensive use in biomolecule functionalisation since its
inception by Rostovtsev et al in 2002. It’'s application to SAM
functionalisation has been explored across a number of studies
providing compelling evidence to its suitability in surface
reactions (262,417,418). While high CuAAC reaction yields are
attained in solution, careful consideration to SAM monomer
design must be given 1in adapting this reaction to a solid
substrate however. During CuAAC reaction progression, the

formation of Cu(I)-alkyne intermediates are essential thus, in
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densely packed SAMs with limited access to alkyne groups, steric

effects would serve to inhibit the CuAAC reaction (380).

In this chapter, we will investigate the formation of SAMs
from previously synthesised compounds in chapter 3 through
characterisation of SAM growth. Our optimised CuAAC reaction
will be applied to alkyne terminated surfaces for optimisation
of surface reaction procedure. This will be compared to SAM
formation of pre-functionalised PBA-alkanethiol monomers to
establish intensity of PBA functionalisation with CuAAC surface
reaction. Through this an optimised SAM and surface CulAAC
reaction will be developed for application to PBA-
oligosaccharide complex immobilisation to our surface. The

objectives of this work can be broken down as follows:

4.2 Objectives

1. Produce and characterise alkyne terminated SAMs (MBDAlk, DTPAlk
and DFC) synthesised in chapter. 3 and evaluate SAM packing and

organisation based on chemical composition (Fig. 52a).

2. Produce and characterise SAMs of PBA terminated monomers (DcB

and pMcB) for comparison between alkyne terminated and AzBA

functionalised surfaces (Fig. 52b).

3. Using the optimised CuAAC reaction, functionalise alkyne

terminated SAMs with AzBA and characterise the reacted surface
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to establish changes in surface properties and surface reaction
yield (Fig. 52c).
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Fig. 52: (a) Alkyne terminated SAMs showing branched DFC, long
chain (Ci0) MBDAlk and short chain (Cz) DTPAlk. (b) PBA-terminated
SAMs long chain (Cig) McB and short chain (C2) monomers. (c) AzBA

functionalisation of alkyne terminated SAMs.
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4.2 Formation and characterisation of alkyne-

terminated SAMs on gold surfaces

All SAMs characterised by ellipsometry, contact angle and XPS
were formed on polycrystalline gold substrates purchased from
George Albert PVD., Germany consisting of a 100 nm gold layer on
silicon. Monomers were incubated with clean gold substrates for
24 hours to allow sufficient monolayer organisation whilst
preventing excessive desorption as previously reported (419).
Prior to incubation, gold substrates were chemically cleaned by
immersion in piranha solution (H2SOs4: H202, 7:3) for 7 minutes
before extensive washing with ultra-pure MilliQ H»O (UHPW)
followed by HPLC grade methanol. Solutions of SAM monomers were
sonicated for 3 minutes and then purged by argon bubbling for 1
minute. Immediately following piranha treatment, clean
substrates were immersed in 1 mL methanolic solutions of either
0.1 mM DTPAlk, 0.1 mM DFC or 0.2 mM MBDAlk and reaction vial
sealed under argon. These were incubated for 24 hours on a rotary
mixer after which time SAM adsorption was quenched by liberal
rinsing of substrates with HPLC grade methanol with drying of
SAMs under argon stream. To minimise atmospheric contamination,
all SAMs were immediately used in characterisation techniques
and stored under argon for transport. An associated error of
0.05 £ 0.04 nm was observed on varying refractive index (n)

between 1.45 and 1.5 in ellipsometry modelling for DTPAlk, DFC
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and MBDAlk SAMs with thickness reported calculated from n=1.5.
All SAMs were synthesised in duplicate with four measurement
spots per sample for contact angle and ellipsometry analysis.
Reported error was calculated from standard deviation between

measurement spots of all samples.

4.2.1 DTPAlk short chain SAM generation and

characterisation

Examination of SAMs formed by DTPAlk (fig. 53a) by
ellipsometry (Table. 5) shows a thickness (0.4 £ 0.03 nm) roughly
half of the theoretical value (0.7 nm). While tilting of monomers
is commonly reported (215,226), a folded conformation of
structurally similar cysteine Dbased SAMs was reported by
Stephenson-Brown et al (2015) (Fig. 53b) (420). Assuming a
prescribed tilt of 30 © as suggested by Vericat et al (2010) we
expect a thickness of 0.65 nm, still higher than experimentally
derived thickness of 0.4 + 0.03 nm. Alongside thickness wvalues
consistent with SAM formation presenting low surface
organisation, advancing contact angle (78.6 * 1.0°) (Table. 5)
reports lower value than previously reported (= 84°) (421).
Exposure of polar carbonyl and amide groups thereby providing
polar sites amongst exposed non-polar alkyne groups might
explain lower experimental advancing contact angle consistent

with low derived thickness of the DTPAlk SAM. (420). This 1is
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further confirmed in calculation of contact angle hysteresis
(Badv— Orec) of 13.6° being consistent with low surface
organisation suggested at hysteresis >10° (422). As the CuAAC
reaction requires Cu(I) acetylide intermediate formation, in
presenting buried alkyne groups we expect significantly reduced
reaction yield thus functional capability. This will be explored
in section 4.4 1in comparison of reaction vyields Dbetween

structurally different SAMs.

@ s 7 H =
MHMS’SWN\//
o]
DTPAIK

(b) //f\\

\\

H o
HN %-./N
0
kY
l Au Au |
Extended Collapsed

Fig. 53: (a) DTPAlk short chain SAM monomer. (b) Extended and

folded conformation that can be adopted by DTPAlk.

Table. 5: ellipsometry and contact angle measurements for

DTPAlk SAMs.

Contact angle (°) Ellipsometry thickness (nm)
Advancing Receding Theoretical Experimental
78.6 £ 1.0 65.0 + 2.0 0.73 0.40 £ 0.03
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To confirm DTPAlk SAM formation, XPS was used to examine
elemental composition of the surface (Fig. 54). The C, N, O, S
and Au elements were observed in XPS survey scans suggesting
monomer adsorption to Au surface. Adventitious carbon and oxygen
contamination are common artefacts produced under XPS and are
seen in high-resolution (HR) scans for Cls and Ols hence will
not be accounted for in elemental ratios. Providing confirmation
of SAM formation, S, N and Au ratios are shown in Table. 6. The
ratio of S/N is lower than expected value of 1:1 attributed to

nitrogen contamination (423).

Table. 6: Elemental ratio of S to N and Au derived from HR

spectra.

Theoretical Experimental
S/N 1.00 0.77 £ 0.06
Au/S n/a 24.91 £ 0.80

Interpretation of the Cls HR scan observes three chemical
species. The peak at 288.2 eV can be attributed to C=0 preceded
by C-S/C-N at 286.7 eV while alkyne and C-C are located within

the large adventitious carbon peak arising from atmospheric
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contamination at 284.8 eV (345). This contamination is further
confirmed in Ols HR scans with an observed peak at 533.3 eV
corresponding to atmospheric C-0 species while O=CN of DTPAlk is
defined at 531.6 eV. Nls scans reveal a singular peak at 399.8
eV ascribed to N-C. Confirmation of thiol-Au adsorption is shown
in S2p spectra displaying a doublet corresponding to S2p3/2
(162.5 eV) and S2pl/2 (163.7 eV) split 1.2 eV in a distinct 2:1
ratio consistent with literature values (424). At 163.6 eV a
smaller doublet is ascribed to unbound sulphur suggested to arise
from insufficient rinsing of SAMs (424). As SAMs were liberally
rinsed with HPLC methanol prior to analysis and to prevent
further desorption of thiol species, no further methods were
employed to remove unbound sulphur. Peak separation between
bound S2pl/2 and unbound S2p3/2 (separation 0.1 eV) is below the
energy resolution of the XPS instrument (0.5 eV) thus we cannot
confirm reliably this species. Despite this, presence of unbound
S2pl/2 provides sufficient evidence for presence of the unbound
S2p3/2 peak given the expected S2p3/2 and S2pl/2 separation of
1.2 eV. High resolution XPS spectra were charge corrected to

adventitious carbon peak at 284.8 eV.
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Fig. 54: HR XPS spectra of S2p, Cls, Nls and Ols from DTPAlk

SAMs with peak regions.

4.2.2 MBDALk long chain SAM generation and
characterisation

To investigate effect of alkane backbone length on SAM
formation, monolayers of MBDALk (Fig. 55) were produced as per
method outlined in section 4.2. In increasing the length of the
alkane chain, significantly more opportunity for Van der Waals
interaction is presented during adsorption allowing more densely
packed and stable structures as previously reported (225,380).

Thickness value of the MBDAlk SAM (1.81 * 0.04 nm) 1is close to
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theoretical thickness of 1.85 nm confirming formation of a
densely packed SAM (Table. 7). Advancing contact angle (82.6 =
2.3% confirms this showing close to literature values of =84°

while hysteresis (6nys 5.7°) 1s consistent with high surface

organisation (421,422,425).
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Fig. 55: SAM formed by MBDALk monomer.

Table. 7: Contact angle and ellipsometry measurements for

MBDALk SAMs.

Contact angle (°) Ellipsometry thickness (nm)
Advancing Receding Theoretical Experimental
82.6 £ 2.3 76.9 £ 1.9 1.85 1.81 £ 0.04

XPS analysis was conducted on MBDALk SAMs to confirm
elemental composition and adsorption of thiol to Au substrate.

Survey scan of the MBDAlk SAM shows a similar composition to
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DTPAlk with presence of C, N, O, S and Au as expected. Contrary
to the DTPAlk SAM however, no adventitious carbon or oxygen
contamination is observed in HR spectra with ratio values shown
in Table. 8. As previously described, ellipsometry and contact
angle data suggests MBDAlk forms densely packed SAMs lacking the
folded conformation provided by DTPAlk SAMs. As previously
reported by Wieliczka & Dubowski (2006), exposed polar groups
might facilitate increased C-0 contamination further confirming
low surface organisation of the DTPAlk SAM. Conversely, as no
contamination is observed on MBDAlk SAMs, this suggests polar
amide and carbonyl are likely embedded within the SAM presented

alkyne groups at the SAM interface (426).

Table 8: Elemental composition of MBDAlk SAMs.

Theoretical Experimental
N/S 1.00 1.44 + 0.11
N/O 1.00 1.09 £ 0.10
N/C 0.07 0.07 £+ <0.01
Au/S n/a 19.24 £ 1.53

Agreement 1in theoretical and observed ratios for MBDAlk
SAMs are consistent with successful SAM formation displaying

similar attenuated S2p signals to DTPAlk attributed to shielding
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of thiol species by the hydrocarbon chain (Table. 8) (427).
Unbound sulphur is again observed comprising 37% of total sulphur
despite extensive rinsing of SAMs prior to XPS analysis. Despite
this, comparison of Au/S ratios shows increased thiol adsorption
compared to DTPAlk emphasising higher surface organisation

imparted by inclusion of a longer alkane backbone in the monomer.

Being of similar chemical design to DTPAlk, HR spectra of
Au, C, O, N and S reveal a highly similar pattern of peak
integration with two doublets of bound and unbound S 2p at 162.5
eV/ 163.7 eV and 163.8 eV/ 165.0 eV (S 2p3/2 and S 2pl/2)
respectively and a singular Nls peak at 400.2 eV for N-C species.
Increased carbon content of alkane backbone manifests as a large
C-C peak at 285.2 eV masking the C=CH species. At higher binding
energies C-S/C-N are present at 286.6 eV with C=0 species at
288.4 eV. A single peak is observed in Ols HR spectra ascribed
to C=0 species at 531.9 eV (Fig. 56) consistent with no
atmospheric contamination (256,345). Peak separation between
bound S2pl/2 and unbound S2p3/2 (separation 0.1 eV) is below the
energy resolution of the XPS instrument (0.5 eV) thus we cannot
confirm reliably this species. Despite this, presence of unbound
S2pl/2 provides sufficient evidence for presence of the unbound
S2p3/2 peak given the expected S2p3/2 and S2pl/2 separation of

1.2 eV.
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Fig. 56: HR XPS spectra of MBDAlk SAM for elements: S2p, Cls,

Nls, Ols and Au 4f displayed with peak regions.

4.2.3 DFC branched SAM generation and characterisation

A common theme across surface functionalisation 1s the
inhibition of surface reactions and ligand interaction by steric
hindrance arising from densely packed SAM structures. Inclusion
of mixed SAM monomers has been reported previously to counter
this by providing spacing between SAM terminal groups from
shorter monomers (228,229). Alternatively, packing of SAM

monomers can be modulated directly at the substrate interface by
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incorporation of branched groups preventing the tightly packed
structures observed for linear alkanes (225). Several groups
have reported SAMs of branched monomers with Zhang et al using
methyl branched propanethiol to produce unigque monomer packing
patterns (428). Alternatively, a PSA specific MIP was produced
by Stephenson-Brown et al (2015) using the monomer shown in Fig.
57. Through inclusion of two functional groups both ligand
immobilisation and templating was achieved through separate
surface reactions producing complimentary binding pockets to PSA

(262) .
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Fig. 57: SAM formed by DFC monomers showing potential folded

configuration similar to DTPAlk.

To investigate effect of packing density by branched SAMs
we produced SAMs of the previously reported alkyne/ acryloyl
modified cystine (Fig. 57) (420). Surfaces were characterised by
ellipsometry and contact angle (Table. 9) for comparison to

DTPAlk where we expect a more hydrophilic surface imparted by
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additional polar groups on DFC. In addition, we expect reduction
in thickness to DTPAlk arising from lower organisation imparted

by branched groups preventing dense packing of the monomer (429).

Table. 9: Ellipsometry and contact angle measurements of DFC

SAM.
Contact angle (°) Ellipsometry thickness (nm)
Advancing Receding Theoretical Experimental
70.5 £ 3.0 56.4 £ 7.0 0.73 0.49 = 0.04

Contact angle measurements confirm increased hydrophilicity
of DFC compared to DTPAlk seeing a reduction in both advancing
and receding angles. Additionally, while the hysteresis of DFC
(Bnys 14.1°) appears similar to that of DTPAlk (6nys 13.69),
heterogeneity was observed across receding angle data collection
surmounting to large error. Accounting for this, the DFC SAM
might Dbe considered 1less homogenous than DTPAlk SAMs as
predicted. Thickness of DFC (0.49 £ 0.04 nm) retains similarity
to DTPAlk (0.40 £ 0.03 nm) albeit still showing slight increase
in thickness. Given the branched composition of DFC, this can be
attributed to either higher surface organisation or reduction in
monomer tilt due to steric constraints between branched groups

and the substrate.
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Table. 10: Elemental composition of DFC SAMs.

Theoretical Experimental
N/S 2.00 2.98 = 0.04
N/O 1.00 2.92 + 0.11
Au/S n/a 77.70 £ 15.29

XPS survey spectrum shows elemental composition consistent
with chemistry of the DFC compound with peaks corresponding to
C, N, O, S and Au species. Examination of HR spectra for all
elements shows low resolution suggesting low concentration of
DFC on the surface. This is confirmed in the Au/S ratio (77.7 %
15.29) showing lower surface coverage of DFC (Table. 10) compared
to DTPAlk (24.91 + 0.80) and MBDAlk (Au/S 19.24 + 1.53) SAMs.
This 1is additionally shown in the S2p spectrum where little
sulphur was detected at 162.5 / 163.7 eV with unbound sulphur at
163.8 / 165 eV. Peak separation between bound S2pl/2 and unbound
S2p3/2 (separation 0.1 eV) is below the energy resolution of the
XPS instrument (0.5 eV) thus we cannot confirm reliably this
species. Despite this, presence of unbound S2pl/2 provides
sufficient evidence for presence of the unbound S2p3/2 peak given
the expected S2p3/2 and S2pl/2 separation of 1.2 eV. Nls HR
spectrum shows a single sharp peak at 399.6 eV while for Ols, a

small peak at 531.8 eV consistent with amide and C-0O species
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(430) . Similar to DTPAlk, a large adventitious carbon peak is
present at 284.8 eV preventing extensive peak deconvolution.
Coinciding, elemental ratios of nitrogen to sulphur and oxygen
(Table. 10) show increased nitrogen content consistent with
contamination similarly seen for DTPAlk (423). Two further peaks
on the Cls spectrum are presented at 288.5 eV and 286.8 eV which
are assigned to C=0 and C-N species respectively (345). Together
with the observed large contact angle hysteresis (14.1°), XPS
analysis suggests low surface organisation with sparsely packed
monomers. This can be attributed to branched acryloyl groups
disturbing SAM formation seeing inhibition of inter-monomer
interaction thus preventing dense packing. In addition both
DTPAlk and DFC display a propensity for surface contamination
compared to MBDAlk showing large adventitious carbon peaks on
both SAMs. This was attributed to low surface organisation of
DFC and DTPAlk enabling contamination through exposed polar

carboxyl groups (420).
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Fig. 58: HR XPS spectra of DFC SAM for elements: S 2p, Cls, Nls,

Ols and Au 4f displayed with peak regions.

4.2.4 Comparison of DTPAlk, MBDALk and DFC SAMs and effect
of backbone composition on SAM organisation

Based on ellipsometry measurements of DTPAlk, MBDALk and

DFC we can confirm each compound was capable of SAM formation on

gold substrates. Thickness measurements of 1.81 £+ 0.4 nm for

MBDALk being close to the theoretical value of 1.85 nm suggests
reduction in adopted monomer tilt contrary to reports of 30-40°

tilt adopted by long alkanethiol SAMs (431). Conversely, with a

theoretical thickness of 0.73 nm, both DTPAlk and DFC
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demonstrated lower thickness at 0.40 £ 0.03 and 0.49 £ 0.04 nm
respectively. This is attributed to folded conformation of SAM
monomers supported by increased hydrophilicity of the SAM (DFC
Qaav 70.5 + 3.0°, DTPAlk Bagv 78.6 * 1.0°) compared to MBDAlk (O8adv
82.6 £ 2.3° through exposure of polar C=0 groups. While
comprehensive structural characterisation of potential defects
is outside the remit of this thesis, pursuing either DTPAlk or
DFC SAMs for sensor development might require additional
structural analysis. Quantification of defects such as pinholes,
vacancy islands and domain boundaries alongside surface
topography through scanning tunnelling and atomic force
microscopy would confirm low organisation of DTPAlk and DFC SAMs
as previously used in alkanethiol SAM characterisation studies

(432-434) .

Comparison of Au/S ratios derived from XPS analysis further
suggests higher SAM organisation of MBDAlk showing a densely
packed monolayer (Au/S 19.24 £ 1.53) with lower packing of DTPAlk
(Au/S 24.91 £ 0.80) and significantly lower packing of DFC (Au/S
77.7 £ 15.29). Given that a low hysteresis suggests higher
surface organisation, MBDAlk again demonstrates a more
homogenous surface (6nys 5.7°) than both DTPAlk (6nys 13.6°) and
DFC (6nys 14.1°). While we expect more sparsely packed DFC given
its branched configuration translating to lower SAM

organisation, the linear composition of DTPAlk, while improving
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monomer packing, does not 1improve organisation. Given the
comparative thickness and contact angle values between DFC and
DTPAlk but increased density of DTPAlk packing, this implies
there is increased surface heterogeneity regardless of packing
density. Instead, SAM disorder translates from lack of inter-
monomer interactions consistent with short monomer SAMs
presenting increased fluidity and surface defects (226,435). If

pursuing

4.3 Formation and characterisation of PBA-

terminated SAMs on gold surfaces

As the CuAAC reaction is not guaranteed to achieve complete
surface functionalisation, we synthesised PBA terminated
monomers via solution CuAAC reaction of azido-PBA (AzBA) with
DTPAlk and MBDALk. These compounds were used to produce the SAMs
shown in Fig. 59 exhibiting 1:1 ratio of thiol to PBA thus
providing a defined saccharide binding surface. Prior to SAM
formation of McB, deprotection of acetate group from terminal
thiol was first required. To do so, 0.2 mM pMcB in HPLC grade
ethanol was mixed 1:1 with aqueous KOH and sonicated for 5
minutes. This was incubated for 2 hours on a rotary mixer under
ambient conditions after which time clean gold substrates were

immersed in 1 mL of McB-KOH solution for 24 hours under argon
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before liberal rinsing with HPLC ethanol and drying under argon
stream. DcB SAMs were produced with 0.1 mM DcB in HPLC grade
methanol as described in section 4.2.

HO HO HO
B-oH ., B-gn . B-ow

8.9
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B, B, B,
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u | Au |

McB DcB

Fig. 59: SAMs formed by McB (left) and DcB (right).

4.3.1 Characterisation of DcB and McB PBA-terminated
monolayers by ellipsometry, contact angle and XPS

SAMs of McB and DcB were subjected to ellipsometry and
contact angle analysis to determine thickness and wettability
with the experimental data shown in Table. 11. Ellipsometry
measurements for SAMs formed from acetyl protected thiol are
shown alongside McB for justification of deprotection procedure.
An associated error of 0.09 * 0.03 nm was observed on varying
refractive index (n) between 1.45 and 1.5 1in ellipsometry

modelling for DcB and McB SAMs with thickness reported calculated
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from n=1.5. All SAMs were synthesised in duplicate with four
measurement spots per sample for contact angle and ellipsometry
analysis. Reported error was calculated from standard deviation

between measurement spots of all samples.

Table. 11: Ellipsometry and contact angle measurements of DcB,

pMcB and McB SAM.

SAM Contact angle (°) Ellipsometry thickness
(nm)
Advancing Receding Theoretical | Experimental
DcB 64.7 £ 1.5 | 55.0 £ 2.4 1.77 0.7 £ <0.01
PMcB - - 2.64 0.9 £ 0.09
McB 74.5 £ 2.0 | 63.5 £ 2.8 2.64 2.2 = 0.10

Increased thickness is observed on inclusion of PBA
terminal groups for DcB (0.7 = <0.01 nm) compared to alkyne
counterpart DTPAlk (0.40 + 0.03 nm). This is significantly lower
than expected thickness (1.77 nm) however suggesting either
adoption of increased monomer tilt or increased prevalence of
folded monomer configurations. While previously, increased
hydrophilicity of DTPAlk SAMs was attributed to this folded
conformation, contact angle of DcB SAMs is expected at =60° as

previously reported for PBA terminated surfaces (425,436). This
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is confirmed in reported DcB Bagw (64.7 + 1.59) showing
significantly more hydrophilic nature compared to DTPAlk (Baav
78.6 + 1.0°) close to literature value. Examination of hysteresis
additionally suggests a more homogenous SAM for DcB (6ays 9.709)
than produced by DTPAlk (6nys 13.6°) attributed to availability
of inter-monomer interactions through wn-nm stacking across
aromatic rings (437). With consideration for contact angle data,
this implies the folded conformation is not likely as prevalent
on the DcB SAM with 6agv suggesting presentation of terminal PBA
groups. Interestingly, Zareie et al (2002) in producing phenyl
terminated SAMs reported a stacking of terminal phenyl groups
similar to graphite construction lying parallel to SAM interface
whilst being dependent on SAM packing density. As the DcB SAM
lacks sufficient inter-chain interactions we can assume phenyl
stacking is responsible for decreased contact angle hysteresis
thus increased SAM organisation. Accounting for phenyl groups of
the PBA unit stacking parallel to the SAM interface, we would
expect a thickness reduction of 0.65 nm. As we expect the DcB
SAM to additionally adopt tilt, the conformation of the phenyl
group would further serve to reduce the observed thickness thus
providing the pronounced decrease in thickness for DcB SAMs

(226,438,439) .

Review of ellipsometry data for McB SAMs reports a thickness

of 2.2 +* 0.10 nm demonstrating increased deviation from the
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theoretical thickness (2.64 nm) than previously seen for alkyne
counterpart MBDAlk (theoretical 1.85 nm, experimental 1.81 =+
0.04 nm). From this we can assume increased adoption of tilt
with the McB monomer on inclusion of terminal PBA group. In
addition, requirement for pMcB deprotection is confirmed in
comparison of pMcB thickness (0.9 £ 0.09 nm) to McB (2.2 + 0.10
nm) showing significantly lower thickness where thiols were
protected with acetyl groups. Verifying change in surface
organisation with contact angle analysis showed a reduction in
advancing angle (6Badv 74.5 + 2.0) and increase in hysteresis (6hys
119) compared to MBDAlk (Badv 82.6 * 2.3, 6Ohys 5.7°) . While this is
consistent with expression of terminal PBA, advancing angle
remains higher than expected value (=60°) while 1increased
hysteresis 1implies reduction 1in SAM organisation. Taken
together, inclusion of large terminal functional groups appears
to interrupt SAM formation through disturbance to alkane chain
interaction that assist in assembling densely packed monolayers.
To confirm elemental composition of the DcB and McB SAMs, XPS

analysis was provided with elemental ratios shown in Table. 12.
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Table. 12: elemental composition of DcB (left) and McB (right)

SAMs
DcB McB
Theoretical Experimental Theoretical | Experimental
N/S 4.00 4.08 £ 0.29 4.00 3.97 £ 0.62
N/O 1.33 1.25 £ 0.07 1.33 1.34 £+ 0.13
N/B 4.00 11.55 £ 2.40 4.00 0.00 £ 0.00
Au/S n/a 31.19 + 1.78 n/a 87.58 + 16.9

Elemental composition of DcB SAM shows close to expected
ratios of N/S and N/O confirming SAM formation. However, lower
surface coverage 1is observed (Au/S 31.19 + 1.78) than DTPAlk
(Au/S 24.91 £ 0.80) as derived from the increase in Au/S ratio
of DcB compared to DTPAlk (Table. 12). Despite running an
increased number of scans for boron detection, sensitivity
appears low with significantly lower than expected values for
Bls. Nonetheless, agreeable ratios of nitrogen to oxygen are in
agreement with presence of triazole and terminal PBA hydroxyl

groups.

HR spectra of DcB Cls can be interpreted with four distinct
peaks. At higher binding energy of 287.9 eV is C=0 species
preceded by C-B species at 287.0 eV consistent with previous
reports (440). At 286.0 eV, C=C is attributed to triazole ring

while at 284.8 eV two peaks correspond to aromatic, C-C, C-S and
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C-N species (Fig. 60, Cls, blue) and adventitious carbon from
atmospheric contamination (Fig. 60, Cls, yellow). Two peaks are
observed for Nls spectra 1in clear 1:3 ratio at 401.5 eV
attributed to N=N from triazole and 399.7 eV encompassing C-N
and N-N species (441). Ols HR spectrum is divided between two
peaks with C=0 species assigned to 531.4 eV. At higher binding
energy, both PBA hydroxyl groups and atmospheric contamination
C-0 are assigned to 532.7 eV (430). S2p HR spectrum shows typical
doublet pattern for S2p3/2 at 162.5 eV and S2pl/2 at 163.7 eV
with no presence of unbound sulphur while Bls presents as a

single peak at 192.3 eV consistent with literature values (425)

(Fig. 60).
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Fig. 60: HR XPS spectra of elements Aud4f, Cls, S2p, Nls, Ols and

Bls for DcB SAM with displayed peak regions.
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For McB SAMs, elemental composition of the surface shows
experimental N/S (3.97 + 0.62) and N/O (1.34 £ 0.13) ratios are
in good agreement with theoretical wvalue (N/S 4.00, N/O 1.33)
(Table. 12). Despite this, no boron was detected on the McB SAM
and a significant reduction in SAM packing was observed (Au/S
87.58 + 16.9) compared to the MBDAlk SAMs (Au/S 19.24 + 1.53).
Further to our earlier observation of decreased surface
organisation demonstrated with low thickness and high hysteresis
for the McB SAM, this confirms reduction in surface organisation
on exchanging alkyne for aromatic functional groups. Given the
low sensitivity of XPS for boron, low concentration of McB on
the surface would provide limited PBA hence we would expect a

significantly diminished signal (345).

Analysis of McB HR  spectra reveals similar peak
distribution to DcB as expected. For Cls HR spectra, at 288.1
eV, C=0 peaks are visible with C-B at 286.1 eV and C=C of the
triazole group at 285.7 eV. Peak separation Between C-B and
triazole C=C (0.4 eV) 1is below the energy resolution of the
instrument hence we cannot reliably confirm this chemical
species. Similar peak distribution to the DcB SAM is observed
however thus providing sufficient Jjustification to the peak
fitting. At 284.8 eV, a large peak is attributed to aromatic
groups, C-C, C-S and C-N. Triazole N=N is shown in Nls HR spectra

at 401.6 eV at 1:3 ratio with N-C and N-N peak at 399.9 eV. For
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Ols, two peaks are observed corresponding to PBA hydroxyl groups
at 532.9 eV and C=0 at 531.5 eV. Weak signal is observed for S2p
due to low concentration of McB on the surface similarly seen
for DFC SAMs (Fig. 58). Unbound sulphur forms 34% of total
sulphur species showing typical doublet at 162.5 eV (bound
S2p2/3) and 163.7 eV (bound S2pl/2) and for unbound sulphur at
163.8 eV (S2p3/2) and 164.0 eV (S2pl/2) respectively (Fig. 61).
Peak separation between Dbound S2pl/2 and unbound S2p3/2
(separation 0.1 eV) is below the energy resolution of the XPS
instrument (0.5 eV) thus we cannot confirm reliably this species.
Despite this, presence of unbound S2pl/2 provides sufficient
evidence for presence of the unbound S2p3/2 peak given the

expected S2p3/2 and S2pl/2 separation of 1.2 eV.
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Fig. 61: HR XPS spectra of elements Au4d4f, Cls, S2p, Nls, Ols

and Bls for McB SAM with displayed peak regions.

Comparatively, both DcB and McB are capable of SAM formation
however, inclusion of terminal PBA groups reduces surface
organisation for long chain (Ci9) monomers seeing decrease in SAM
packing from Au/S ratio 19.24 + 1.53 for MBDAlk to 87.58 + 16.9
for McB SAMs. With a significant drop in surface concentration
of PBA we expect lower sensitivity of the McB SAM to glycan
sensing given the 1:1 binding between PBA and saccharide unit.
Furthermore, as the advancing angle shows a more hydrophobic
angle (74.5 + 2.09 than expected (=60°), we cannot confirm PBA

hydroxyl groups are located at the SAM interface thus further
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reducing potential glycan sensitivity. Interestingly, packing
was only slightly reduced for DcB SAMs (Au/S 31.19 + 1.78)
compared to DTPAlk (Au/S 24.91 + 0.80) with evidence for
increased surface organisation provided by reduction in contact
angle hysteresis (DTPAlk 6nys 13.69, DcB 6nys 9.7°) . For short chain
(C2) SAMs therefore, absence of alkane chain interactions can be
accounted for by inclusion of terminal groups capable of
providing inter-monomer association thus stabilising SAM

formation. Conversely, inclusion of similar groups on long chain

(C10) SAMs disturbs chain interactions reducing surface
organisation. Consideration should therefore be given to
antagonistic chain-chain and terminal-terminal group

interactions in the selection of SAM monomers for forming densely

packed monolayers.

4.4 AzBA functionalisation of alkyne terminated

SAMs via CuAAC reaction

As we have now established a method of producing SAMs of
alkyne terminated monomers and developed a working CulAAC
reaction in solution, we transferred this reaction to our alkyne
SAMs DTPAlk, MBDAlk and DFC where we functionalised the surface
with PBA via CuAAC reaction producing SAMs shown in Fig. 62. To

produce PBA surface CuAAC reaction, alkyne terminated SAMs were
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produced according to the method described in section 4.2. The
CuAAC catalyst was prepared in DMF/ UHP H2O (2:1) containing 0.1
mM Cu(II)SOs, 0.2 mM (+)-sodium (L)-ascorbate (NaASC), 0.1mM
Tris (benzyltriazolylmethyl)amine (TBTA) and 1 mM AzBA. This was
produced by stepwise addition of 10 mM stock of Cu(II)SOs to 20
mM stock of NaASC in UHP H»O producing a brown precipitate of
Cu(I). On formation of this, TBTA was added from a 1 mM stock in
DMF stabilising Cu(I) oxidation state after which AzBA was added
from a 10 mM stock in DMF (400). This solution was degassed by
sonication and purged with argon for 3 minutes before use.
Alkyne-terminated SAMs were then immersed in 1 mL of this
solution and protected from light before incubation for 24 hours
on a rotary mixer under argon. The reaction was quenched and
excess PBA and catalyst solution were removed from SAMs by
sonication in HPLC grade methanol/ UHP H2O (1:1) for 20 seconds
followed by liberal rinsing with HPLC grade methanol. SAMs were
then dried under argon stream and characterised by contact angle,
ellipsometry and XPS. An associated error of 0.04 £ <0.01 nm was
observed on varying refractive index (n) between 1.45 and 1.5 in
ellipsometry modelling for DTPALk-AzBA and DFC-AzBA SAMs. For
MBDA1lk-AzBA SAMs associated error was 0.14 £ <0.01 nm for similar
n variance of 1.45 - 1.5. Reported thickness was calculated using
n=1.5. All SAMs were synthesised 1in duplicate with four

measurement spots per sample for contact angle and ellipsometry
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analysis. Reported error was calculated from standard deviation

between measurement spots of all samples.

O,
NH
o ° o OH BPH
B
. oM
NN ; o n=M ; °
N-N N-N (le P H%"N
AU NP, 7
(o] O _NH 0 _NH Oy _NH
NH NH NH
NH
0*( Og,\(m-l c,4\(%
s s s N S i : ?
: AU ‘

Au ‘ A:u
DFC-AZBA MBDAIk-AZBA DTPAIk-AzBA

Fig. 62: Surface functionalisation of DFC, MBDAlk and DTPAlk

with AzBA by CuAAC reaction. Unreacted alkynes are shown in red.

4.4.1 Surface characterisation of AzBA functionalised
DTPAlk, MBDAlk and DFC SAMs via surface CuAAC reaction
Consistent with our earlier surface characterisation of
alkyne and PBA terminated SAMs, ellipsometry, contact angle and
XPS was used to establish surface properties including wetting,
thickness and elemental composition. From ellipsometry derived
thickness values shown in Table. 13, growth is observed from
precursor monomers DTPAlk (0.40 £ 0.03 nm) and DFC (0.49 = 0.04

nm) to 0.63 * 0.03 nm and 0.69 £ 0.06 nm respectively. While
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theoretical thickness is 1.77 nm for both SAMs, experimental
thickness is closer to that observed for DcB SAMs (0.7 £ <0.01
nm) thus is consistent with a PBA expressing surface. As
described for DcB, low observed thickness is ascribed to a
combination of monomer tilt and parallel configuration of the
aromatic PBA ring on the surface as previously reported
(226,439) . In addition, measurement of both unreacted alkynes
and PBA groups averaged over a 1 mM light beam diameter in
ellipsometry would serve to artefactually lower observed
thickness (442). Furthermore, a reduction in advancing contact
angle and hysteresis is observed between DTPAlk (6aav 78.6 + 1.00,
Onys 13.6°) and post-AzBA functionalised DTPAlk-AzBA SAMs (Baav
71.4 + 1.49, 6Bnys 9.2°9). This is consistent with both terminal
expression of PBA and surprisingly, an increase 1n surface
organisation. However despite decrease, 0Oadv remains higher than
literature value of =60° suggesting incomplete functionalisation
(425,436) . Coinciding with similar thickness growth to DTPALk-
AzBA, DFC-AzBA additionally showed a similar advancing angle
(Baav 73.3 + 3.0°9) but increased hysteresis (6nys 16.99) . While this
again implies incomplete functionalisation it additionally shows

increased surface disorder post-CuBAAC reaction.
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Table. 13: Contact angle and ellipsometry results for DTPAlk-
AzBA, MBDAlk-AzBA and DFC-AzBA PBA functionalised surfaces by

surface CuAAC reaction.

SAM Contact angle (°) Ellipsometry thickness (nm)
Advancing Receding Theoretical Experimental
DTPAlk- | 71.4 £ 1.4|62.2 + 1.0 1.77 0.63 £ 0.03
AzBA
MBDAlk- 67.2 £ 2.7(58.7 £ 2.3 2.64 2.54 = 0.04
AzBA
DFC-AzBA | 73.1 + 3.7 | 61.8 £ 3.0 1.77 0.69 + 0.06

For MBDAlk-AzBA reacted surfaces, observed thickness (2.54
+ 0.04 nm) close to theoretical (2.64 nm) suggest successful
AzBA functionalisation. This is also confirmed in the increased
hydrophilicity (6aav 67.2 + 3.0°) of the surface compared to MBDAlk
SAMs (Badv 82.6 + 2.3°) consistent with terminal PBA (425).
Furthermore, while the hysteresis of MBDAlk-AzBA (6hys 8.59)
increased from the precursor SAM MBDAlk (6nys 5.7°), this wvalue

is still consistent with a homogenous surface (422).

To establish yield of surface CuAAC reaction over time, XPS
analysis was performed on DTPAlk-AzBA, DFC-AzBA and MBDAlk-AzBA
SAMs with timed reactions conducted for MBDAlk-AzBA.
Unfortunately, DTPAlk-AzBA and DFC-AzBA were unable to

quantitated due to a combination of contamination peaks on Cls,
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Ols and Nls spectra. In addition DTPAlk SAMs show significant
Cul2p emission at 932.2 eV and 951.9 eV (Cu2p3/2 and Cu2pl/2
respectively) attributed to strong copper contamination forming
during CuBAAC reaction (345,443). Unexpectedly, DFC showed far
smaller Cul2p peaks at similar binding energy despite apparent
lower surface organisation. Nonetheless survey spectra showed
peaks corresponding to Cls, O0Ols, S2p, Nls and Aud4f for both

DTPAlk and DFC SAMs however no Bls was detected on either SAM.

If we consider our earlier observation of similar thickness
between DTPAlk-AzBA (0.63 £ 0.03 nm) and DFC-AzBA (0.69 * 0.06
nm) SAMs alongside similar advancing angle (DTPAlk-AzBA (Oaav
71.4 + 1.49) (DFC Badv 73.3 * 3.09 Dbut significantly less SAM
packing on DFC SAMs than DTPAlk (DTPAlk Au/S 24.91 + 0.80) (DFC
Au/S 77.70 £ 15.29). This might suggest a similar level of SAM
organisation between DTPAlk and DFC but lower concentration of
alkyne groups on DFC with these being spaced by adjacent acryloyl
groups. The propensity to contaminate due to exposure of polar
carbonyl groups was earlier proposed however this does not
explain capacity of the DTPAlk SAM to chelate the Cu(I) catalyst
compared to DFC nor MBDAlk that do not chelate Cu(I). From this
we can assume the Cu(I) does not strongly bind to alkyne or
alkene groups as a contaminating agent. Instead this suggests
that despite high concentration of DTPAlk on the surface, this

monolayer is loosely formed consistent with previous reports of
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short alkanethiol SAMs (222,226). Through low organisation it is
likely the Cu(I) 1is associating with the substrate therefore
inhibiting the CuAAC reaction. For DFC however, branched groups
prevent access to the substrate but presents lower concentration
of functional alkyne groups thus limiting the reaction yield on

the surface.

Given the agreeable thickness of the MBDAlk-AzBA SAM (2.54
+ 0.04 nm), this reaction was assumed successful thus was
produced at 1, 4- and 18-hour intervals to establish the rate
and yield of reaction on the surface. Reaction yields for MBDAlk-
AzBA SAMs are shown in Table. 14 as calculated from N/S ratios
assuming 100% yield provides N/S ratio of 4:1. From this, the
reaction demonstrated rapid progression reaching 45 + 5% yield
at 1 hour and plateauing at 4 hours (58 * 4%) with negligible
difference observed following 18 hours (56 * 5%) reaction time

with both yields within error limits.

Elemental composition was confirmed using XPS with survey
spectra reporting C, N, O, S and Au peaks as expected with
additional small Cu2p doublet at 932.2 eV and 951.9 eV Similar
to Culp peaks observed on DFC XPS survey spectrum. All SAMs
underwent liberal rinsing with UHP H,O and HPLC methanol however,
complete removal of residual Cu(I) appears difficult with Ciampi
et al (2007) reporting similar Cu(I) trace issues on alkyne

terminated SAMs. Washing samples with a basic solution of 0.05%
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(w/v) ethylenediaminetetraacetic acid (EDTA) was suggested
however this failed to remove all traces of Cu(Il) (444) .
Examination of bound and unbound sulphur for MBDAlk-AzBA SAMs
shows 24.1 = 0.4% after 1 hour reaction increasing to 46.1 =
3.4% at 4 hour reaction. To preserve SAM integrity and reduce
thiol desorption, this washing step was not integrated to our

method.

Table. 14: Observed yield of surface CuAAC reaction between

AzBA and MBDAlk derived from N/S ratio.

CuAAC reaction time | N/S observed ratio Yield (%)
1 Hr 1.80 £ 0.19 45 + 5
4 Hr 2.33 £ 0.17 58 = 4
18 Hr 2.25 £ 0.18 56 £ 5

Peak fitting for HR spectra of 18 hour reaction MBDAlk-AzBA
Cls shows C=0 species assigned to 288.4 eV with C-B as a small
peak at 287.4 eV. At lower binding energy, the peak at 286.5 eV
is assigned to triazole C=C and large peak at 285.2 assigned to
C-C, unreacted C=C and the aromatic ring (445). N=N species are
ascribed to a small peak at 402.2 eV with C-N and N-N species
assigned to 399.9 eV on Nls spectra. For O0ls spectra, PBA

hydroxyl groups are assigned to peak at 532.9 eV and C=0 species

191



at 531.5 eV. Similarly to DcB SAMs, attenuation of boron is
observed with only a small peak occurring at 192.2 eV assigned
to PBA boron (345). Thiol species are observed as two doublets
on S2p spectra corresponding to bound sulphur at 162.5 eV
(S2p3/2) and 163.7 eV (S2pl/2) and unbound sulphur at 163.8 eV
(S2p3/2) and 165 eV (S2pl/2) forming 45% of total sulphur. Peak
separation between bound S2pl/2 and unbound S2p3/2 (separation
0.1 eV) is below the energy resolution of the XPS instrument
(0.5 eV) thus we cannot confirm reliably this species. Despite
this, presence of unbound S2pl/2 provides sufficient evidence
for presence of the unbound S2p3/2 peak given the expected S2p3/2
and S2pl/2 separation of 1.2 eV. HR spectra for 18-hour reaction

for MBDAlk with AzBA are shown in Fig. 63.
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Fig. 63: HR XPS spectra of elements S2p, Cls, Au4f, Nls, Bls and
Ols for 18-hour CuAAC reaction of MBDAlk SAM with AzBA with

displayed peak regions.

4.5 Conclusion

As the foundation of molecular imprinting, production of
highly organised and high density SAMs is an essential first
step in surface functionalisation. In development and
characterisation of various alkyne and PBA terminated SAMs we
have shown that structure of backbone length and terminal groups
significantly affects SAM organisation. Furthermore, we have

demonstrated utility of the CuAAC reaction in functionalisation
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of these surfaces as a rapid high yield reaction suitable for

ligand immobilisation.

Comparison of our DTPAlk, MBDAlk and DFC SAMs shows that
while each monomer will form SAMs, significant differences in
surface organisation occur in both DFC and DTPAlk with DFC
exhibiting low organisation and with lower surface concentration
than DTPAlk. On the contrary, MBDAlk as expected produces densely
packed SAMs as suggested by contact angle and ellipsometry
thickness wvalues. Furthermore, MBDAlk SAMs demonstrated high
yield for surface CuBAAC reaction with surface yield shown at 58
+ 0.04%. As yield was shown to plateau at 4 hours with no increase
after 18 hours reaction time, this confirms the maximum practical
yield of the surface CuAAC reaction for MBDAlk SAMs. Given the
requirement for Cu(I)-alkyne intermediates to form for reaction
progression, it is unlikely this can be improved where we expect
reaction inhibition arising from loss of access between catalyst

and reacting alkyne groups (251).

For preparation of defined saccharide binding surfaces, we
have additionally described here the characterisation of two
novel PBA-terminated monomers McB and DcB. Examination of these
SAMs through ellipsometry, contact angle and XPS has shown
increased surface organisation and packing of DcB over its
unreacted counterpart DTPAlk imparted by addition of aromatic

groups providing inter-monomer interaction. Conversely, McB SAMs
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found their organisation interrupted by inclusion of PBA groups
thus we have found modulation of both alkane backbone and
terminal group to be an important consideration in the use of
pre-functionalised SAM formation. With effective alkyne and PBA
terminated SAM formation procedures developed, saccharide
binding and surface imprinting of oligosaccharides can now be

explored.

195



Chapter 5.

Saccharide probing of PBA-terminated SAMs

and molecular imprinting of stachyose

Abstract: Continuing with our synthesised and characterised
functional SAMs, in this chapter we will examine the application
of these surfaces 1in saccharide binding and molecular
imprinting. Providing sensitive real-time data collection, SPR
analysis will be used to monitor binding events of mono and
oligosaccharides thus confirming PBA-saccharide surface
interaction. The application of alkyne-terminated SAMs to
molecular imprinting will then be examined through development
of a stachyose specific MIS. This will act as a proof of concept
study for the utility of these clickable surfaces to

oligosaccharide biosensor design.

196



5.1 Introduction

With the recognition of the importance of glycosylation in
disease and its potential utility in biomarker discovery, there
is a pressing need to develop increasingly sensitive and specific
diagnostic technology for these complex biomolecules. As we have
discussed in Chapter. 1, changes in the glycoproteome provide
accurate reflections of cellular malignancy and disease however,
current glycan profiling methods rely on clinically impractical
or insensitive techniques such as mass spectroscopy (12,54),

HPLC (60) or lectin affinity (153,156).

Providing real-time and label free monitoring of
interaction kinetics, SPR 1is a highly suitable analytical
platform for SAM biosensors. As discussed in Chapter 2 (section
2.5), SPR detects changes in produced surface plasmons of a metal
film on total reflectance of p-polarised 1light in media of
differing dielectric constants (364-366). A typical setup for
analysis o0of alkanethiol SAM binding kinetics would see
propagation of a stable surface plasmon on the SAM-Au substrate
interrupted by binding of a ligand changing this plasmon wave
hence producing a qgquantitative change shown in response units
(RU) (Fig. 64) (446). Therefore, 1f we produce BA decorated
binding pockets, on exposure to saccharide ligands, the dynamic
BA-saccharide esterification would be witnessed in-situ with

SPR, seeing ligand association followed by SAM regeneration as
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the saccharide dissociates. Given the reported femtomolar
sensitivity of SPR as described by Zhang et al (2013) in microRNA
detection, SPR has the potential for ultrasensitive biomarker
detection and has previously seen use in a number of sensitive
glycan binding biosensor designs thus demonstrating its utility

in saccharide detection (196,262,292,447).

@ |®
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o L o (b)

Surface plasmon

Light source Detector

Fig. 64: Overview of SPR analysis of BA functionalised SAMs

showing (a) saccharide binding producing increase in response
units of SPR sensorgram and (b) dissociation of saccharide
returning RU to baseline. Interruption to stable surface plasmon
(red line) by saccharide binding produces quantitative changes
in wave parameters 1i.e. 1intensity or phase of internally

reflected light (366).
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As we have now synthesised our various alkyne and PBA
terminated SAM monomers and characterised these surfaces
confirming their terminal functionality, our intention in this
chapter now moves to attest their saccharide binding capability.
Examination of XPS data of DcB and McB SAMs in chapter. 4
certifies PBA functionality thereby providing a defined
saccharide binding surface for comparison to surface
functionalised alkyne SAMs. Using DcB and McB SAMs we can
determine dissociation constants (Kg) of PBA for simple
monosaccharides and optimise pH requirements for BA-saccharide
binding. Using this to inform following binding studies, binding
can be examined for our AzBA CuAAC reacted SAMs confirming
practicality of the CuAAC reaction in producing saccharide
binding surfaces. As the final step, the utility of alkyne
terminated SAMs for molecular imprinting will be examined as
outlined in Fig. 65. To produce imprints, a pre-formed complex
of stachyose with AzBA will be immobilised on our MBDAlk SAM via
CuAAC reaction. After a set time interval, unreacted alkyne
groups will be capped with addition of O-(2-
Azidoethyl)heptaethylene glycol (AzOEG) forming an inert anti-
fouling surface while templating immobilised stachyose. On
removal of stachyose, a defined binding pocket will be left
displaying a complimentary BA configuration specific for

stachyose thus producing an imprinted surface.
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5.1.1 Objectives

1. Optimise binding buffer for AzBA-saccharide complexation

through pre-functionalised SAM McB with SPR.

2. Determine differences in saccharide binding depending on

chemical composition of pre-functionalised and surface

functionalised SAM monomers with SPR.

3. Characterise thickness growth of MIS formation using an AzBA-

stachyose complex on MBDAlk SAMs by ellipsometry.

4. Probe for specificity of MIS for stachyose against structurally

different and similar oligosaccharides using SPR.
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Fig. 65: Schematic of MIS preparation for stachyose. (a)

Chemically clean Au substrate. (b) Formation of MBDAlk SAM. (c)
Complexation of stachyose to AzBA. (d) CuAAC reaction
immobilising AzBA-stachyose complex to MBDAlk SAM. (e) CuAAC
reaction capping remaining alkyne groups with AzOEG. (f) Washing
to remove stachyose revealing stachyose binding pocket decorated

with complimentary BA moieties.
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5.2 Saccharide binding of McB and DcB PBA

terminated SAMs

While the affinity of PBA for monosaccharides in solution
is well established, few studies have examined this interaction
on a surface taking into account SAM chemical composition effect
on PBA-saccharide esterification. A group of chemically similar
short SAMs (Ci - C3 backbone length) have previously been studied
however these failed to demonstrate the common binding pattern
of fructose>galactose>glucose (161,389,448). Despite this, Chen
et al (2007) observed significantly higher fructose binding on
increasing carbon content of the SAM backbone from C, to Cs
attributed to reduction in SAM disorder with longer monomers.
Similarly, we have discussed in Chapter 2 the impact of backbone
length on SAM formation showing increased disorder in short (C»)

alkyne terminated SAMs and in long (Cig) PBA terminated SAMs.

In developing PBA functionalised MIPs, we first examined
these differences in monosaccharide binding on our McB and DcB
surfaces serving two functions. First, monosaccharide binding
response of PBA SAMs confirms terminal functionality and
provides opportunity for pH optimisation of the binding buffer.
Second, comparison between PBA terminated and AzBA
functionalised SAMs will allow observation of steric effects of
dense packing of PBA groups on saccharide binding as we have

established =50% CuAAC surface reaction yield of MBDAlk-AzBRA
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compared to full PBA coverage of McB and DcB SAMs. Given the
evidence that mixed SAMs phase segregate to form islands of
monomer sSpecies hence not truly mixing, using our surface
functionalised SAMs might therefore provide a more accurate PBA
spaced SAM where we expect more random expression of PBA groups

(449-451) .

5.2.1 Non-specific adsorption of monosaccharides to gold
substrate or SAMs

Prior to undertaking saccharide binding studies, it was
necessary to first establish non-specific saccharide adsorption
to substrates at each stage of development and to produce an
accurate control SAM. To do so, concentrations (3.125, 6.25,
12.5, 25 and 50 mM) fructose was injected (100 uL over 2.5
minutes) over four substrates: chemically clean gold substrate,
MBDAlk and CuAAC functionalised MBDAlk with either benzyl azide
(AzBEN) or pinacol protected AzBA (pinAzBA) (Fig. 66) .
Chemically clean Au surfaces and MBDAlk SAMs were prepared as
per Chapter. 4 (section 3.2). AzBEN and pinAzBA functionalised
SAMs were formed on MBDAlk SAMs via surface CuAAC reaction with
1 mM AzBEN or pinAzBA with CuAAC catalyst described in Chapter.
4 (section 4.4) as per similar method for AzBA CuAAC reaction.
SPR running buffer and all saccharides were produced in 0.1 M

ammonium acetate (AmAc) buffer pH 10.

203



D>$L 0>SL

B-O B-0

M ;3 ég b
preg e e

%NHO NH <§NH gNH gﬁm gr.lH gNH H
5 5 5 5 s 5 s s
( Au ] | Au Au

(a) (b) (c) (d)

S
S

S

Fig. 66: Non-saccharide binding SAMs to establish non-specific
adsorption. (a) Clean Au, (b) MBDAlk, (c) AzBEN and (d) pinAzBA.
Surface CuAAC reaction assumed yield of =50% (based on AzBA CulAAC
reaction yield, Chapter. 4, section 4.4.1) is reflected in AzBEN

and pinAzBA.

To distinguish non-specific adsorption (NSA) from actual
saccharide-PBA binding, the SPR response (RU) of both clean Au
substrate and alkyne terminated SAMs was determined for
fructose. While our XPS data (Chapter. 4) shows good surface
organisation for DTPAlk and MBDAlk SAMs, less organisation was
observed for McB and DFC SAMs. If we consider this alongside
presence of potential surface defects i.e. domain boundaries, we
cannot assume there 1is no exposed Au on the surface thus
potential NSA sites (452). Furthermore, with the CuAAC surface
reaction yield of =50%, exposed alkyne groups are inevitable in

functionalised SAMs alongside benzene species provided by PBRA.
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To confirm interactions between saccharide and these groups are
negligible, AzBEN and pinAzBA comparison to clean Au and MBDAlk
will clarify any present NSA where we see a raised response
(453,454) . SPR response is shown in Table. 15 with 50 mM fructose

concentration shown in Fig. 67.

1400

1200

1000

SPR response (RU)
(0]
3

600 -
400 A
200 A
0 ) ) 1 1
YOy O
& & X ¥
¥ A
Substrate/ SAM

Fig. 67: SPR response of Substrate/ SAMs: bare Au, MBDAlKk,

AzBEN and pinAzBA to 50 mM fructose.
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Table. 15: SPR response of Substrate/ SAMs: bare Au, MBDAlk,

AzBEN and pinAzBA to fructose at varying concentrations.

Fructose Bare Au MBDAlk AzBEN PinAzBA

concentration (mM)

3.125 82 78 77 94
6.25 160 153 154 174
12.5 314 303 306 337
25 616 609 607 651
50 1233 1216 1222 1285

Analysis of the SPR RU shown in Table. 15 confirms no
apparent NSA is occurring on MBDAlk or AzBEN functionalised SAMs
with only bulk refractive index observed as indicated by linear
growth of RU consistent with no binding. For the clean gold
substrate, a small increase in RU compared to MBDAlk and AzBEN
is observed corresponding to low NSA and within acceptable
quantities even at high fructose concentrations (Fig. 67).
Contrarily, pinAzBA demonstrates higher RU across all injections
which, granted the high affinity of PBA for fructose, can be
attributed to exchange between pinacol and fructose given the
lability of PBA-pinacol in presence of fructose as previously
described by Lee et al (2019) (455). With homogeneity in fructose
binding between MBDAlk and AzBEN SAMs confirming low NSA, and to

maintain similarity 1in our control surface compared to AzBA
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functionalised, the AzBEN functionalised SAM was selected to act
as our control for calculation of binding free from bulk

refractive index.

As observed with data presented in Table. 15, irrespective
of binding a change in response occurs caused by change in
solution surrounding the surface referred to as bulk refractive
index. In this case, the running buffer is replaced by buffer
containing incrementally more concentrated fructose following
injections manifesting large increase in bulk refractive index.
For calculation of actual binding bulk refractive index must be
accounted for achieved through synchronised running of both
functional ‘binding’ surface and null ‘non-binding’ surface.
Given only bulk refractive index 1is observed on null binding
surfaces, deduction of this from functional surfaces allows

calculation of binding exclusive of bulk refractive index.

5.2.2 pH optimisation of McB SAM for fructose binding
Following examination of NSA and selection of our control
surface we then examined buffer pH requirements to improve the
esterification between PBA and ligand. To study pH effect on
surface PBA-saccharide esterification, an McB SAM was prepared
in duplicate by incubation of a chemically clean gold substrate
with 0.2 mM deprotected McB solution for 24 hours as per the

method detailed in Chapter. 4 (section 4.3). To calculate binding
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between SAM and saccharide void of bulk refractive change, an
AzBEN SAM was prepared as outlined in section 5.2.1. and

subjected to identical SPR run parameters.

SAMs of McB and AzBEN were subjected to SPR analysis where
100 puL of a series of fructose concentrations (3.125, 6.25, 12.5.
25 and 50 mM) in 0.1 M AmAc buffer at pH 7.4, 8.5 or 10 were
injected over the SAM for 2.5 minutes producing SPR sensograms
with an example shown in Fig. 68. As these experiments sole
intention was to determine optimal pH binding, we did not explore
low saccharide concentration (<3.125 mM) as all relevant
conclusions could Dbe extrapolated from higher fructose
concentration SPR response. As discussed in section 1.3.3,
boronic acids form a reversible covalent bond with saccharides
which, wunlike traditional immunoassay designs, will allow
complete dissociation of the saccharide providing a re-usable
sensor. Consequently however, no region of stable saccharide
binding from which we can quantify binding will be observed post
saccharide injection. Binding is instead only observed during
injection of the saccharide over the surface with complete
dissociation observed on exchange of saccharide solution for the
original Dbuffer (Fig. 68). During injection therefore, both
saccharide binding and bulk refractive index will contribute to
the observed RU. To isolate binding response, we must deduct

bulk refractive index from the total response as produced by
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exposure of a saccharide null binding surface to identical

saccharide solutions.

To calculate dissociation constants for saccharide binding,
SPR response at equilibrium (Requiz) of the AzBEN control SAM was
deducted from Requiz of PBA functional SAM and plotted against
concentration (Cs) of injected saccharide. This was then fit to
a 1:1 Langmuir isotherm model by non-linear least squares
regression (Eg. 1) using Sigmaplot, version 13.0 where Rmax 1is

maximum possible RU and Kg is the dissociation constant.

Rmax [Cs ]

Eq. 1 Requil = Kg+Cs
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Fig. 68: Fructose SPR sensogram on the McB (black) and AzBEN
control surface (red) using pH 10 AmAc buffer. No stable binding
is observed during the dissociation phase of the sensogram.
Binding is therefore quantified and Kp calculated from the stable
region at equilibrium (Requil) where the number of association

and dissociation events occurring are equivalent (456).

As observed in both AzBEN and McB SPR sensograms Requil 1S
achieved Dbetween 50-100 seconds during fructose injection.
Deduction of AzZBEN Requiz from McB Requii produces binding response
shown in Fig. 69. At pH 7.4 and 8.5, only small increases are
observed at high concentrations of fructose while pH 10 shows
markedly higher binding across low and high concentrations. With

a pKa of 8.5, PBA 1is expected to transition to tetrahedral
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anionic <configuration over pH 8.5 increasing affinity for
saccharides hence we expect increase in RU (457). Surprisingly,
only negligible binding increase was seen on transition to pH
8.5 from 7.4 despite several studies reporting using pH between
7.4 and 8.5 for their binding buffers (196,262,389,458,459) and
with optimal PRA-fructose binding being previously determined at

pH 10.4 (460).

Counter to this however, XPS analysis has previously shown
buffers at pH >9 slowly deplete surface boron through cleavage
of B-C bonds with rapid cleavage observed at pH 12, a process
not seen in free PBA in solution (425). As derived from binding
response shown in Fig. 69, Kagand Rmax values for fructose binding
are shown in Table. 16 showing increased affinity of McB for
fructose at pH 10 (Kq44.96 + 0.4 mM, Rmax 76.10 + 1.6 RU) compared
to pH 8.5 (Ka18.05 £ 6.4 mM, Rmax 43.44 + 6.6 RU) and pH 7.4 (Ka

9.90 £ 4.3 mM, Rmax 25.62 * 3.9 RU).

Lower affinity of McB for fructose at pH 8.5 with Kg 18.05
+ 6.4 mM compared to pH 7.4 (Ka 9.90 £ 4.3 mM) is attributed to
poor curve fitting (R? 0.87) arising from low sensitivity of McB
SAM to fructose at pH 7.4. Despite poor fitting for calculation
of Kgq, the higher Rmax of pH 8.5 more accurately reflects higher
affinity of McB for fructose at pH 8.5 over pH 7.4. Significantly
higher binding occurred at pH 10 consistent with previous

affinity studies (460). These findings are however contradictory
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to the numerous studies employing pH 7-8.5 buffer in PBA based
sensors as previously discussed. To preserve surface boron and
given the higher Ka and Rmax values, pH 10 was determined suitable
for further saccharide binding experiments where we expect
minimal boron depletion given the short exposure time of the

surface to the buffer.
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Fig. 69: Binding response of McB SAM to fructose at wvarying

buffer pH.
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Table. 16: Binding kinetics of McB to fructose at varying pH.

pH value Kq (mM) Rnax (RU) R?
7.4 9.90 £ 4.3 25.62 = 3.9 0.87
8.5 18.05 = 43.44 *+ 6.6 0.94

6.4
10 4.96 £ 0.4 76.10 £ 1.6 0.99

5.2.3 Comparison of DcB and McB SAMs for monosaccharide
binding

With an established working binding pH, we then examined
the difference in saccharide binding between McB and DcB SAMs.
As discussed in Chapter 4, surface organisation is increased in
DcB SAMs as compared to McB as observed with contact angle
hysteresis of 9.7°9 and 11° and XPS derived Au/S ratios of 31.19 +
1.78 and 87.58 £ 16.9 respectively. From this we might presume
increased affinity of the DcB SAM for saccharides over McB given
less PBA presence on the McB SAM. To investigate chemical
composition of SAM monomer impact on saccharide binding we
prepared SAMs of McB and DcB as per methods described in Chapter.
4 (section 4.3) and an AzBEN functionalised MBDAlk SAM as per
section 5.2.1. SAMs were subject to SPR analysis as described in
section 5.2.1 in AmAc buffer pH 10 (0.1 mM) . Three
monosaccharides: glucose, galactose and fructose were injected

at concentrations: 3.125, 6.25, 12.5, 25 and 50 mM and binding
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response at Requiz 0of AzBEN SAM deducted from PBA functional SAM.

This was plotted against monosaccharide concentration to produce

graphs shown in Fig. 70.

Table.

17: Monosaccharide binding kinetics

for McB and DcB SAMs

Saccharide Kq (mM) Rnax (RU) R2
Glucose 3.5 £ 1.4 53.3 £ 4. .82
McB Galactose 9.9 £ 2.1 99.4 £ 7. .97
Fructose 2.8 £ 0.6 150.7 £ 6. .95
Glucose 2.2 1.3 64.4 £ 7. .60
DcB Galactose 3.3 £ 1.3 83.3 = 7. .81
Fructose 8.5 + 1.5 226.1 + 12. .98
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Fig. 70: SPR monosaccharide binding response curves for (a)

McB and (b) DcB SAMs.

Examination of binding curves shown in Fig. 70 shows similar
binding response between glucose and galactose at concentrations
between 3.125 mM and 50 mM. Alternatively, higher fructose
binding is observed for McB over DcB until 12.5 mM where DcB
binding is higher than McB. Consistent with PBA-monosaccharide
affinity following the order fructose>galactose>glucose, this
trend is seen across both McB and DcB SAMs however, this trend
is not reflected in Ka values attributed to low sensitivity of

McB and DcB SAMs to low concentrations of glucose and galactose.
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With low Rz values for DcB glucose (R? 0.60) and galactose (RZ?
0.81) and for McB glucose (R%Z 0.82), we must consider the
inaccurate calculation of Kg from these binding curves (Table.
17). As we expect consistent low sensitivity to glucose and
galactose we can presume also consistent inaccuracy of curve
fitting for these saccharides thus repeating these experiments
was deemed unnecessary. Nonetheless, galactose Rmax for DcB and
McB suggest higher capacity of both SAMs for galactose (Rmax #91.4
+ 8.1 RU) over glucose (Rmax ®58.9 £ 5.5 RU) attributed to higher
furanose content of galactose providing increased availability

of PBA binding sites (461,462).

Comparison of fructose binding between McB and DcB SAMs
shows an interesting difference notably, the higher affinity of
the McB SAM (Kg 2.8 £ 0.6 mM) over DcB (Kg8.5 £ 1.5 mM). However,
a reversal of this trend is observed for Rmax with McB (Rmax 150.7
+ 6.4 RU) showing lower capacity than DcB (Rmax 226.1 + 12.9 RU).
Returning to XPS analysis in Chapter. 4 (section 4.3.1), McB
(Au/S ratio 87.58 + 16.9) was shown to form less packed
monolayers than DcB (Au/S ratio 31.19 + 1.78). We therefore
expect a higher concentration of PBA on the DcB surface which
translates here as higher fructose binding capacity as expected.
Notwithstanding, McB shows higher affinity suggesting lower PBA
surface concentration enhances affinity. Given the inhibitory

effects of dense packing of functional groups on ligand binding
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as previously reported, this implies steric hinderance arising
from dense packing of PBA groups of DcB reduces affinity for
fructose while the sterically free PBA groups on McB more readily

bind fructose (414,457,463)

To compensate for steric hinderance inhibiting binding
between SAM and ligand, mixed SAMs are typically designed to
provide spacing between functional groups. For larger ligands
such as antibodies, lectins or glycoproteins, inclusion of
spacer monomers markedly improves sensitivity and specificity
(229,464,465) . As determined by Bonanno & DeLouise (2006), in
biotin-streptavidin biomolecule surface functionalisation,
biotin surface coverage >57% presents steric crowding effects
reducing streptavidin immobilisation. In doing so, potential
sensitivity of the final biosensor i1s reduced thus emphasising
the requirement to minimise steric hinderance to improve ligand
binding (466). For PBA terminated surfaces, Matsumoto et al
(2013) found inclusion of 1:1 alkanethiol spacer: functional
monomers showed highest sensitivity to glucose in their
biosensor design however no comparison was made to pure PBA
terminated surfaces instead relying on 1:1, 1:4 and 1:25 SAM
mixtures (467). Alternatively, several groups have examined pure
PBA monolayers finding good sensitivity but ignore steric
effects on ligand binding despite the potential for sensitivity

improvement (389,468,469). Comparing our results, this data
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suggests a trade-off in SAM organisation where densely packed
SAMs reduce affinity but compensate for this in increased binding
capacity. Conversely, approaching less organised SAMs reduces
binding capacity but sees an increase in affinity. Regarding
biosensor design, careful control of SAM organisation is
therefore a necessary step 1in optimisation depending on the
target biomarker. For instance, quantifying a prognostic marker
for disease at high concentration would benefit from high binding
capacity. Detection of diagnostic biomarkers at low
concentration would however, require less capacity but requires
markedly higher affinity sensors to detect low levels of

biomarker.

5.3 AzBA surface functionalised DTPAlk and
MBDAlk response to monosaccharide and

oligosaccharide binding

For development of our molecular imprinting technique, we
must first ensure the CuAAC reaction produces saccharide
responsive PBA surfaces. As examined in Chapter. 4 (section 4.4),
ellipsometry and contact angle data suggest successful AzBA
functionalisation of our DFC, DTPAlk and MBDAlk SAMs seeing
increase in surface thickness and decrease in contact angle

consistent with PBA presence. XPS interpretation however was
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only able to be completed on MBDAlk-AzBA SAMs due to
contamination peaks convoluting spectra on AzBA functionalised
DTPAlk and DFC SAMs. Furthermore, in XPS analysis no boron was
detected on any DTPAlk-AzBA or DFC-AzBA functionalised SAMs
suggesting excessively low surface reaction yield. Given the
propensity of smaller alkanethiol SAMs to hold lower surface
organisation and consistently high atmospheric contamination for
DFC and DTPAlk SAMs described in Chapter. 4, we therefore expect
significant difference in functional capability between MBDAlk
and DTPAlk or DFC Dbased SAMs (225,226,230,470). As DFC
consistently showed excessively low surface organisation
(contact angle hysteresis 14.1°, XPS Au:S ratio 77.7 = 15.29),

this SAM was not used in our monosaccharide binding studies. As

this study will be wused for comparison to our imprinting,
glucose, galactose, and fructose will be used to determine
binding of AzBA functionalised SAMs alongside two

oligosaccharides stachyose and melezitose (Fig. 71.).
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Fig. 71: (top) Furanose configurations of monosaccharides used
in binding studies. Hydroxyls participating in BA esterification
are shown in red with relative percentage furanose given beneath
structures. (bottom) structures of oligosaccharides stachyose
and melezitose used in binding studies. Pyranose and furanose
configurations of saccharide units are assumed according to
previous saccharide conformational studies. Stachyose
composition Gal (al-6)Gal (al-6)Glc(xl-2B)Fru. Melezitose

composition Glc(al-3)Fru(p2-1la)Glc. (75,76,161).
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To investigate DTPAlk and MBDAlk AzBA functionalised SAMs
for saccharide binding we first produced SAMs of DTPAlk and
MBDAlk on chemically clean gold substrates as described in
Chapter. 4 (section 3.2). These were then subject to surface
CuAAC reaction with AzBA via method described in Chapter. 4

(section 4.4) yielding SAMs shown in Fig. 72.
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Fig. 72 Surface CuAAC reaction scheme for AzBA
functionalisation of DTPAlk and MBDAlk SAMs assuming incomplete

surface functionalisation.

AzBA functionalised DTPAlk and MBDAlk SAMs were then
analysed for saccharide binding with SPR where 100 upL of
monosaccharide glucose, galactose and fructose (concentrations:
3.125, 6.25, 12.5, 25 and 50 mM) and oligosaccharides stachyose
and melezitose (concentrations: 1.56, 3.125, 6.25, 12.5 and 25

mM) were injected over 2.5 minutes in 0.1 AmAc buffer, pH 10.
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Binding response was produced by deduction of Requiz from AzBEN
control of equivalent saccharides from Requiz 0of functionalised
DTPAlk and MBDAlk SAMs producing binding response void of bulk
refractive change. Binding response was then plotted against
saccharide concentration producing SPR response curve shown in
Fig. 73 with which Ka was calculated for the AzBA functionalised
MBDAlk SAM. As response was either too low or not reflecting the
1:1 Langmuir isotherm used to calculate Kg, fitting was not

provided for the AzBA-functionalised DTPAlk SAM.
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Fig. 73: SPR binding RU for (a) AzBA functionalised MBDAlk SAM

and (b) AzBA functionalised DTPAlk SAM.
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Initial examination of MBDAlk-AzBA and DTPAlk-AzBA SAMs
presents a stark difference in saccharide binding capacity
between these surfaces in that DTPAlk-AzBA shows a markedly low
affinity for saccharide Dbinding compared to MBDAlk-AzBA.
Consistently low monosaccharide binding RU for AzBA-DTPAlk SAM
suggests exceptionally low PBA surface presence with binding
only observed at high concentrations of stachyose (12.5 mM, 65.4
RU, 25 mM, 88.7 RU) and melezitose (12.5 mM, 46.8 RU, 25 mM,
76.7 RU). Given the higher concentration of potential PBA binding
sites on larger saccharides we can expect a low surface
concentration of PBA groups to produce higher relative RU than
for monosaccharide counterparts explaining response seen for
these oligosaccharides, but low response seen for

monosaccharides.

As previously discussed in Chapter 4.2.1, the low surface
organisation of DTPAlk as derived from contact angle hysteresis
(13.6°9) and low thickness 0.4 * 0.03, theoretical 0.73 nm) was
expected to affect functional capability through inhibition of
Cu(I) acetylide intermediate formation. XPS analysis confirmed
low functional capability demonstrated by excessive atmospheric
contamination, no detected boron and a large copper
contamination in survey spectra for AzBA functionalised DTPAlk
SAMs thus verifying low CuAAC surface reaction vyield.

Furthermore, low thickness (0.63 nm £ 0.03, theoretical 1.77 nm)
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was also observed while an improvement 1in contact angle
hysteresis (9.29) was attained suggesting growth and small
improvement in surface organisation. However, lack of Bls
emissions and apparent insensitivity to saccharide binding seen
in SPR response confirms low functionality of this AzBA-DTPAlk
SAM suggesting poor response to the surface CuAAC reaction. If
we consider short alkanethiol SAMs propensity for atmospheric
contamination and low surface organisation (216,222,380) coupled
with significant copper chelation, this low reaction yield might
arise from predisposition of Cu(I) to associate between SAM
monomers preferentially over alkyne groups thus providing source
of surface contamination and inhibiting CuAAC reaction
(471,472) . From this we can conclude unsuitability of our short

alkanethiol SAM for surface CuAAC reaction.
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Table. 18: Saccharide binding kinetics for AzBA functionalised

MBDAlk and DTPAlk SAMs

Saccharide K4 (mM) Rmax (RU) R2
Glucose 20.7 £ 3.2 124.2 + 8.7 0.99
Galactose 16.6 = 5.2 184.2 £ 24.2 0.94
MBDAlk- Fructose 7.7 £ 0.7 206.8 + 6.4 0.99
AzBA Stachyose 11.3 + 4.9 125.8 + 25.1 0.91
Melezitose 22.6 + 6.2 143.5 % 23.0 0.98
DTPAlk- Unable to calculate

AzBA

Contrary to the DTPAlk SAM, AzBA functionalised MBDAlk
produced well-formed binding curves across all saccharides in
Fig. 73a. These follow the typical fructose (Kg 7.7 £ 0.7 mM)
>galactose (Kq 16.6 * 5.2 mM) >glucose (Ka 20.7 + 3.2 mM) pattern
as expected (161). Additionally, the MBDAlk-AzBA SAM displays
significantly higher Rmax values (with the exception of fructose)
than McB (Rmax glucose 53.3 + 4.9, galactose 99.4 + 7.4) and DcB
(Rmax glucose 64.4 + 7.1, galactose 83.3 + 7.8) (Table. 18, Table.
17) . The observed higher affinity of the MBDAlk-AzBA SAM for
fructose over galactose and glucose stems from the higher
affinity of PBA for furanose saccharide configurations over

pyranose. Referring back to Fig. 71, fructose exists in furanose
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form (~31%) in significantly higher concentration than galactose
(furanose ~2.5%) and glucose (~0.5%) thus producing the affinity

pattern fructose>galactose>glucose (473-475).
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Fig. 74: (top) Comparison of McB, MBDAlk-AzBA and DcB SAMs
assuming (left to right) low to high concentration of surface
PBA with increased packing of surface groups. (bottom) Elemental
Au/S ratios for each SAM as derived from XPS with affinity and

capacity for fructose binding shown below.

Further to our earlier observation that densely packed SAMs

show lower affinity but higher binding capacity than loosely
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packed SAMs arising from steric hinderance, as observed for
fructose binding between DcB and McB SAMs; Affinity and capacity
of the MBDAlk-AzBA (Kg 7.7 mM + 0.7, Rmax 206.8 + 6.4) 1is
consistent with values seen for DcB (Kg 8.5 mM = 1.5, Rmax 226.1
+ 12.9) suggesting similar PBA surface concentration of MBDAlk-
AzBA with DcB (Fig. 74). If we consider the MBDAlk-AzBA SAM has
approximately double the concentration of monomers than DcB
(Au/S ratios MBDAlk-AzBA 16.63 * 0.83, DcB 31.19 £+ 1.78) but

only 56% AzBA functionalisation, this confirms similar

concentration of surface PBA.

Despite having similar PBA concentration to DcB, the MBDAlk-
AzBA SAM shows significantly higher binding capacity of glucose
(Rmax 124.2 * 8.7) and galactose (Rmax 184.2 t 24.2) than both DcB
(Rmax glucose 64.4 + 7.1, galactose 83.3 * 7.8) and McB (Rmax
glucose 53.3 *+ 4.9, galactose 99.4 + 7.4) SAMs. If we consider
the spatial arrangement of PBA on the MBDAlk-AzBA SAM,
organisation of the AzBA at the surface might take two routes:
random distribution with even spacing between PBA groups oOr
island formation of concentrated regions of PBA. In the first
instance, steric hinderance 1is reduced through even spacing
between PBA groups while in the second, PBA islands will present
sterically free edges. Conversely, for DcB a more uniform packing
is expected providing an abundance of PBA binding sites but

restricting conformationally unfavourable binding.
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While we have demonstrated steric hinderance affects
fructose affinity for PBA, this effect 1is observably more
pronounced for glucose and galactose. We can therefore assume a
requirement for a degree of freedom in the target PBA group to
allow inexpedient saccharide conformation binding as found in
glucose and galactose. Alleviation of dense packing of PBA groups
in MBDAlk-AzBA SAM (whether through even spacing or island
formation) demonstrates this well producing significantly higher
binding capacity than for similarly organised DcB. The use of
mixed SAMs has been pursued elsewhere to reduce steric hinderance
at the surface however, phase segregation of monomers reduces
effectiveness of these methods. Alternatively, the CuAAC
reaction presented here achieves reduction in steric effects
with the potential for further modification to improve

saccharide affinity (228,467,476,477).

In addition to monosaccharide binding, stachyose and
melezitose binding to AzBA functionalised MBDAlk SAM is shown in
Fig. 73a with binding affinity shown in Table. 18. Affinity for
stachyose was observably higher than for melezitose with
respective Kg values at 11.3 + 4.9 and 22.6 £ 6.2 mM while the
Rmax remained similar (stachyose 125.8 mM + 25.1 RU, melezitose
143.5 + 23.0). This higher affinity is expected given the
increased multivalency of the PBA-stachyose binding arising from

additional participatory diols along the stachyose chain.

228



As the composition of these oligosaccharides contain an
abundance of PBA binding sites, we expect increased affinity
compared to monosaccharides. The majority of saccharide units
however remain in pyranose configuration aside from stachyose
reducing end fructose while melezitose would present pyranose
configuration of reducing glucose thus reducing affinity (478).
Furthermore, while pyranose-PBA binding for galactose and
cellobiose (Glc(bl-4)b-Glc) has previously been described (Fig.
75a), this interaction depends on specific stereochemical
configurations of saccharide units. In addition, ol-6 glycosidic
linkage between galactose wunits on stachyose inhibit PBA
esterification at 1,2 position 1leaving only 3,4 position.
Esterification of PBA at fructose 2,3 will also be inhibited
leaving space for 1,3 cis-diol formation only (Fig.

75b) (167,479) .
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Interruption of PBA esterification is particularly
pronounced for melezitose seeing both 2 and 3 position hydroxyls
occupied by glycosidic bond for fructose and 1 position hydroxyl
on both glucose units. If we consider the expected PBA-cellobiose
interaction determined by Nicholls & Paul (2004) (Fig. 7b5a),
free hydroxyl is essential at the 1 position for PBA binding
thus lowering affinity of melezitose hence we can assume the
majority of PBA interaction likely arises from glucofuranose 3,4
hydroxyl groups. Alternatively, benzoboroxoles have demonstrated
binding at the 3,4 and 4,6 diol positions through which we might

assume limited binding at these positions with PBA.

With consideration for potential PBA binding sites, Kaq of
stachyose and melezitose (22.6 mM + 6.2) reflect the loss of
specific hydroxyl groups to glycosidic linkage. If we compare
the Ka of fructose (7.7 £ 0.7 mM) and galactose (16.6 + 5.2 mM)
to stachyose (11.3 + 4.9 mM), despite stachyose containing one
fructose and two galactose units we see lower affinity than for
fructose but higher affinity than seen for galactose on the AzBA-
MBDAlk SAM. Further to this, the comparable affinity of
melezitose (22.6 + 6.2 mM) to glucose (20.7 * 3.2 mM) despite
increased multivalency of Dbinding sites reflects loss of

participating diols in the SAM-saccharide interaction.

Through comparison of both AzBA functionalised short DTPAlk

and long MBDAlk SAMs, a clear distinction is drawn 1in the
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functional capability hence usability in MIS design. Excessively
low monosaccharide binding was observed for the DTPAlk-AzBA SAM
attributed to copper chelation and rapid contamination as
observed for Dboth DTPAlk and DTPAlk-AzBA SAMs. Conversely,
MBDA1lk-AzBA responds well to the surface CuAAC reaction reaching
high yields after 1 hour and producing strong saccharide binding
for both mono and oligosaccharides despite stereochemical
inhibition with larger saccharides. Following this we will now
examine molecular imprinting based on our MBDAlk SAM to induce
selectivity for stachyose in SPR analysis and to improve
sensitivity where we develop multivalent stachyose binding

pockets.

5.4 Development of stachyose specific MIS

Following our saccharide binding studies on AzBA surface
functionalised SAMs, our next objective was to develop a
molecular imprint for stachyose. In doing so, this serves as a
proof of concept for this technology in selective
oligosaccharide detection for future glycan biosensor adaption.
As discussed 1in Chapter 1, section 1.2.3, with aberrant
glycosylation recognised as a diagnostic and prognostic cancer
biomarker, we must develop new selective glycan recognition

platforms to appropriately provide clinical application. As we
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have now developed a saccharide sensing surface in our AzBA
functionalised MBDAlk SAM, we now move to produce selectivity in
our surfaces as required by any clinical applications. As the
MBDAlk SAM showed higher surface organisation, functional
capability and saccharide response, our imprinting procedure
will use only the MBDAlk SAM and exclude DTPAlk and DFC from
further study. Our design can be broken down according to four
main steps. In the first, standard MBDAlk SAMs expressing
terminal alkyne groups will be produced (Fig. 76a). In the second
step, a stachyose-AzBA complex kindly provided by Dr Stefano
Tommasone will be immobilised to these MBDAlk surfaces via the
CuAAC reaction (Fig. 10b). Following this an inert anti-fouling
layer will polymerised to remaining alkyne by addition of Az-
OEG to the reaction vial utilising the available CuAAC catalyst
from earlier AzBA CuAAC reaction (Fig. 76c). In the fourth step,
removal of the stachyose template via washing will reveal
complimentary pocket to stachyose decorated with reciprocal PBA

groups thus producing a stachyose specific binding pocket.
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Fig. 76: Schematic for stachyose selective MIS design. (a) MBDAlk
SAM presenting terminal alkynes. (b) CuBAAC reaction immobilising
AzBA-stachyose complex on MBDAlk SAM forming complimentary PBA-
stachyose motif. (c) CuAAC reaction of remaining alkyne groups
with Az-OEG providing both pocket shape and an anti-fouling
surface. (d) Removal of template stachyose yielding

complimentary PBA-stachyose selective binding pocket.

234



5.4.1 AzOEG functionalisation of MBDAlk SAM via CuAAC
reaction

As a prerequisite to development of this MIS for use with
biological media and as a clinically relevant biosensor, NSA of
other biological constituents 1i.e. protein, nucleic acid,
metabolites etc must be minimised. A common approach to prevent
this is to coat a surface in polyethylene glycol (PEG), a well
characterised protein-resistant compound thereby imparting
biocompatibility to a surface and resisting NSA (262,409,481).
Prior to application with our MIS design, we prepared a
heptaethylene glycol-terminated monolayer by surface CuAAC
reaction of MBDAlk SAM with AzOEG producing the SAM shown in
Fig. 77. MBDAlk SAMs were prepared as per method described in
Chapter. 4 (section 4.2.2). AzOEG functionalisation was
completed by immersion of MBDALk SAM in 1 mL pre-made AzOEG/
CuAAC catalyst solution containing AzOEG (1 mM), Cu(II)SOs (0.1

mM) , NaASC (0.2 mM) and TBTA (0.1 mM) in DMF/ UHP HO (2:1).
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Fig. 77: AzOEG functionalised MBDAlk SAM via CuAAC reaction

assuming similar =57% yield to AzBA functionalisation.

To study the NSA of saccharides to the AzOEG SAM, SPR
analysis was used to plot response of stachyose and melezitose
(concentrations 1.56, 3.125, 6.25, 12.5, 25 mM) and mono and
disaccharides: fructose, cellubiose and palatinose (6.25 mM
only) to the AzOEG SAM using SPR run parameters described in
section 5.2.1. Shown in Fig. 78 1s the binding response of the
AzOEG monolayer calculated by deduction of the AzZBEN Requil

control SAM from the Requii 0f AzOEG-MBDAlk SAM.
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Fig. 78: Binding response of the AzOEG-MBDAlk SAM to different

mono and oligosaccharides.

At concentrations between 1.56 mM and 12.5 mM a negative
binding response is observed with concentrations 1.56 - 6.25 mM
averaging -12.9 * 3.5 RU. This increases to -5.2 + 0.8 RU at
12.5 mM and returns a positive binding response at 25 mM for
both stachyose and melezitose. Accounting for the accepted limit
of detection for SPR at <5 RU, the negative binding response
unexpectedly suggests low binding to the AzBEN SAM (482). This
suggests low level NSA of saccharides to our control SAM which
is reduced on exchange of terminal benzene groups for
heptaethylene glycol. As we expect heptaethylene glycol to

prevent NSA hence, we expect no SPR response to saccharides on
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this surface, this confirms suitability of the AzOEG layer for
capping remaining alkyne groups following AzBA-stachyose complex
immobilisation. Being resistant to saccharide Dbinding, this
molecule is suitable for producing the binding pocket to induce

saccharide selectivity in our MIS (409,481).

5.4.2 Proof of concept: Molecular imprinting of stachyose
With an NSA resistant monolayer and evidence for saccharide
binding by AzBA functionalised SAMs established, we then sought
to produce a molecular imprint of the oligosaccharide stachyose.
If we review all SPR studies so far, it 1is evident that
saccharide discrimination is impossible by random expression of
PBA groups thus to achieve saccharide discrimination, we must
design our SAMs around the target ligand. Several groups have
approached saccharide selectivity wvia molecular imprinting
seeing selective MIPs produced for wvarious mono and di
saccharides (195,483-480), oligosaccharides (487,488) and
glycoproteins (292,489) on various substrates. While a
significant number of selective saccharide MIPs have Dbeen
produced, none have so extensively used the CuAAC reaction for
both PBA functionalisation and binding pocket formation. In only
using this reaction, our MIS would allow for a fully customisable
surface (provided azide functional ligands are available) and

producing high yield reaction between SAM and target ligand.
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Furthermore, while we only explored BA functional groups,
additional binding partners could easily be integrated to this
design given the simplicity of the MIS schematic and stability

and biocompatibility of the CuAAC reaction.

To produce our MIS, we followed the strategy outlined in
Fig. 76 using the MBDAlk SAM as an alkyne expressing monolayer
further to our earlier discussion in section 5.3. Complexation
of stachyose with AzBA was performed by Dr Stefano Tommasone
through suspension of AzBA and stachyose in anhydrous dioxane/
acetonitrile (6:1) which was stirred at 90 °C for 24 hours with
molecular sieves (3A) to remove H;0O formed during this
condensation reaction producing the AzBA-stachyose complex. In
immobilisation of the stachyose-AzBA complex, a complimentary
PBA motif specific for stachyose would be layered onto the MBDAlk
SAM imparting selective binding for the saccharide pattern:
Gal (al-6)Gal (al-6)Glc(al-2B)Fru. Increased selectivity could
then be attained by reacting remaining alkyne terminal groups
with AzOEG thereby surrounding the immobilised AzBA-stachyose
complex. On removal of the stachyose, a unique PBA decorated
print would remain surrounded by AzOEG chains forming a binding

pocket.

Prior to saccharide binding studies, we first optimised the
incubation time of the AzBA-stachyose complex immobilisation on

the SAM before proceeding into AzOEG capping. MBDAlk SAMs were
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prepared as per Chapter. 4 (section 4.2.2) which were then
immersed in 1 mL pre-made CuAAC catalyst solution (0.05 mM
Cu(II)SOs4, 0.1 mM NaASC, 0.05 mM TBTA, 2:1 DMF/ UHP H20)
containing 0.5 mM stachyose-AzBA complex provided by Dr Stefano
Tommasone. Prior to use, CuBAAC catalyst/ stachyose-AzBA complex
solution was purged with argon for 3 minutes. Following immersion
of MBDAlk SAMs in CuBAAC/ complex solution, reaction vials were
purged with argon and covered from light to prevent degradation
of the NaASC and oxidation of the Cu(I) to non-catalytic Cu(II).
SAMs were then incubated on a rotary mixer for timed intervals
of 1, 4, 8 and 24 hours at room temperature. At these intervals,
SAMs were rinsed briefly with HPLC grade methanol to preserve
stachyose-AzBA complex and the thickness was measured Dby
ellipsometry. Following ellipsometry and with complex still
immobilised on the surface, these SAMs were then immersed in 1
mL AzOEG solution containing AzOEG (0.5 mM), Cu(II)SOs (0.05 mM),
NaASC (0.1 mM) and TBTA (0.05 mM) in 2:1 DMF/ UHP H»0, argon
purged for 3 minutes. These were protected from light and allowed
to react for 24 hours on a rotary mixer at room temperature.
Post incubation, all SAMs were briefly rinsed with HPLC methanol
before taking thickness measurements by ellipsometry thus
confirming AzOEG addition to the surface. SAMs were then
sonicated in 2 mL UHP H,O for 30 seconds before placing in fresh
2 mL UHP H»O and placing on a rotary mixer for 30 minutes allowing

stachyose-AzBA complex to dissociate. These were then rinsed
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liberally with UHP H20 before taking final post-wash thickness
measurements by ellipsometry. For each SAM therefore, three
ellipsometry measurement sets, taken at each stage of MIS
formation were produced allowing direct observation of layer
growth following subsequent surface reactions. Thickness values
are shown in Table. 19. An associated error of 0.16 = 0.03 nm
was observed on varying refractive index (n) between 1.45 and
1.5 in ellipsometry modelling for each stage of imprinting with
thickness reported calculated from n=1.5. Reported error 1is

calculated from standard deviation between measurement sets.
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Table. 19: Thickness measurements of each stage of imprinting:
complex only (pre-AzOEG), pre-wash (stachyose present) and

post-wash (stachyose removed). Thickness values produced from

ellipsometry.

surface Theoretical Theoretical

reaction thickness: thickness:

time 2.64 - 3.12 nm 4.72 nm
Complex only MIS pre-wash MIS post-wash
(nm) (nm) (nm)

1 Hour 1.96 £ 0.06 3.04 £ 0.10 2.87 £ 0.16

4 Hour 2.04 £ 0.12 2.91 £ 0.28 2.78 £ 0.13

8 Hour 2.09 £ 0.07 2.45 £ 0.02 2.28 £ 0.05

24 Hour 2.24 £ 0.02 2.71 £0.07 2.55 £ 0.05

Dependent on the orientation the oligosaccharide takes on
immobilisation to the surface we can expect the thickness to
vary between 2.64 and 3.12 nm (Fig. 79). Low thickness of complex
only SAMs was observed averaging 2.08 £ 0.11 nm. Being lower
than expected, several factors 1i.e. monomer tilt, low CulAAC
reaction vyield, averaging of thickness within the light beam
etc. have likely served to artefactually reduce the measured
thickness thus, all measured ellipsometry 1is suggestive of

successful immobilisation but cannot be used to definitively
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prove 1it. ©Nonetheless, the measured ellipsometry thickness
values provide valuable insights to the monolayer growth which,
interpreted together with SPR saccharide probing studies will
provide compelling evidence to successful AzBA-stachyose

immobilisation.

Despite low thickness, monolayer growth is observed over
precursor MBDAlk SAMs previously shown at 1.81 + 0.04 nm but
lower than for previous MBDAlk-AzBA SAMs at 2.54 + 0.04 nm.
Thickness growth suggests successful CuBAAC reaction however the
lower than MBDAlk-AzBA thickness suggests lower yield. Given the
lower concentration of AzBA-stachyose used (0.5 mM) compared to
AzBA (1 mM) this was expected. In addition, as thickness
measurements are taken as an average over a 1 mm diameter spot,
unreacted alkynes will serve to artefactually reduce measured
values (442). As we expect PBA groups to be grouped around
immobilised stachyose instead of spaced out as assumed for AzBA-
MBDAlk SAMs, thickness of complex only SAMs would be reduced
further. Nonetheless, growth 1is observed at longer time

intervals confirming reaction progression.

To form a complimentary binding pocket to stachyose, AzOEG
was added to the reaction mixture with the complex still
immobilised to the surface ensuring only surrounding free alkyne
groups participate. Ellipsometry measurements taken before

washing removal of stachyose from the complex encompass
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thickness of SAM, complex and AzOEG. For pre-washed MISs,
thickness is again lower than expected given the addition of the
long AzOEG chain however it is well established that polyethylene
glycol chains can adopt collapsed conformations explaining low
thickness (481,490). Addition of AzOEG after 1 hour of complex
immobilisation displays highest thickness (3.04 + 0.10 nm)
compared to other intervals suggesting little complex was bound
to the surface. On addition of AzOEG, competition for alkyne
units would likely favour AzOEG being smaller and more flexible
than AzBA-stachyose thus well inhibiting further complex
immobilisation. Small decrease at 4 hours to thickness 2.91 ¢
0.28 nm suggests small increase in complex yield at the surface.
At 8 hours the lowest thickness values (2.45 * 0.02 nm) compared
to other intervals are attributed again to increased complex
immobilisation confirmed by higher thickness of respective
complex only SAM. The increase 1in thickness at 24 hours 1is
ascribed to dissociation of the AzBA-stachyose complex
prematurely revealing the binding pocket and allowing AzOEG

immobilisation within this pocket.
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Fig. 79: Expected thickness of galactose unit if orientated
parallel to the surface on immobilisation providing thickness of
0.24 nm. If Saccharide wunits are orientated perpendicular
thickness increase is expected to be 0.48 nm. Parallel thickness
is based on assuming complex takes PBA configuration described

in (479).

Following washing of MISs to remove bound stachyose,
thickness measurements were again taken to determine successful
template removal. Overall time intervals on average decrease in
thickness of 0.16 £ 0.02 nm confirming stachyose removal.
Considering the thickness of galactose measuring C; to Ce is 0.48
nm if bound perpendicular to the surface, decrease in thickness

post washing is lower than expected. However, spatial
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orientation of saccharide units may be orientated parallel to
the surface (Fig. 79) which, coupled with averaging over 1 mm
light beam diameter may serve to limit measured difference in
thickness. Furthermore, given the reversible nature of the BA-
saccharide interaction, dissociation during complex
immobilisation would occur again, reducing observed change in

thickness post-wash.

With successful multi-step functionalisation suggested by
ellipsometry we then examined these imprints for saccharide
binding of stachyose and melezitose Dbeing two structural
distinct oligosaccharides. Based on thickness values, having the
lowest thickness hence highest concentration of immobilised
complex we can assume 8 hours should provide larger SPR response
than 1-, 4- and 24-hour intervals. Furthermore, given the
excessive thickness at 24 hours, suggestive of increased AzOEG
surface concentration, it 1is likely this surface will perform
poorly in saccharide binding. SPR experiments on timed MISs were
run by injection of 100 pL of stachyose or melezitose
(concentrations 1.56, 3.12, ©6.25, 12.5 and 25 mM) over 2.5
minutes in 0.1 M AmAc buffer, pH 10. SPR RU at Requiz 0f the AzOEG
monolayer was then deducted from Requiz of MISs thereby removing
bulk refractive change of SPR RU. This was plotted against

concentration producing chart shown in Fig. 80.
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Fig. 80: Binding response of timed interval MISs to (a) stachyose

and (b) melezitose.

If we compare both stachyose (Fig. 80a) and melezitose (Fig.
80b) congruity 1is seen between the two oligosaccharides SPR

response where increasing stachyose-AzBA complex reaction time
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from 1 hour up to 8 hours produces increased response of the MIS
to stachyose while decreasing response to melezitose. This
pattern is suggestive of increased selectivity of the MIS for
stachyose up to 8 hours confirming our earlier prediction of
higher response to stachyose for the 8-hour SAM. At 1-hour
reaction time no selectivity is observed for MISs seeing slightly
lower stachyose response than 4- and 8-hour reaction time while
melezitose maintains similar binding to stachyose at 12.5 mM and
25 mM at 1-hour reaction time. Despite thickness values
suggesting low yield after l-hour reaction, earlier XPS data of
AzBA functionalisation of MBDAlk (Chapter. 4, section 4.4.1)
suggests 45% yield after this reaction time. Given the lack of
selectivity, this suggests partial AzBA-stachyose complex
immobilisation on the surface thereby providing sporadically
placed PBA groups within a binding pocket thus reducing

selectivity but allowing binding, nonetheless.

Subsequent increases to complex reaction time would allow
further reaction of each AzBA in the stachyose complex thereby
producing the complimentary stachyose-PBA motif on the surface.
This 1is observed as consistently low melezitose RU while
stachyose RU increases at 4- and 8-hour reaction times. Contrary
to this, at 24 hours, negligible binding was seen for both
stachyose and melezitose with slightly negative response at 12.5

and 25 mM attributed to no binding (491). With consideration for
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thickness values at 24 hours being indicative of excessive AzOEG
presence, low saccharide response following 24-hour complex
reaction time confirms earlier hypothesis of binding pocket
disruption by stachyose dissociation enabling AzOEG to fill the

redundant space.

With the confirmation of 8-hours AzBA-stachyose complex
reaction time with the MBDAlk SAM producing the most selective
surface, we repeated this process of 8-hour reaction time to
explore both reproducibility of this MIS and selectivity of the
MIS without AzOEG addition. To this end, two MISs were prepared
as described using 8 hour reaction time for complex
immobilisation to the SAM proceeded by addition of AzOEG for 24
hours. Alongside this, two further surfaces were prepared using
an 8 hour reaction time between complex and surface but with no
addition of AzOEG thereby producing a SAM expressing a stachyose

specific PBA motif without binding pocket formation.
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Fig. 81: Chemical structures of stachyose (Gal(al-6)Gal (al-
6)Glc(al-2p)Fru) and similar oligosaccharide raffinose (Gal (al-

6)Glc (al-2f3)Fru) .

SPR experiments were performed using 100 pL injections
stachyose, melezitose and raffinose, an oligosaccharide sharing
structural similarity to stachyose (Fig. 81) at concentrations
1.56, 3.12, 6.25, 12.5 and 25 mM over 2.5 minutes. SPR RU at
Requiz 0of the AzOEG monolayer was then deducted from Requiz 0f both
MISs and AzBA-stachyose complex only SAMs thereby removing bulk
refractive change of SPR RU. This was plotted against
concentration producing chart shown in Fig. 82 with error bars

derived from standard deviation between replicates.
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and (b) MIS for stachyose following 8-hour reaction of complex

to MBDAlk SAM

Table. 20:

Binding affinity of AzBA-stachyose complex only SAM

and stachyose MIS for stachyose

surface K4 (mM) Rmax (RU) R?
Complex only 17.8 188.8 £ 61.9 0.91
10.8
MIS 14.9 £ 5.5 175.4 £ 33.2 0.96
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Comparison of the complex only functionalised SAM (Fig.
82a) with the stachyose MIS (Fig. 82b) shows very similar binding
response for all oligosaccharides suggesting addition of AzOEG
does not improve selectivity. Instead, these results imply
selectivity 1s imparted solely by expression of stachyose
specific PBA motifs. Referring back to thickness wvalues for 8-
hour complex reaction time (2.28 + 0.05 nm), this may be
indicative of minimal AzOEG functionalisation seeing the
majority of the surface expressing PBA groups. This is confirmed
in the higher overall response of the 8-hour complex reacted
SAMs and MISs suggesting higher total PBA content than 1- and 4-
hour reacted MISs. Despite similarities between complex
functionalised SAMs and MISs, a similar trend of minimal
melezitose binding is observed while stachyose exhibits binding.
In addition, raffinose binding is seen in both SAMs at higher
concentrations 12.5 and 25 mM albeit still lower than stachyose.
This was expected given the structural homology between these
two oligosaccharides where the difference of one galactose unit
would decrease affinity for raffinose on the stachyose MIS but
still allow raffinose to match a portion of the stachyose-PBA

motif.

In spite of similarities between affinities (complex only
Kq 17.8 £ 10.8, MIS Kg 14.9 £ 5.5) however, differences between

complex only repeats manifest significant error in binding
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affinity calculations. Interestingly, inclusion of AzOEG in the
MIS seems to greatly reduce this error thereby producing far
more reproducible saccharide binding. This perhaps arises
through exposure of multiple PBA motifs to individual stachyose
units in essence, providing less stable inter-motif binding.
Alternativly, a more stable interaction might be produced on
inclusion of hydrogen bonding sites along the AzOEG chain (492).
By inclusion of a network of weak additional bonds alongside the
covalent PBA-saccharide interaction, a more stable binding event
would occur between stachyose and PBA motif while retaining
selectivity observed with low melezitose binding. Collectively,
both surfaces show good affinity for stachyose and present
selective Dbinding for the template ligand stachyose over
melezitose. While surface concentration of AzOEG appears low,
expression of conformational and spatially complimentary BA on
the surface provides similar Dbinding affinity to the PBA
presenting SAM, MBDAlk-AzBA (Kg 11.3 = 4.9) and binding capacity
(Rmax 125.8 = 25.1). While imprinting fails to improve affinity
here, selectivity is produced thus confirming the utility of

this MIS design for selective saccharide recognition.

5.5 Conclusions

Further to our earlier described objectives we have

confirmed higher affinity of PBA terminated SAMs in basic pH
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solutions where minimal binding of fructose was observed for pH
7.4 and 8.5. From this, pH 10 was determined to provide
sufficient saccharide-PBA binding with which we used in all
further saccharide binding experiments. Examination of SAM
chemical composition impact on saccharide binding was produced
by comparison of McB versus DcB SAMs exhibiting long (Cig) and
short (C2) alkane backbone length respectively. While both PBA
terminated SAMs supported monosaccharide binding, McB exhibited
higher affinity (Kqa 2.8 £ 0.6 mM) but lower binding capacity (Rmax
150.7 = 6.4 RU) compared to DcB (Ka 8.5 * 1.5 mM, Rmax 226.1 =
12.9 RU) for fructose. Examination of surface organisation
through  XPS derived Au/S ratios showed lower surface
organisation of McB (Au/S 87.58 + 16.9) over DcB (Au/S 31.19 +
1.78). Taken together with binding response to fructose,
suggested inhibition of saccharide binding through steric
hinderance, an effect seen with densely packed SAMs reducing
ligand binding. MBDAlk-AzBA equivalent fructose affinity (Ka 7.7
+ 0.7 mM) and binding capacity (Rmax 206.8 * 6.4 RU) to DcB
implied similar concentration and SAM packing between these
surfaces however; MBDAlk-AzBA expressed significantly higher
binding capacity for glucose (Rmax 124.2 * 8.7) and galactose (Rmax
184.2 + 24.2) than seen for DcB glucose (Rmax 64.4 £ 7.1) and
galactose (Rmax 83.3 * 7.8). This was explained through spatial
arrangement of PBA groups following surface CuAAC reaction

reducing steric hindrance hence allowing binding of
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conformationally unfavourable saccharides compared to densely
packed PBA groups of DcB. Attempts to functionalise DTPAlk with
AzBA were made however, DTPAlk-AzBA functionalised SAMs
demonstrated excessively low binding. This was attributed to
poor reaction vyield arising from combination of atmospheric
surface contamination and Cu(I) catalyst chelation during the
surface reaction. From this we concluded poor functional utility
of short (Cz) alkanethiol monomers with the CuAAC reaction hence

we did not continue saccharide binding studies with this monomer.

With confirmation of saccharide binding capability, we then
developed a MIS specific for stachyose based on the MBDAlk SAM.
This was intended as a proof of concept study to demonstrate the
utility of this surface in oligosaccharide biosensor design. The
AzBA-stachyose complex reaction time was first optimised and
studied by ellipsometry where 8 hours reaction time provided
highest concentration of immobilised complex. This proved
effective with initial saccharide binding seeing an increase in
stachyose response and decrease in melezitose response in SPR
analysis suggesting selectivity for stachyose. To examine effect
of AzOEG capping and reproducibility of the MIS, a complex only
functionalised SAM and stachyose MIS was produced in duplicate.
In this a similar trend of high stachyose response, low
melezitose response was observed suggesting selectivity however,

similarity between complex only SAM and the MIS implies
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selectivity came from expression of stachyose specific PBA-
motifs. This may however be symptomatic of low AzOEG yield on
the surface thereby producing chemically homologous complex only
SAMs and MISs with minimal AzOEG presentation on the MISs.
Despite this, stachyose specific MISs displayed good
reproducibility and were able to discriminate stachyose and
structurally similar raffinose from melezitose thus confirming

MIS production.
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Chapter 6.

Conclusions and future work

6.1 Conclusions

The work provided in this thesis describes the fabrication
of alkyne terminated SAMs and subsequent functionalisation of
SAMs with PBA. Within this we have synchronised saccharide
binding studies with SAM compositional studies to optimise the
functional sensitivity of our produced SAMs thus; we have unified
impact of surface organisation on sensitivity to saccharide
binding. Surface characterisation by XPS, ellipsometry and
contact angle has demonstrated increased organisation of SAMs on
increasing alkane chain length from C; to Cigp while showing low
organisation imparted by branched SAM monomers. Attempts at
surface CuAAC reaction to functionalise alkyne SAMs with PBA
additionally showed dependency on this with short (Cz2) SAMs
displaying propensity to chelate the Cu(I) catalyst conferring
low CuAAC reaction vyield. Long (Cio) SAMs conversely provided
high vyield of PBA functionalisation post CuAAC reaction with
little residual Cu(I) on the surface. On the contrary, in use of
PBA terminated short (Cz) DcB and long (Cio) pMcB monomers, DcB
showed higher surface organisation than pMcB. From these studies

we determined SAM organisation, as facilitated by chemical
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composition, arbitrates CuAAC reaction progression with short
(C2) and Dbranched monomers. Inclusion of bulky terminal PBA
groups on long chain (Cio) SAMs reduced surface organisation
compared to alkyne terminated counterpart MBDAlk accounted for
by steric interruption of alkane backbone association during
initial phases of SAM formation. For short (Cz) chain SAMs
however, inclusion of terminal PBA groups on DcB saw negligible
reduction in surface organisation. Based on observations of SAM
organisation, we determined inclusion of inter-monomer
interaction groups are a necessary requirement in forming

densely packed SAMs.

Following this we conducted saccharide binding studies of
PBA functionalised SAMs using SPR to establish binding in situ.
Comparison of DcB and McB PBA terminated SAMs response to various
monosaccharides showed higher affinity of the McB SAM over DcB
despite observed lower surface organisation but contrarily
higher binding capacity of DcB over McB. This suggested that
while 1increased concentration of surface PBA provided more
binding sites, steric hindrances inhibited saccharide binding
thereby lowering sensitivity. Surface functionalization of
alkyne terminated short (C2) and long (Cio0) proved lack of
functional utility with the CuAAC reaction on short (Cz) DTPAlk
SAMs with little observed saccharide binding. Long (Cig) MBDAlk

based SAMs however displayed significant saccharide response in-
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line with expected relative affinities of monosaccharides to PBA

(1e61).

Based on these findings we then developed a molecular
imprint of the oligosaccharide stachyose using our MBDAlk SAMs
and a preformed stachyose-AzBA complex. Optimisation of surface
complex immobilisation showed 8 hours to produce highest
sensitivity before addition of AzOEG to form the binding pocket.
Coinciding, 8 hours additionally showed highest selectivity for
stachyose and structurally similar raffinose over melezitose
confirming selective recognition of this oligosaccharide
configuration. On comparison of molecular imprints alongside
imprints lacking AzOEG however, similar selectivity was
observed. From this we concluded that at 8 hours, insufficient
AzOEG for Dbinding pocket formation was provided but that
selectivity was imbued by presentation of stachyose specific PBA
motifs on the surface. While this method failed to produce the
desired binding pocket we nonetheless have demonstrated a method
for immobilisation of PBA motifs on a surface capable of

selective oligosaccharide binding.

In providing selective oligosaccharide recognition using an
oligosaccharide imprinted SAM, we have demonstrated for the
first time the utility of the CuAAC reaction for formation of
saccharide imprinted surfaces. Furthermore, we have shown the

chemical composition of the SAM monomer influences the reaction
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yield and have provided a proof-of-concept foundation for the
development of saccharide sensing clickable surfaces. As the
CuAAC reaction produces a high yield and highly biocompatible
reaction, this method provides a remarkably adaptable framework

with the potential for adaption to glycoprotein detection.

6.2 Adaption of the current technique to

glycoprotein detection

While a substantial body of research exists on SAMs and
molecular imprinting, in biosensing this technology is still in
its infancy having yet to produce a clinically approved assay.
The biomedical laboratory remains dominated by ELISA assays
owing to nature having already deciphered selective binding of
biological ligands however; as with all things biological there
is an element of fragility to their design. This extends to both
labile 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. With the
recognition of the importance of the glycoprofile as a diagnostic
tool, overcoming low selectivity, weak affinity and
heterogeneity in carbohydrate ligands presents a new biomedical
frontier. Glycan profiling is possible through complex
analytical techniques however disseminating glycan profiling
technology to <clinical laboratories remains the challenge.

Providing a synthetic route, molecular imprinting might afford

260



the solution to this problem which, combined with the body of
research on glycan sensing through PBA, provides an opportunity
in the development of wholly artificial and stable glycan

biosensors

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 CuAAC reaction. With Selective recognition seemingly arising
from expression of unique PBA motifs it is worth addressing the
formation of the binding pocket. To produce a multivalent binding
site thus improving on sensitivity of this MIP, further
optimisation of both imprinting time and perhaps length of the
PEG monomer should be pursued. With this, PEG adoption of
collapsed (mushroom) conformations under varying molecular
weights and surface density might preclude requirement for
densely packed PEG monomers. Alternatively, dense packing might
provide a deeper binding pocket suitable for large glycoprotein
template biomolecules (481,493). In addition, while we only
report on the use of PBA expressing binding at pH 10, a number
of BA variations exist with lower pKa values. To ensure
biocompatibility with glycoprotein imprinting, adopting lower
pKa variants such as benzoboroxle or Wulff-type PBA would see
saccharide binding at closer to physiological pH than we have

currently reported (175,177,178).
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Further to development towards a clinical assay, an
essential requirement lies in the adaption of this method for
use in glycoprotein recognition. If we consider the dilemma of
PCa diagnosis, current screening at a cut-off value of >4 ng/mL
PSA presents low clinical specificity and sensitivity. Detection
of PSA glycoforms however represents a true marker of cellular
malignancy thus potentially offers significantly higher clinical
specificity and sensitivity (53). Exchanging the oligosaccharide
template for PSA, the MIP described in this thesis could readily
be applied to glycoprotein detection with further optimisation
to the CuAAC reaction time, PEG selection and Dbuffer

configuration.

In further adaption towards a clinically useful ultra-
sensitive MIP, reduction in steric effects inhibiting surface
interactions could be explored through use of mixed SAMs with
careful consideration to prevention of phase segregation of
monomers (230,450). Higher affinity of the MIP could further be
induced by inclusion of additional functional moieties 1i.e.
carboxy, sulfonate or amine groups allowing interaction with
exposed amino acid residues on the glycoprotein (284) .
Alternatively, Dbetter assay performance might be sought in
substituting SPR analysis for electrochemical detection with
Rebelo et al (2019) reporting lower LOD for an electrochemical

based CA-125 MIP sensor over similar SPR based sensor (286).
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6.3 Proposed development towards clinical assay design

In line with the goals of this research we propose here a
remodelling of this MIP design suited to direct «clinical
implementation for detection of PSA glycoforms. 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. For instance, using the current method, a MIP
developed using a PSA glycoform template would detect both PSA
glycoform but also non-PSA bound structurally similar glycans.
While ideally, we would avoid use of antibodies given their
sensitivity to temperature, pH, solvent etc., we propose a method
of immunogenic isolation of PSA as described in Fig. 83 given
the abundance of commercially available PSA antibodies and the

urgency required in producing new glycan assays.
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Fig. 83: Schematic for proposed clinical assay design in (a) an
SPR adapted 96-well plat with anti-PSA antibody coated well. (b)
Injection of patient serum sees binding of PSA, exposing glycan
chain at the surface. (c) Washing of the well then removes all
unbound material. (d) Injection of MIP nanoparticles (MIP-NP)

sees selective binding of only PCa associated glycoforms.

Following selection of a monoclonal anti-PSA antibody
capable of binding epitopes present on the opposite face of the
PSA to the glycan, these would be immobilised within an SPR
adapted 96-well plate (494). Subsequent exposure to patient

serum would then see binding of PSA through epitopes favouring

264



surface exposure of glycan moieties during which time, unbound
serum material would be washed away. Here we propose an
alteration to our method, in the exchange of solid substrate for
nanoparticles. PBA imprinting of PCa associated PSA glycans on
gold nanoparticles should impart selective binding. On
presentation of exposed PSA glycans with PCa glycan MIPs freely
available in solution, we would expect binding thus an increase
in SPR RU only where PCa associated glycans are presented. Not
only would this allow selective detection of PCa glycans but
would also allow two-fold PSA quantification: from initial PSA-
antibody association allowing direct PSA quantification and
second from nanoparticle-bound PSA MIP binding. Furthermore,
significantly increased sensitivity in SPR would be expected on
docking of large nanoparticles 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 (495,496).
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Chapter 7.

Methods & settings

7.1.1 NMR spectroscopy

A1l !H, 13C and COSY NMR spectra were collected on either a Bruker
AV400 or AV300 spectrometer. Solvents used for NMR included:
CDCls, MeOD, or DMSO-d6 with tetramethylsilane reference
additive. Chemical shifts are assigned in parts per million
(ppm) . All data was analysed in either MestReNova Lite v.5.2 or
MestReNova Lite SE v.10.1 (Mestrelab) or TopSpin V.3.5 (Bruker).
Signal multiplicity 1is reported as: s=singlet, d=doublet,

t=triplet, g=quartet, m=multiplet

7.1.2 Mass spectroscopy

Mass spectrometry was ran on the following equipment for the
following samples: DFC2 (waters micro MX MALDI, resolution
10000, laser power -200-250, reflectron mode +ve), DFC3 (SYNAPT
G2S HDMS waters, resolution 20000, sample loading by Alliance
e2695, ESI capillary voltage 2.5 kV, sample cone 40 V). All other
spectra were obtained on Waters Xevo-G2-XS, resolution 40000
with sample loading by Alliance e2695. ESI capillary voltage was

3 kV and sample cone set at 40 V.
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7.1.3 X-ray photoelectron spectroscopy (XPS)

XPS spectra of SAMS: DFC, DTPA, MBDAlk and boronic acid
terminated versions were obtained using Thermo Scientific K-
Alphat XPS spectrophotometer by Harwell XPS laboratory (Cardiff).
Elemental composition was obtained using monochromated Al K-
alpha X-ray source (1486.69 eV) at 72 W with a spot size of 400
uM and a take-off angle at 90°. High resolution peaks were
obtained with a pass energy of 50 eV at a step size of 0.1 eV
with an energy resolution of 0.5 eV. Samples were run in
duplicate with x2 spots for sample for calculation of error.
Peak fitting was completed using casaXPS (version 2.3.18dev1.18)
with spectra calibrated using C(ls) peak charge corrected to
284.8 eV. Relative sensitivity factors for each element were as
follows: S(2p), 1.68; C(ls), 1.0; N{(ls), 1.8; O(ls), 2.93;

Au (4f), 17.1.

XPS spectra of SAMS: DCB, pMcB and pinAzBA terminated DTPA
were obtained Kratos Supra XPS spectrophotometer by Harwell XPS
laboratory (Cardiff). Elemental composition was obtained using
monochromated Al K-alpha X-ray source (1486.69 eV) at 225 W with
a spot size of 400 puM and a take-off angle at 90°. High resolution
peaks were obtained with a pass energy of 40 eV at a step size
of 0.1 eV with an energy resolution of 0.5 eV. Two spots were
analysed per sample. Peak fitting was completed using casaXPS

(version 2.3.18dev1.18) with spectra calibrated using C(ls) peak
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charge corrected to 284.8 eV. Relative sensitivity factors for
each element were as follows: S(2p), 0.688; C(ls), 0.278; N(ls),

0.477; O(ls), 0.78; Au(4f), 6.25; B(ls), 0.159.

7.1.4 Surface plasmon resonance (SPR)

SPR binding studies were performed with a Reichart SR7000DC dual
channel spectrophotometre with SR7100 autosampler (Reichart
technologies, Buffalo, NY, USA). Studies were run at 25 °C, flow
rate 25 pl/min, injection 100 pl over 2.5 minutes with 5 minutes’
equilibration. A baseline was established for each SAM or MIP by
running degassed buffer (buffer dependent on experiment) over
the sample at 25 pl/min until a stable baseline was achieved.
Prior to saccharide injection, running buffer was injected as
per sample conditions to provide blank run. Results were
collected with SPR autolink software (Reichart, version 1.1.10-
F) and analysed with Scrubber (BioLogic, version 2.0.0.4). All
SPR experiments with exception of molecular imprinting studies
(Chapter 5.4.2) were produced as singular experiments used to
inform imprinting methodology. Molecular imprinting of stachyose

was performed in duplicate to confirm reproducibility.
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7.1.5 Contact angle

Contact angle measurements were taken using an Attension
Theta contact angle meter (Biolin scientific) using an automated
micosyringe to dispense and retract 4 plL water droplets to the
surface. Advancing and receding angles were obtained from
recording of water drop-out/ in at 35 frames per second (FPS)
with angles automatically calculated at surface-liquid interface
using OneAttension software (version 3.2.2.0). Measurements were
taken in triplicate from duplicate SAMs and average reported

with error calculated from standard deviation.

7.1.6 Ellipsometry

SAM thickness was determined by ellipsometry using an
Alpha-SE ellipsometer from J.A. Woolam. Incidence angle was set
at 70° with a wavelength range of 300-900 nm. Calculation of film
thickness was based on a three-phase ambient atmosphere/SAM/Au
model with a refractive index set to 1.5 and extinction
coefficient (k) at 0.00. Thickness was calculated wusing
CompleteEase software, version 5.26 Dbased on 4 surface
measurements on two surfaces (8 total measurements). Reported
error values are calculated from inter-sample standard deviation
and do consider systemic sources of error such as angle of

incidence error. Error associated with wvariance of refractive
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index was calculated by varying n=1.45 to 1.5 with average

thickness difference across refractive index range reported.

7.2 Chemical synthesis

7.2.1 Di-functionalised cystine

7.2.1.1: 2,5-dioxopyrrolidin-1-ylN- (tert-butoxycarbonyl) -S-
(((R)-2-( (tert-butoxycarbonyl) amino)-3-((2,5-dioxopyrrolidin-

1-yl)oxy) -3-oxopropyl) thio) -D-cysteinate (DFC1)

/l<i Di-Boc-L-cystine (1.00 g, 2.26
O O 0 : .

mmol) was dissolved 1in anhydrous

S ”TJ\
°S
ig/\\/ 0 o THE (50 mL) in a 200 mL round
:>T// ]f bottomed flask and the solution

degassed with argon. To this, DCC (1.17 g, 5.71 mmol) was added.
This was left to stir for 1 hour at room temperature after which
time NHS (0.65 g, 5.8 mmol) was added and left to stir for 24
hours at room temperature. During this time a white precipitate
formed. This was filtered and the filtrate dried in vacuo to
yield DFC1l, a loose white solid (1.72 g) and was used immediately

without further purification.
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7.2.1.2: 2,5-dioxopyrrolidin-1-ylN- (tert-butoxycarbonyl)-S-
(((R)-2-( (tert-butoxycarbonyl) amino)-3-((2,5-dioxopyrrolidin-

1-y1l)oxy) -3-oxopropyl) thio) -D-cysteinate (DFC2)

0 /l<i In anhydrous THF (150 mL), DFC1l (1.72

- H HQJLO O g, 2.72 mmol) was dissolved and
\\/N A S\S/\HLN/\\ . . .

o0 NH H = solution cooled in ice bath to 0 °C

:>T// (0] in a 250 mL round bottomed flask. To

this, EtsN (1.1 mL, 7.88 mmol) was added and solution was stirred
for 10 minutes. Proparglyamine (0.52 mL, 8.16 mmol) was then
added and solution stirred at room temperature over 24 hours.
The formed white precipitate was removed by filtration and the
filtrate dried in vacuo. The resulting solid was resuspended in
DCM and filtered to eliminate any insoluble product. The filtrate
was washed with saturated NaHCO3z (3x 25 mL) and the aqueous
phases extracted with DCM (3x 25 mL). All organic phases were
combined and dried over MgSQOs, filtered and dried in vacuo. The
compound was then purified by silica chromatography employing a
mixture of hexane/ EtOAc (7:3) as eluent yielding DFC2, as an

off-white solid (0.703 g, 50%).

H NMR (400 MHz, CDCI3) & (ppm)= 8.09 (t, J= 4.8 Hz, 2H,
NHCH,CCH), 5.55 (d, J= 9.7Hz, 2H, NHCOO), 4.94 (td, Ji= 10.4
Hz, Jz=3.5 Hz, 2H, SHCH:CH), 4.11 (ddd, Ji= 17.6 Hz, J-=, 5.6

Hz, J3=2.6 Hz, 4H, NHCH:CCH), 2.96 (dd, J:= 14.7 Hz, J-= 3.8 Hz,
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2H, SHCHHCH), 2.87 (dd, Ji=14.6 Hz, J= 11 Hz, 2H, SHCHHCH),

2.18 (t, J=2.5 Hz, 2H, NHCH2CCH), 1.49 (s, 18H, NHCOOC (CHs3)s3.

MS (MALDI, matrix: 2,5-dihydroxybenzoic acid) m/z (%)= [M+Nalt,

553.2 [M+K]".

7.2.1.3: S)-3-(((R)-2-ammonio-3-o0oxo0-3- (prop-2-yn-1-
ylamino) propyl)disulfanyl)-1-oxo-1- (prop-2-yn-1-

ylamino) propan-2-aminium (DFC3)

<« H NH;" 0 DFC2 (270 mg, 0.525 mmol) was
\ 3
\/N\[(\/S\SA‘/‘LN/\\ . ‘ .

5 NH’H ¥ dissolved in DCM (30 mL) in a 100 mL

3

round bottomed flask and degassed with argon. TFA (1.2 mL, 15.75
mmol) was added to this and left stirring under argon for 10
minutes followed by a further addition of 1.2 mL of TFA. Reaction
mixture was left stirring for 24 hours at room temperature. The
solution was dried in vacuo to yield DF3 as a translucent brown

solid (142 mg, 86%).

1H NMR (400 MHz, MeOD) & (ppm)= 4.21 (dd, Ji= 8.4 Hz, Jr= 5.0
Hz, 2H, SCH,CHNHs*), 4.06 (d, J= 2.6 Hz, 4H, NH,CH.CH), 3.37
(dd, Ji= 14.8 Hz, J»= 5.0 Hz, 2H, SCHHCH), 3.07 (dd, Ji= 14.8
Hz, Jo= 8.4 Hz, 2H, SCHHCH), 2.69 (t, J= 2.6 Hz, 2H,

NH>CH2CCH) .

13¢ NMR (100 MHz, MeOD) & (ppm)= 168.2, 79.7, 73.1, 51.9, 39.2,

34.7, 29.9.
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MS (ESI+MS) m/z (%)= 315.1 [M], 337.08 [M+Na].

7.2.1.4: N,N'-((2R,2'R)-Disulfanediylbis(l-oxo-1- (prop-2-yn-1-

ylamino) propane-3,2-diyl)) diacrylamide (DFC)

0 In anhydrous THF (25 mL), DFC3 (142
\H/U\NH R 0.45 1) dissolved and
sik\/N & mg, . mmo was issolve an
YOO
HN\g/§§ degassed with argon in a 100 mL round

bottomed flask. To this solution,
Et3N (0.36 mL, 2.7 mmol) was added and left stirring for 30
minutes during which time this solution was cooled to 0 °C in an
ice Dbath. Acryloyl chloride (0.15 mL, 1.66 mmol) was added
dropwise allowing good dissolution of acryloyl chloride. During
this process triethylammonium chloride precipitated as a white
solid. This solution was then left to stir overnight and allowed
to warm to room temperature. The solution was then dried in vacuo
and resuspended in DCM (30 mL) precipitating a significant
fraction of the product DFC in high purity which was removed by
filtration. The filtrate was washed with saturated NaHCO3 (3x 25
mL) and the aqueous phases extracted with DCM (3x 25 mL). All
organic phases were combined, dried over MgSOs and filtered. The
filtrate was dried in vacuo to yield brown solid. This was
purified by silica chromatography using hexane/ EtOAc (1:1) as

eluent yielding DFC as an off white solid (129.1 mg, 68

o°

) .
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1H NMR (400 MHz, DMSO) & (ppm)= 8.61 (t, J= 5.5 Hz, 2H, NHCH2CH),
8.49 (d, J= 8.4 Hz, 2H, SCHxCHNH), 6.30 (dd, Ji= 17.1 Hz, Jz=
10.2 Hz, 2H, COCHCH,), 6.11 (dd, Ji= 17.1 Hz, J.= 2.1 Hz, 2H,
C=0OCHCHH), 5.62 (dd, Ji= 10.1 Hz, Je= 2.1 Hz, 2H, COCHCHH), 4.63
(td, Ji= 4.8 Hz, Js= 5.2 Hz, 1H, SCHxCH), 3.8 - 3.94 (gdd, 4H,
NHCH,CH), 3.13 (t, J= 2.5 Hz, 2H, NHCH.CH), 3.09 (dd, J= 13.5 Hgz,

2H, SCHHCH) 2.88 (dd, J= 13.5 Hz, 2H, SCHHCH).

3¢ NMR (100 MHz, DMSO) & (ppm)= 170.0, 165.08, 131.8, 126.4,

81.27, 73.62, 52.2, 28.7.

MS (ESI MS) m/z (%)=445.1 [M+Nal*, 461.07 [M+K]*.

7.2.2: 3-((azidomethyl)phenyl) boronic acid (AzBA)

QH 3- ((bromomethyl)phenyl) boronic acid (0.25 g, 1.16

B.
OH mmol) was dissolved in 15 mL acetone/ water (3:1).

\ Sodium azide (0.11 g, 1.74 mmol) was added and the
3

reaction left stirring at room temperature for 2 hours. 25 mL
DCM/ water (1:1) was then added and reaction stirred for further
1 hour. The organic phase was separated, washed with water (3x

15 mL) and then dried with MgSOs4. This was dried in vacuo to

yield AzBA as an off white solid (192.6 mg, 93%)

IH NMR (400 MHz, DMSO) & (ppm)= 8.11 (s, 2H, BOH), 7.76 (m, 2H,

Ph), 7.38 (m, 2H, Ph), 4.43 (s, PhCHNNN).
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3¢ NMR (100 MHz, DMSO) & (ppm)= 134.0, 133.6, 129.9, 127.5,

53.6.

MS (ESI MS) m/z (%)= 179.11 [M]*, 164.11 [M-N]*.

7.2.3: 3-((azidomethyl)phenyl) boronic acid pinacol

ester
AzBA (168 mg, 0.944 mmol) was dissolved in ether
0 (20 mL) and heated in an o0il bath to 50 °C and
BO
connected to water fed condenser on a two neck RB
flask. Pinacol (1115 mg, 0.944 mmol) was dissolved
N3

in 5 mL ether and injected via septum and reaction stirred for
1 hour and monitored by TLC (Hex-EtOAc 6:4). The reaction mixture
was then dried in vacuo to yield pinAZBA as a clear fluid oil

(234 mg, 94%).

1H NMR (400 MHz, DMSO) & (ppm)= 7.67 (m, 2H, Phe), 7.50 (m, 2H,

Phe), 4.47 (s, 2H, PhCHNNN), 1.29 (s, 12H, CCH3CH3CCH3CHS3) .

3¢ NMR (100 MHz, DMSO) & (ppm)= 135.7, 134.9, 134.5, 131.9,

128.8, 84.3, 53.9, 25.2, 25.1.

MS (ESI MS) m/z (%)= 232.2 [M-N3]*, 217.19 [M-CH.N3]* .
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7.2.4 Benzyl azide (AzBEN)

Benzyl bromide (718 mg, 4.2 mmol) and sodium azide
(341.25 mg, 5.25 mmol) was dissolved in acetone- MilliQ
N H,O (15 mL, 3:1) and stirred for 2 hours at room

temperature. DCM (30 mL) and MilliQ H»O (10 mL) was then added
to reaction and stirred for further 1 hour. The organic phase
was separated and washed with MilliQ H2O0 (3x 10 mL). The
organic phase was then dried over MgSOs4, filtered and the
filtrate dried in vacuo to yield AzBEN as a clear fluid oil

(527 mg, 94%).

1H NMR (300 MHz, DMSO) & (ppm)= 7.431 (m, 5H, Phe), 4.441 (s,

2H,N3CHZPhe) .

3¢ NMR (100 MHz, DMSO) & (ppm)= 136.0, 129.2, 128.9, 128.6,

54.0.

7.2.5: 3,3’'disulfanediylbis (N- (prop-2-yn-1-
yl) propenamide (DTPAlk)

S H (0] In a two neck round-bottom flask,
§§\\/N S\S/\\/JKN/\\\\

ig/\V/ Ny 3,3’-dithiopropionic acid (1 g,
4.76 mmol) was dissolved in 150 mL anhydrous THF and the solution
purged with argon. To this, N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide (2.19 g, 11.42 mmol) was added and reaction

stirred for 10 minutes. l1-Hydroxybenzotriazole hydrate (1.54 g,
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11.42 mmol) was then added and reaction stirred at room
temperature for 1 hour after which time a sticky residue
precipitated. The reaction was then cooled to 0 °C in an ice bath
and propargylamine (0.78 g, 14.28 mmol) dissolved in 30 mL
anhydrous THF was added dropwise over 30 minutes under argon.
The reaction was then allowed to come to room temperature and
stirred overnight. This was then filtered, and the filtrate dried
in vacuo before Dbeing resuspended in MilliQ H2O0 forming a
precipitate. This precipitate was then dissolved in 30 mL DCM
and washed with NaHCOsz (3x 20 mL) and the organic phase dried
over MgS0O4, filtered and dried in vacuo yielding DTPA as a white

powder (1.04 g, 76.6%).

1H NMR (400 MHz, DMSO) & (ppm)= 8.40 (t, J= 5.2 Hz, 2H, CHHCONH),
3.87 (dd, J= 2.4 Hz, 4H, NHCHHCCH), 3.12 (t, J= 2.4 Hz, 2H,
CHHCCH), 2.89 (t, J= 7.2 Hz, 4H, SCHHCHH), 2.48 (d, J= 7.2 Hz,

4H, SCHHCHH) .

13¢ NMR (100 MHz, DMSO) & (ppm)= 170.3, 81.5, 73.5, 35.1, 34.0,

28.3.

MS (ESI MS) m/z (%)= 307.06 [M+tNal*, 285.07 [M]*.
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7.2.6: ((((((3,3'disulfanediylbis (propanoyl))bis(a
zanediyl) ) bis (methylene) )bis (4,5-dihydro-1H-1,2,3-
triazole-4,1-diyl) )bis (methylene))bis(3,1-
phenylene) )diboronic acid (DCB)

DTPA (193.95 mg, 0.682 mmol) and AzBA (364.4 mg, 2.047 mmol)

gOH were dissolved in 5 mL DMF and
OH
\ o stirred for 1 hour. A pre-mixed
N*;ﬂ\V/HjT/\\/S\S/\\/JkN N, catalyst solution was prepared
T H/\ﬂidq

by dissolving Cu(II)SOs (40.55

HQ
B mg, 10 mol$%) and sodium

HO

ascorbate (65.34 mg, 20 mol%) in 1 mL MilliQ H20O forming a brown
precipitate. To this, tris[(l-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (108.62 mg, 10 mol%) dissolved in 1 mL DMF was
added turning the solution transparent. This catalyst was then
added to the reaction mixture and the flask was purged with argon
and protected from light. The reaction was stirred overnight at
room temperature and then dried 1in vacuo. The crude was
resuspended in DCM/ MeoH/ NH4OH (4:4:2) forming a Dblue
precipitate which was filtered through a cotton filled glass
Pasteur pipette and the filtrate dried in vacuo. This was further
purified by silica chromatography using DCM/ MeOH/ NH4O0H solvent
system. The product containing fraction was dried in vacuo and
resuspended in 250 pL MeOH precipitating DCB as an off Dblue/

white powder (33 mg, 7.5%).
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1H NMR (300 MHz, MeOD) & (ppm)= 7.81 (s, 2H, triazole), 7.74 (s,
2H, Phe), 7.59 (s, 2H Phe), 7.36 (m, 4H, Phe), 5.53 (s, 4H,
NCHHphe), 4.40 (s, 4H, NHCHHCCH), 2.90 (t, Ji= 7.2 Hz, J2= 6.9
Hz, 4H, SCHHCHHCO), 2.57 (t, Ji= 6.9 Hz, J2= 7.2 Hz, 4H,

SCHHCHHCO) .

MS (ESI MS) m/z (%)= 639.29 [M]*, 348.61 [MtNa]?".

7.2.7: 1ll-mercapto-N- (prop-2-yn-1-yl)undecanamide
(MBDAlk)

0 ll-mercpountdecanoic acid (500 mg,
/\V/“\/”\V/\»/“\/J\

HS H/\\§§ 2.29 mmol) was dissolved with N-
(3-Dimethylaminopropyl) -N'-ethylcarbodiimide (1.054 g, 5.5
mmol) in 30 mL anhydrous THF in a two neck round-bottom flask,
purged with argon and stirred for 30 minutes. 1-
hydroxybenzotriazole hydrate (0.743 g, 5.5 mmol) was added to
this and stirred for a further 1 hour under argon. The reaction
was cooled to 0 °C in an ice bath and proparglyamine (378.3 mg,
6.87 mmol) in 20 mL anhydrous THF was added dropwise over 30
minutes. The reaction was then allowed to warm to room
temperature and stirred overnight under argon. This was then
dried in vacuo and resuspended in 30 mL MilliQ H,O forming a

white precipitate that was filtered and washed with 100 mL MilliQ

H>O. The precipitate was dissolved in 30 mL DCM and washed with
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NaHCO3 (3x 20 mL) and the organic phase dried over MgSOs4. This
was filtered and the filtrate dried in vacuo to give MBDAlk as

a white powdery solid (363 mg, 62.1%).

1H NMR (400 MHz, DMSO) & (ppm)= 8.22 (t, J= 5.2 Hz, 1H, CONHCHH),
3.83 (g, J= 2.4 Hz, 2H, NHCHHCCH), 3.07 (t, Ji= 2.4 Hz, J.= 2.8
Hz, 1H, CHHCCH), 2.46 (t, J= 7.2 Hz, 2H, SHCHHCHH), 2.23 (t, J=
7.6 Hz, 1H, SHCHH), 2.07 (t, Ji= 7.6 Hz, J.= 7.2 Hz, 2H,
CHHCHHCO), 1.53 (m, 4H, SHCHHCHH, CHHCHHCHHCO), 1.23 (s, 12H,

o6xCHH) .

13¢ NMR (100 MHz, DMSO) & (ppm)= 171.2, 81.4, 72.7, 35.0, 33.4,

28.9, 28.8, 28.7, 28.6, 28.4, 27.7, 27.6, 25.1, 23.7

MS (ESI MS) m/z (%)= 278.16 [M+Na]*, 256.18 [M]".

7.2.8: S-(11-oxo-11- (prop-2-yn-l-ylamino)undecyl)
ethanethioate (pMBDA1lk)

o o Pyridine (1 mL) was cooled to O
/Jks/“\/”\v/“\//\»/“\/J\H/\\§§ °C in an ice bath and MBDAlk (25
mg, 0.098 mmol) and acetic anhydride (29.6 mg, 0.29 mmol) was
dissolved in this. The flask was flushed with argon and reaction
stirred overnight at room temperature. MilliQ H>0O ice cubes (3x
1 mL) were added to the reaction and stirred until melted and
the resulting solution washed with EtOAc (3x 18 mL). The organic

phase was washed with brine (3x 10 mL), dried over MgSOs and
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filtered. The filtrate was dried in vacuo yielding pMBDAlk as an

off white solid (20 mg, 68%)

1H NMR (300 MHz, DMSO) & (ppm)= 8.19 (t, J= 5.1 Hz, 1H, CONHCHH),
3.84 (g, J= 2.4 Hz, 2H, NHCHHCCH), 3.07 (t, J= 2.4 Hz, 1H,
CHHCCH), 2.83 (t, J= 7.2 Hz, 2H, SHCHHCHH), 2.31 (s, 3H,
CHHHCOS), 2.08 (t, Ji= 7.2 Hz, Jz= 7.8 Hz, 2H, CHHCHHCO), 1.49

(m, 4H, SHCHHCHH, CHHCHHCHHCO), 1.23(s, 12H, 6xCHH).

13¢ NMR (100 MHz, DMSO) & (ppm)= 172.3, 73.2, 35.5, 31.1, 29.¢6,

29.3. 29.2, 29.1, 28.9, 28.8, 28.6, 28.1, 25.6.

MS (ESI MS) m/z (%)= 256.18 [M-CpH30]*, 298.18 [M]*, 509 [M+M]".

7.2.9: (3-((4-((11-
(acetylthio)undecanamido)methyl)-1H-1,2,3-triazol-
l-yl)methyl)phenyl)boronic acid (pMcB)

In 2.5 mL DMF, AzBA (70 mg,

0] (@]
/Jks/“\/”\v/\\/“\/”\v)kN/\TjN%J 0.393 mmol) and pMBDAlk (48.8
Ho
HO N mg, 0.163 mmol) was dissolved
\
B
HO and purged with argon. A pre-

made catalyst solution was prepared by adding TBTA (20.8 mg, 10
mol%) in 0.5 mL DMF to a mixture of sodium ascorbate (12.5 mg,
20 mol%) and Cu(II)SOs (7.78 mg, 10 mol%) in 1 mL MilliQ H2O.

Following dissolution of brown precipitate in catalyst on
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addition of TBTA, all 1.5 mL of catalyst was added to the
reaction. The reaction was covered from light with aluminium
foil and stirred overnight under argon. The reaction was then
extracted with DCM (3x 10 mL) and the organic phase washed with
MilliQ H20 (3x 10 mL) before being dried over MgSOs4, filtered and
the filtrate dried in vacuo. This was resuspended in 1.5 mL DCM/
MeOH/ NH4OH (4:4:2) forming a light blue precipitate and was
filtered over silica in a glass Pasteur pipette. The filtrate
was further purified by flash chromatography using DCM/ MeOH

(99:1) yielding pMcB as an off white solid (34 mg, 42%).

1H NMR (300 MHz, DMSO) & (ppm)= 8.23 (t, Ji= 5.7 Hz, Jz= 5.4 Hz,
1H, CONHCHH), 8.09 (s, 1H, pheBOHH), 7.90 (s, 1H,triazole), 7.75
(m, 2H, phe), 7.34 (m, 2H, phe), 5.53 (s, 2H, NNNCHHphe), 4.26
(d, J= 5.4, 2H, NHCHHtriazole), 2.84 (t, J= T7T.2 Hz, 2H,
CHHCHHCO), 2.31 (s, 3H, CHHHCOS), 2.08 (t, Ji= 7.2 Hz, Jz.= 7.8
Hz, 2H, SHCHHCHH), 1.50 (m, 4H, SHCHHCHH, CHHCHHCHHCO), 1.21 (s,

12H, 6xCHH).

MS (ESI MS) m/z (%)=), 475.26 [M]*.
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7.3 Surface preparation & chemical

modification

7.3.1 Chemical cleaning of Au substrates

Prior to SAM formation, Au substrates were chemically
cleaned as preparation for surface modification. All SAMs were
formed on polycrystalline gold substrates comprised of 50 nm
gold on a thin layer of chromium on glass purchased from George
Albert PVD, Germany. Gold substrates were immersed in piranha
solution (7:3 70% H2SO4, 30% H202) for 7 minutes. They were then
rinsed liberally with MilliQ H»0 followed by HPLC methanol and
dried wunder argon stream. Clean Au substrates were used
immediately in subsequent experiments to minimise fouling of Au

surface.

7.3.2 Self-assembled monolayer formation of DFC,

DTPAlk or MBDAlk on clean Au substrates

Clean Au substrates were immersed in 1 mL 0.1 mM methanolic
solutions of either DFC, DTPAlk or 0.2 mM MBDAlk previously
sonicaticated for 2 minutes followed by purging with argon for
further 2 minutes. SAMs were allowed to form for minimum of 18

hours at room temperature before being rinsed liberally with
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HPLC methanol and dried under argon stream. Dry SAMs were then
immediately used in further surface modification or

characterisation.

7.3.3 Terminal modification of SAMs by CuAAC

reaction with AzOEG, AzBA or AzBEN

Alkyne terminated SAMs (DFC, DTPAlk or MDAlk) were modified
post immobilisation by CuAAC reaction with either 1 mM AzOEG, 1
mM AzBA or 1 mM AzBEN dissolved in a pre-prepared catalyst. A
1.85 mM solution of AzOEG, AzBA or AzBEN was prepared using a
x10 stock in 2.7 mL DMF. In a separate vial, 50 pL of Cu(II)SO4
(10 mM) and 50 pL NaAsc (20 mM) were combined forming a brown
precipitate. To this 500 pL TBTA (1 mM) was added and the
solution mixed thoroughly turning the solution clear. On
dissolution, 1.1 mL MilliQ H20 was added and the whole solution
transferred to the azide ligand solution providing Az’’ (1 mM),

Cu(II)SOs4 (10 mol%), NaAsc (20 mol%), TBTA (10 mol%).

Pre-prepared alkyne terminated SAMs were then submerged in
1 mL of this solution for a minimum of 18 hours at room
temperature protected from light on a rotary mixer. SAMs were
then sonicated for 10 seconds in solution followed by thorough
rinsing and further 10 second sonication in MilliQ H»O and HPLC

MeOH (1:1). SAMs were then rinsed liberally with HPLC grade MeOH
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before Dbeing dried with argon and used immediately in

experiments.

7.3.4 Preparation of DcB monolayer

Boronic acid monolayers were formed using pre-clicked
DTPAlk-AzBA (DcB, section: 7.2.6). Chemically cleaned Au
substrates were immersed in 1 mL methanolic solution of DcB (0.1
mM) and placed on a rotary mixer for 18 hours at room
temperature. DcB SAMs were then sonicated for 10 seconds in
solution and rinsed liberally with HPLC MeOH before drying with

argon.

7.3.5 In situ deprotection of pMcB and formation

of McB monolayer

Acetate protecting groups were removed from pMcB thiol
moiety with KOH. To 3 mL pMcB (0.26 mM) in EtOH, 1 mL KOH (0.8
mM) was added and solution sonicated for 5 minutes and mixed for
2 hours at room temperature. Post de-protection, clean Au
substrates were immersed in 1 mL of this solution for 18 hours
at room temperature on a rotary mixer. McB SAMs were then
sonicated for 10 seconds in solution and rinsed liberally with

MilliQ H>O and HPLC EtOH before drying under argon.
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7.3.6 Stachyose-boronic acid surface template

formation through CuAAC reaction

Stachyose-AzBA complex was kindly provided by Dr Stefano
Tommasone for this experiment. This was formed by reaction of
AzBA (0.175 mmol) with stachyose (0.00546 mmol) in a 6:1 dioxane/
acetonitrile mixture (0.35 mL) heated to 90 °C. This was purged
with argon and stirred for 24 hours in with activated molecular
sieves 3A.Solvent was removed in vacuo and the crude mixture
suspended in toluene (0.6 mL), precipitating the AzBA-stachyose
complex. This solution was transferred to a 1 mL Eppendorf and
centrifuged and supernatant disposed. The precipitate was then
resuspended in toluene (0.6 mL) precipitating the complex.
Centrifugation was repeated and supernatant disposed leaving the
AzBA-stachyose complex as a precipitate for use in imprinting

experiments.

For formation of imprinted surfaces, AzBA-stachyose complex was
first immobilised to the MBDAlk SAM. The CuAAC reaction proceeded
as previously described (section: 7.3.3), 1.32 mL pre-prepared
catalyst of Cu(II)SOs (10 mol%), NaAsc (20 mol%) and TBTA (10
mol%) was added to 2 mL DMF and further 1.28 mL MilliQ H»O added.
To this, 2 mL stachyose-AzBA complex (1.5 mM) in DMF was added
and mixed thoroughly. To 1 mL of this solution, MBDAlk monolayer

on Au substrate was added and SAM mixed on rotary mixer for 18
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hours at room temperature protected from light. Stachyose was
then removed from the BA template by thorough immersion in MilliQ
H,O for 10 Minutes followed by 20 second sonication. SAMs were
then rinsed liberally with MilliQ H»O and HPLC MeOH before drying

with argon.
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7.4 Appendix

7.4.1 DFC synthesis and characterisation
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Fig. 84: 1H NMR spectrum of DFC2 (CDCls, 298K, 400 MHz).
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Fig. 85: 2D COSY NMR spectrum of DFC2 (CDClz, 298K, 400 MHz).

288



553.2

100
327.1
451.1
4491
= 537.3
3265
311.1
4351
433.1_ | ooz 521.1 554.2
397.1 [ 519.1 555.2
| | 7
3932 3532 Il 4goq 4971 ‘
( | |479.1 ‘
1
ol Hlv u'MII T ‘Il‘ny “J.l’yl]ylll it i L 1l 1 ‘|i1l| A — R
300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680
Fig. 86: MALDI-MS spectrum of DFC2.
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Fig. 87: 'H NMR spectrum of DFC3 (MeOD, 298K, 400 MHz).
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Fig. 88: 13C NMR spectrum of DFC3 (MeOD, 298K, 100 MHz).
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Fig. 89: 2D COSY NMR spectrum of DFC3 (MeOD, 298K, 400 MHz).
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Fig. 90: ESI -(+)MS spectrum of DFC3.
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Fig. 91: 'H NMR spectrum of DFC (d6-DMSO, 298K, 400 MHz) .
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Fig. 92: 13C NMR spectrum of DFC (d6-DMSO, 298K, 100 MHz).
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7.4.2 Characterisation of DTPAlk

8000
r7000
r6000
r5000
r4000
r3000

r2000

r1000
LAJA o
s

r-1000

1.85{ L

1.00% —
0.88
1.84

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
f1 (ppm)

Fig. 95: !H NMR spectrum of DTPAlk (d6-DMSO, 298K, 400 MHz).
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Fig. 96: 13C NMR spectrum of DTPAlk (d6-DMSO, 298K, 100 MHz) .

295



) " &

ﬁ Pt

4 3 ] ] _4
5 £
T 8
_6 E

-/

-8

ﬁ '. T T T T T T |. T T -

8 7 6 5 4 3
f2 (ppm)

Fig. 97: 2D COSY NMR spectrum of DTPAlk (d6-DMSO, 298K, 400

MHz) .
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7.4.3 Characterisation of MBDAlk
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Fig. 99: !H NMR spectrum of MBDAlk (d6-DMSO, 298K, 300 MHz).
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Fig. 100: 13C NMR spectrum of MBDAlk (d6-DMSO, 298K, 100 MHz).
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Fig. 101: 2D COSY NMR spectrum of MBDAlk (d6-DMSO, 298K, 400

MHz) .
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7.4.4 Characterisation of pMBDAlk
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Fig. 103: 'H NMR spectrum of pMBDAlk (d6-DMSO, 298K, 300 MHz).
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Fig. 104: 13C NMR spectrum of pMBDAlk (d6-DMSO, 298K, 100 MHz) .
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7.4.4 Characterisation of AzBEN
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Fig. 107: 'H NMR spectrum of AzBEN (d6-DMSO, 298K, 300 MHz).
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7.4.5 Characterisation of AzBA
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298K, 100 MHz) .

25000
20000
15000
10000

5000

. —

T

F-5000

70 65 60 55 50 4
f1 (ppm)

o~
S
i
9.0 85 80 7. 5
109:

Fig. 1H NMR spectrum of AzBA

(d6-DMSO,

4.0 35 3.0 25 2.0

298K, 400 MHz) .

304



| " " Jj ‘ J‘ ™ b T TP TR )
U u L) iy { W L T A et ARy

155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25
f1 (ppm)

Fig. 110: 13C NMR spectrum of AzBA (d6-DMSO, 298K, 100 MHz) .

9 8 7 6 5 4 3 2
f2 (ppm)

Fig. 111: 2D COSY NMR spectrum of AzBA (d6-DMSO, 298K, 400

MHz) .

f1 (ppm)

r4000

r3000

2000

1000

-0

305



150.08

100
149.10
164.11
105.99 1501 165.00
9405 132.01
179.11 323.16
0 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 mz
Fig. 112: ESI - (+)MS spectrum for AzBA.
7.4.6 Characterisation of pinAzBA
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Fig. 113: 'H NMR spectrum of pinAzBA (d6-DMSO, 298K, 300 MHz).
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7.4.7 Characterisation of DcB
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Fig. 117: 'H NMR spectrum of DcB (d6-DMSO, 298K, 400 MHz).
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7.4.8 Characterisation of pMcB
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Fig. 121: 'H NMR spectrum of pMcB (d6-DMSO, 298K, 400 MHz).
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