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Abstract

Despite underpinning biological communication, sugars have limited applications as
biorecognition elements in biosensors, caused by promiscuity between sugar probes and
protein binding partners. Here, site-specific fluorination was harnessed to introduce
protein-sugar selectivity to specifically target galectin-3, a valuable diagnostic biomarker.
Electrochemical detection methods were employed due to their speed, sensitivity, and

affordability.

For the first time, electrochemical biosensing of galectin-3 was achieved by exploiting its
enhanced binding affinity to glycofluoroforms (fluorinated analogues of native binding
sugars). Polymer tethers were used to provide a passivated surface and the resulting
biosensing platforms selectively bound galectin-3 compared to control glycans and
proteins. Initially, the thiol functionality of the polymer, linked to the glycofluoroform via

strain-promoted azide -alkyne cycloaddition, was used to immobilise the conjugate onto a
gold electrode. Electrochemical impedance spectroscopy analysisquantified the increase in
charge transfer resistance between the gold electrode surface and solution-phase
potassium ferricyanide observed on galectin-3 binding. Titration experiments revealed an
apparent Kyq of 240 nM. However, a high level of irreproducibility was observed between
sensors, and the electrochemical instability of the gold-thiol bond prevent ed the use of

further electrochemical measurement techniques.

Subsequently, triazabutadienes were used as masked diazonium ions for covalent
immobilisation of polymer -sugar conjugates onto carbon electrodes. Compared to gold-
thiol self-assembly, electrografting yielded a higher coverage of glycofluoroform (5.201
pmol compared to 0.350 pmol) and conferred an apparent Kq of 13 nM. The higher affinity
of this sensing platform and the wide range of detectable galectin -3 concentrations (1 ng
mL*to 10 ug mL?) is more suited to the expected biological galectin -3 levels. Furthermore,
the increased stability of the modified surface due to the covalent carbon -electrode bond
allowed for more complex voltammetry methods to be explored. Extraction of faradaic
current from Fourier transformed alternating current voltammetry experiments

demonstrated a simpler analysis of galectin-3 binding.
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in (i) following electrografting on-SPEs. EIS measurements were performed in the presence of 10 mM
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0.8 V vs Ag covered in AgCl at 20 1fds 5 scans. & solution resistance o resistance to charge

transfer, Zv= Warburg element, and Q afhre the parameters used to model anstant phase element
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Figure 3.25Resultant Nyquist and Bode plots for a gale@ititration experiment showing experimental
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mV, f = 0.05 Hg 10 kHz (10 datapoints per decadey=Rolution resistance & resistance to charge

transfer, &= Warburg element, and Q ariéhre the parameters used to model a constant phase element
(CPE). 133
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Chapter One: Sugars insensing d Targeting galectin-3
with glycofluoroforms

A biosensor is a selfcontained integral device which is capable of detecting the presence
of a specific analyte via the transduction of an analyte-bioreceptor binding event (Figure

1.1).}2 Generally, biosensing devices are aimed at determining the concentration of an
analyte in solution and have applications in medical, environmental, food, pharmaceutical,
and biotechnological industries.® Biosensing is utilised on a variety of scales: population
diagnostics (regular measurements of large samples often applied in food and agriculture),
point-of-care (fast measurements of individual samples often applied in medicine and
security), and single-cell diagnostics (monitors biological phenomena at a cell level, applied
in molecular biology).* This thesis explores the potential of developing a new biosensor for
galectin-3, areported biomarker for several diseases. The longer-term application of such

work would be in point -of-care diagnostics. With an aging population, emerging novel

diseases, and increasing antibiotic resistance progression in diagnostics is clearly crucial.
The global point-of-care market was estimated at £35.4 billion in 2024 and is expected to
reach £50.7 billion by 20302 advancements in this area clearly have immense potential in
terms of patients and profits. This introduction seeks to present the common biorecognition

elements observed in the literature, contextualise the biological background of sugars and
galectins, and establish the reason galectin3 and glycofluoroforms are a valuable target

analyte and biorecognition element for the development of bi osensors.

1.1Bi or ec odg reinteina ns
In the literature, the biorecognition elements (BRES) encountered include antibodies,

ssDNA/aptamers, enzymes, phages, cells and hanomaterials. Antibodies, DNA and enzymes

are the mostcommon,®wh er eas nanomaterial s &’ rAatibodiesmei der ed
affinity -based biorecognition elements relying on the strong interactions between antigens

and antibodies. These sensors are often called immunosensors. They can be labdree where

the formation of antigen -antibody complex is directly observed, typically for large analytes

like cells and proteins? or an unnatural label, e.g. a dye or fluorophore, can be introduced

to the antibody to allow for observation of binding. * Advantages of using antibodies are the

high specificity and high affinity of the antibody to the antigen on the analyte. °

Disadvantages include that they must be biologically produced which requires intensive

purification and results in batch-to-batch variations, and the fact that antibodies are
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susceptible to denature due to high sensitivity to environmental conditions including ionic

strength and temperature.*®

Aptamers are single-stranded nucleic acids! They can be designed to be the
complementary strand of a nucleic acid analyte, capturing the analyte via hybridisation, or
designed for non-nucleic acid targets where the presence of the analyte stabilises a specific
folded conformation of the aptamer. ° Aptamers are stable over a wide range of
temperatures and storage conditions, able to be synthesised chemically, less expensive than
antibodies, and suited to a wide range of analytes!®°However, aptamers areinfluenced by
environmental conditions such as temperature and pH, prone to degradation in biological
fluids, and aptamers are discovered through the screening of random libraries, so optimal
aptamers may not actually be found depending on what initial aptamers are generated in

the library.%!

Enzymes have multiple modes of action depending on the interaction between the enzyme

and the analyte. This can be monitoring: ()t he consumpti on of analyte
catalytic action, (ii) the inhibition of the enzyme by the analyte, or (iii) alteration of the
enzymeds bi ophystEnayines arb suited 1 many irassducarssdue to the

variety of products of enzyme-catalysed reactions whichinclude protons, electrons, light,

and heat.’ They also have astrong binding capacity, work at mild physiological conditions,

are reusable for multiple detection events, and are highly specific as they are biologically

designed to catalyse a single reaction®®°However, this innate specificity can be a drawback

as the mutagenesis and assaying involved to alter the native target or improve the binding

properties of the enzyme are expensive and complicated?! Other disadvantages include the

cost and the low stability due to sensitivity to pH, temperature, and humidity. ©

A wide range of organisms including bacteria, fungi, algae, protozoa, and viruses, are used
as whole cell BREs by exploiting the innate recognition ability of these microbes! Using a
whole cell removes the need to extract and purify the recognition element. * However, they
typically exhibit lower sensitivity than molecular-based sensors there is reduced lifetime
regarding storage due to cell viability, and batch-to-batch variation due to the

heterogeneity of cells.*?
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Nanomaterials used as BRES exist in a range of geometries, from zeroto three -dimensional
and spanning from dots and particles, to wires and rods, to layers! Therefore, a range of
binding modes of action exist. Due to the small size of nhanomaterials, direct binding of a
biomolecule generally influences the physical and chemical properties of the biorecognition
element enabling detection. Additionally, nanomate rials can be used to in combination with
more classical BREs. This is used to enhance sensitivity, either due to the catalytic effect of
a nanomaterial on the reaction being studied or due to the increase of surface area and thus
the increase in presentation of the selected BRE: Advantages depend on the selected
nanomaterials but include high surface area, high electrical and thermal conductivity, and
high (BRE) carrier capacity. Uniquely, nanomaterials can act as both the recognition element
and the transducer.! But, nanomaterials can be toxic and are surrounded by sustainability

concerns?

Target Signal
* . binding Biorecognition generation
— —
. ‘ element (BRE)

Target and non-target
analytes '

-~
e
-~
7’ S
-~
-
—

Common types of biorecognition elements

Y £ @ % 4

Antibodies ssDNA Enzymes Cells Nanomaterials

Figure 1.1. Schematic diagramshowing the varying components of a biosensor particularly
highlighting types of biorecognition elements.

Proteins, nucleic acids, sugars, and lipids are the four major classes of biological
macromolecules. Therefore, the prevalence of proteins (in the form of enzymes and
antibodies) and nucleic acids (e.g. aptamers) a bioreceptors is expected and lipids find use
in biosensorsimmobilised on surfacesto capture receptors for sensing.***'® However, sugars
are not widely harnessed as bioreceptors'® With sugars underpinning so much of cellular
communication and possessing advantages over other biorecognition elements including
greater chemical and thermal stability, scalability of chemical synthesis, and being the native
ligand of many analytes,!”*® they seem like an obvious choice for biorecognition elements .*°
The aim of this thesis will be to explore the utility of a sugar biorecognition element in an

electrochemical biosensor.
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1.2.Thki ol oilceasdgfar sgadrec t i ns

Sugars (also commonly referred to as saccharides, carbohydrates, or glycans) are the most
common and structurally diverse of the molecules found in nature.?* Monosaccharides,
single sugar units, form oligo- and polysaccharides in linear and branched arrangements.
These arrangements are often found incorporated into proteins and lipids to form
glycoproteins and glycolipids. The arrangement of these conjugates vary between
organisms, bringing complexity to studying this class of molecule.?* Additionally, within an
organism, glycan synthesis is influenced by proteins (mainly by lectins, glycosyltransferases,
and glycoside hydrolasesf? meaning there is spatiotemporal control over the expression of
glycans. The complex nature and heterogeneity of glycans probably explains the historical

absence of sugar biorecognition elements in the biosensor literature.?

However, glycoscience is arapidly developing field due to the multifaceted roles sugars play
in biology. In fact, glycans participate in almost every biological process? They play a role
in structure, energy generation and storage, metabolism, adhesion, infection, signalling, and
recognition.'® Several of these roles and interactions have been exploited in sensing,
examples include detection of the SARSCOV-2 virus, pathogenic E. coli.strains, and a triple-
negative breast cancer cell line?*?® For SARSCOV-2 one of the spike glycoproteins binds
0 N-acetyl neuraminic acid, a common mammalian sugar. Immobilisation of this sugar forms
the basis of a lateral flow test for the virus.?* Often E. coli.attach to the host through FimH,
a domain present on bacterial pili, which has high affinity for mannose.”® MDA-MB-231 is a
breast cancer cell line with overexpression of mannose receptors on their surface?®

Therefore, mannose based sensors can detectE.coli. and MDA-MB-231 2526

This thesis is particularly focused on harnessing protein-sugar interactions which are
involved in signalling, cell adhesion, agglutination, protein folding and the immune
response?’®® The carbohydrate binding proteins integral to these interactions are known
as lectins®® These exhibit reversible and non-covalent carbohydrate binding, both in
solution and on surfaces, with substrates of varying complexity 2> Lectins are sub classified
into large families primarily based on the structure of their carbohydrate recognition domain
(CRD), and their carbohydrate binding specificity>? These cognate (native) ligands include
glucose, mannose, galactose,N-acetyl-D-galactosamine, L-fucose, and sialt acids (Figure

1.2).3! Binding at the CRD ismediated by hydrophobic interactions, van der Waals forces,
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and hydrogen bonding networks. * Although lectins can bind oligosaccharides with high
specificity, they often bind simpler mono- and disaccharides less discriminately. This

indiscriminate binding can be because lectins possess multiple binding sites for different

|l igands or because a singl-eabgetddnboweteatifsplit

a non-cognate ligand.'® This innate non-selective small molecule binding,** combined with
the fact that multiple lectins can also bind the same carbohydrate, is a significant barrier in
the development of carbohydrate receptors for biosensor applications, with only a handful
of examples of biosensor platforms using carbohydrate-based biorecognition elements in

the literature.”3%43

OH onOH on°H
0
HO 8 0 0
HO HO HO
OH
o:<

OH "OH NH "OH

N-acetyl-D-

Glucose Galactose .
galactosamine

Mannose L-fucose Sialic acids

Figure 1.2. Common cognate ligands of lectins.

A sub-family that exemplifies these constraints are the galectin proteins. Galectins are a sub
group of the lectin family ; there are 16 members with 12 being found in humans.** Despite
t he f ami | vy thesgrospihasinlimersus nadive functions within organisms including

adhesion, inflammation, and signalling, as well as being linked to several disease$® These
numerous disease links, some of which are presented inTable 1.1, highlight the potential

of galectins as target analytes for sensor development. Galectins are synthesised in the
cytosol and despite the lack of a signal sequence they are also found in the nucleus and
outside the cell; this is suggestive of a nonclassical secretion pathway that does not involve
the Golgi or endoplasmic reticulum .*® This small group of proteins is characterised by a
conserved b-galactoside binding site. b-galactosides are molecules with a galactose bound

to another functionality via a glycosidic
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lactose (Figure 1.3) . Thi s means galectinds primary bindin
derivatives (such asN-acetyllactosamine, LacNAc), and LacNAc epitopes of glycoproteins.

These epitopes include several extracellular membrane proteins and are characterised by

high levels of LacNAc at the glycoprotein surface. Galectins do exhibit some carbohydrate

independent binding via mecha nisms that are not yet fully elucidated.*

Glucose
Al
A\
OH
OH
(0]

OH

B-1,4 glycosidic

OH linkage

Galactose

Figure 1.3. Structural featuresY n Ol ¢ A q Y1 1J e lOcdals@tddioe §ugai. 1J FOY n HO¢ HE
The CRDfound in galectins contains around 130 amino acids residuesand is made up of a
s andwi esheete*fThefe is a concentration of positive charge around the binding site
(Figure 1.4(a)) and the key amino acids involved in binding are asparagine, histidine,
arginine, tryptophan, and glutamic acid.** The 16 galectin proteins are classified into three
sub-families (Figure 1.4(b)), based on the number and organisation of their CRDs:
prototypes which have one CRD and exist as monomers or dimerstandems which have two
CRDs connected by a short peptide sequence and chimeric which have multiple CRDs due
to oligomer formation. *® Galectin-3 is the only chimeric galectin, its N-terminal non-lectin
domain is high in proline and glycine which enable the oligomerisation.** As mentioned
above and demonstrated in Figure 1.4(c) there is high structural similarity between the
classes which is the main contribution to the non-selective small molecule carbohydrate

binding observed within galectins.
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Prototype Tandem
(Gal1,2,7, 10, 13, (Gal4, 8, 9, and 12)
14, and 16)
Chimeric

(Gal-3)

Figure 1.4.(a) The charge surface of a galectin protein with the CRD domain circled in black, (b)
schematic figures showing the threesub-families of galectin proteins, and (c) overlay of the CRDs of an
archetypical prototype, tandem, and chimeric galectin protein. The same colour code is used in (b)
and (c)wmagenta for prototype, orange for tandem, and blue for chimerid®rotein structures are 5H9Q
(a,c), 3NV1 (c), and 3ZSJ (c) in the PDB and correspond to a gale@tigalectin-9, and galectin3
structure. 4%t

Table 1.1. Summary of the human galectins, their suktlassification regarding CRD, and the
conditions where each galectin appears to play a role.

Galectin Type*? Associated Conditions Ref.

Atherosclerosis, arthritis, cancers (breast, cervical,
colorectal, head and neck, lung, lymphoma,

1 Prototypic  melanoma, neurological, ovarian, and pancreatic), — 32445%%
infection by HIV-1, inflammatory bowel disease
(IBD), and pulmonary fibrosis.
Cancers (breast, colorectal, gastric, and thyroid) and 53.54.56

2 Prototypic _
coronary artery disease.

Al zhei merds di sease, am
atherosclerosis,cancers (bladder, breast, cervical,
colorectal, endometrial, gastric, hepatocellular
carcinoma, lung, lymphoma, melanoma,
oesophageal, pancreatic, prostate, and thyroid),

3 Chimeric chronic obstructive pulmonary disease (COPD),
cytokine release syndrome,diabetes, fibrosis (heart,
kidney, liver, lung, nervous system, and skin), heart
failure/cardiovascular disease, IBD, infection by HIV

32,44,54,55,5D

59

1, inflammation, obesity, Par ki nsonds
pneumonia, rheumatoid arthritis, and sepsis.

Cancers (breast, cervical, colorectal, gastric, head
4 Tandem and neck, hepatocellular carcinoma, lung,
pancreatic, prostate, and thyroid), diabetes, and IBD.

44,53556

Cancers (bladder, breast, cervical, colorectal,
7 Prototypic endometrial, gastric, head and neck lymphoma,
ovarian, neurological, prostate, and thyroid).

54
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Cancers (breast, cervical, colorectal, gastric, lung,

8 Tandem melanoma, neurological, and prostate), 53356
inflammation, and thrombosis.
Cancers (breast, cervical, colorectal, gastric, head
and neck, hepatocellular carcinoma, lung,
9 Tandem lymphoma, melanoma, neurological, and 44.53,54.57
pancreatic), cytokine release syndrome, multiple
sclerosis, myocarditis, and pulmonary fibrosis.
10 Prototypic Asthma, esopha.gltls, .p.en(?dontls, and various 4460
eosinophilic diseases
Cancer (pancreatic), diabetes, inflammation, and 3254
12 Tandem . ’
obesity.
13 Prototypic Asthma and COPD. 61
14 Prototypic Cancer (hepatocellular carcinoma). 4
Al z hei mer d&ancedsi(bseasy lgngphomas,
16 Prototypic and myeloid leukemia), preeclampsia, and type 2 52
diabetes.
1.3.Gal e-8t dmease

As seen in Table 1.1, galectin-3 is the member of the galectin family which has been

associated with the most diseases. This is possibly due to its unique chimeric form which

enables biological functions exclusive to galectin-3; the formation of a chimeric structure in

the extracellular space is vital for signal transduction within and between cells, and cell

matrix communication.®? To-date, the diseases with the most focus on the link to galectin-

3 are prostate cancer, thyroid cancer, and heart failure. Typically, enhanced levels of

galectin-3 in the cytoplasm is indicative of disease progression, nuclear levels of galectin3

do not show the same relationship, thus the locdlisation of galectin-3 is an important

consideration when relating galectin-3 levels to disease?® Galectin-3 is secreted into

biological fluids including serum, urine, and saliva; this secretion is increased by injured and

inflamed cells** This means there is the possibility of detecting galectin-3 in these fluids as

a lessinvasive means of diagnosis. In cancer, galectin3 plays a multi-faceted role. As

galectin-3 plays a role in cellcell and cell-matrix adhesion, increased galectin 3 is indicative

of cancer metastasis. Metastasis is the process of primary tumour cells detaching and

aggregating elsewhere in the body where galectin-3 aids this adhesion.*® Additionally,

through a

mechani sm t hat i sndt f

u l

y
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phosphorylation of galectin -3 and the stabilisation of the mitochondria, increased galectin -

35

uci

dat



3 prevents cell apoptosis, reducing the efficacy of chemo- and radiotherapy.®® Tumour
growth is also aided by galectin-3 due to its role in angiogenesis (the development of new

blood vessels)®?

Prostate cancer is one of the most prevalent diagnosed cancers and the leading cause of
deaths related to cancer in males® In the UK, there are over 50,000 cases diagnosed per
year and prostate cancer is responsible for around 12,000 deaths annually’> A study
comparing galectin-3 levels in a control group and a group of prostate cancer patients
showed a statistically significant increase in galectinr3 i n patientsd sera con
control group with an the average level of 0.29 ng mL* in cancer patients versus 0.01 ng
mL* in non-cancer patients. Moreover, compared to prostate specific antigen (a common
prostate cancer diagnostic biomarker) levels in the same subjects, galectin3 more
consistently distinguishes cancer and cancerfree patients.®® However, in histological studies
a decrease in galectin3 was observed in cancerous tissues versus benign sample¥. While
further study is needed to fully elucidate the relationship between galectin-3 levels and
prostate cancer, an alternative biomarker more reliable than prostate specific antigen, which
struggles with accuracy providing both false -negatives and false positives,%® could enable

national screening of this predominant disease.

In the UK, around 4000 people are diagnosed with thyroid cancer annually.?® The exact role
of galectin-3 in thyroid tumours is unknown but it is thought to be related to its role in
regulating the cell cycle and its anti-apoptotic character.”” Expression of galectin-3 is
significantly higher in malignant thyroid tumours than in benign ones. "° Many of these
studies are histological, however one study examined serum galectin3 levels which were
found to be 3.04 + 0.57 ng mL™* for control patients and 10.22 + 0.81 and 14.46 + 0.3378
ng mL* for stage | and Il thyroid cancer patients.”* This suggests galectin3 could be a
valuable biomarker for thyroid cancer. A new, non-invasive diagnostic method for thyroid
cancer would be an improvement on the current diagnostic method. Fine-needle aspiration
biopsy, the current method, is painful to the patient causing bleeding and/or swelling and

is not definitive in all cases.”?

Heart failure affects over 60 million people worldwide and is challenging to diagnose as
symptoms can be non-specific, physical examination is misleading, and more advanced

diagnosis techniques are not available in all healthcare facilities’ Galectin-3 is released by

36



activated cardiac macrophages and initially prevents apoptosis of myocardial tissue,
however prolonged inflammation, thus galectin -3 expression, results in deposits of collagen
which form scar tissue in the cardiac ventricle’* A study looking at chronic heart failure
found the level of galectin -3 in plasma to be 9.95+ 2.8 ng mL* in patients with heart failure
and 4.08 + 1.3 ng mL! in the control population. * Another study suggests that a level of
plasma galectin-3 above 17.8 ng mL* is associated with a higher chance of hospitalisation
or death due to heart failure. "> An aging population and lifestyle factors are likely to increase

prevalence in what is already a disease associated with high mortality and costs.

Taken altogether, there is good evidence that it would be medically useful to develop a

biosensor for detecting galectin -3.

14Cur rapmptr oac hteaisg ¢ parlnegge3t i n

Outside of the sensor field, the traditional methods of detecting galectin -3 include the ELISA
(enzyme-linked immunosorbent assay), immunohistochemical methods which use dye-
labelled galectin-binding antibodies, a chemiluminescent immunoassay, and classic protein
analytic methods including flow cytometry and western blotting. “¢’® The disadvantages of
these methods are that they are time consuming, require sophisticated, expensive
equipment, a skilled operator, and in some cases are only semiquantitative.*®’® These
disadvantages preclude these types of detection methods in point-of-care applications. All
these methods require antibodies in some way; therefore, it is not surprising that antibodies
are established in the literature for targeting and sensing galectins. In an example by Primo
et al.,, anti-Gal3 antibodies were immobilised onto a gold substrate which had previously
been modified with graphene oxide and 3 -aminophenylboronic acid. The graphene oxide
both immobilises the antibody and amplifies the respo nse and the 3-aminophenylboronic
acid orientates the immobilised antibody to increase recognition efficiency. Surface plasmon
resonance detected the galectin-3 binding with a detection limit of 2 ng mL " Another
example in work by Tang et al, used anti-Gal3 antibodies in a sandwichtype
electrochemical immunosensor. The capture antibodies were immobilised onto a modified
glassy carbon electrode, and the detection antibodies were modified with methylene blue.
Therefore, an electrochemical signalis generated when the methylene blue-modified
antibodies bind to the captured galectin -3 on the electrode surface; this immunosensor had

a detection limit of 33.33 fg mL1."°
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Biology establishes selectivity in lectin binding through inducing variations in local glycan
concentration as well as the 3-D presentation and multivalency of the binders.’” Although
the field of galectin -3 biosensors is still developing,** these, and other, factors have been
exploited in a variety of sugar-based binders. Parket al. exploited nanomaterials which, as
discussed above, enhance the affinity of a ligand due to improving binding geometry and
increasing the number of binding sites; they showed increased binding sensitivity of
galectin-3 to galactose when the sugar was conjugated to single-walled carbon nanotubes,
with the binding range improving to 0.156 & 0.3125 ug mL* from 5 & 10 ug mL*"® Dendritic
molecules are a strategy to exploit multivalent presentation of glycans, similar to that
observed in biology. Martos-Maldonado et al. synthesised dendritic lactose-ferrocene
conjugates which enhanced the binding interactions between lactose and galectin-3 due to
high lactose presentation, and the induced signal because there are multiple ferrocene units
participating in electron transfer. ’° Strategies designed to increase the presentation of the
sugar help to increase binding, however, native sugars can undergo enzymatic hydrolysis or
be recognised by other receptors which complicates the binding response observed in
complex, unpurified biological samples.®® Unnatural sugars or glycomimetics can alleviate
these issues. One unnatural sugar used in the literature for galectin3 sensing is A-D-
galactopyranosyl-(1-1)-thio - A-D-galactopyranoside where the oxygen in the glycosidic
bond is replaced with a sulfur. This molecule retains affinity for galectin-3 binding while

possessing enhanced stability and specificity®
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Figure 1.5. Introducing fluorine modulates binding, has no steric effect, improves lipophilicity, and
introduces an NMR tag. Binding modulation reproduced frorft.
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An emerging solution to the challenge of achieving selective galectin-binding to mono - and
disaccharides is the use of glycofluoroforms (GFFs)’ Glycofluoroforms are a type of
unnatural glycomimetic where fluorine atoms are introduced into the carbohydrate scaffold.
These madifications are generally deoxyfluorinations, the replacement of a hydroxy group
with a fluorine, however sugar fluorination where a hydrogen is replaced with a fluorine is
also common.® Typically mono, di, and tri- substitutions are observed. Generally,
deoxygenation almost exclusively hinders binding. However, the replacement of a hydroxy
group with a fluorine has a multitude of effects because the fluorine atom has hydrogen
bond acceptor capability so only the donor ability is lost on this substitution ( Figure 1.5)2
Replacing the hydroxy group with a fluorine increases the hydrophobicity of that region of
the molecule. This will also increase the lipophilicity of a molecule. Additionally, the resultant
C-F bond is highly polarised as although oxygen and fluorine have similar electronegativities
fluorine displays a unidirectional effect on the only the carbon atom, whereas the oxygen
atom displays a bidirectional effect on both the carbon and the hydrogen atoms.
Importantly, the atomic radii are similar, 1.47 A for a fluorine versus 1.40 A for a hydroxy

group, which has been confirmed by 3-D studies® This attractive combination of electronic

modul ation and mini mal structur al perturbation

previously been applied in mechanistic and structure-activity relationship studies, as well as
the construction of targeted probes and tools for structural biology, rational drug design

and medicinal therapeutics 2%

Table 1.2. Library of lacto-N-biose derivatives and details (time, yield, enzyme quantities) of the
enzymatic synthesis. A colour scale from yellow to pink showing low to high magnitudes of values is

used.
m(enzyme _
] ) Reaction
Cpd. Time Yield  added)/mg
Cpd. Structure - volume
# /h /% ) BiGalHex
BiGalK / mL
NAcP
OH _oH OH
15 NN, % a7 107 78 16.44
OH NHAC 3
OH _OH OH
OHo (0]
16 . 5 o " 48 30.8 10.9
OH NHAc 3
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17 " oHoO 0 . . 121 | 47 11 24.8 10.09
o NTA ~ N\ NY3
OH _OH F
18 OHO(;%O \ 24 39 5 12 13
oH NHAC 3
OH _F F
19 HO&O:HO&O | 24 25 5 12 13
on NHAC 7 2
OH _OH F
g§ ;o o
20 HO% 36 76 8 25 16.6
0
: I NHCOgF\g/\/NS
OH _f F
'S§ ;o o
21 HO% 114 36 10 47.6 9.21
HO 0 N
on NHeoc
OH _OH F F
2 oHoﬁo L 24 54 165 | 144 115
oH NHAC 7 3
OH _OH F F
0 o
- &:HO‘&( 24 31 165 144 11
Ho o NHcotgF?/\/N3

Recent work with the GFF class of glycomimetics involved thedevelopment of librar ies of
GFFs based on the same carbohydrate scaffoldvhich are capable of selectively binding to
different protein targets. #*%°In particular, Richardset al. chemoenzymatically synthesised
a library of nine fluorinated lacto -N-biose derivatives (Table 1.2) and studied the effect of
fluorination on galectin binding. 3 The use of enzymatic synthesisto build the GFFsallows
the incorporation of unnatural building blocks while maintaining the desired
stereochemistry with relative ease over multi-step organic reactions. To produce GFFsthe
enzymes must tolerate the addition of the fluorine at various points on the carbohydrate
scaffold. BiGalK and BiGalHexNAcP have been identified as having high activity and

appropriate promiscuity for these reactions. 68’

As well as incorporating the fluorine atoms into the carbohydrate scaffold, in the work by
Richardset al., an azido-propyl tether was also added for subsequent tethering. The native
and fluorinated sugars were attached to a polymer containing both a strained alkyne handle
for sugar tethering and a terminal thiol handle for gold nanoparticle attachment. 3 Gold
nanoparticles are an established platform to assess glycan binding due to their unique

optical properties and the fact that they require decreased quantities of glycans for binding
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studies compared to techniques such as NMR or calorimetry® The decorated nanoparticles
(Figure 1.6) were used to study glycan-galectin interactions. This works as in the presence
of galectin the nanoparticles aggregate due to the galectin-galectin interactions. This
aggregation results in a red-blue colour shift observed in UV-Vis spectroscopy. For galectin
3, this analysis revealed compounds 16, 18, 22, and 23 showed higher affinity for galectir3
than the native ligand (15). Compound 20 displayed lower affinity and the ligands with a
fluorine at the 6 -position on the galactose ring (compounds 17, 19 and 21) did not display
any affinity for galectin -3. Kinetic examination of optical data revealed compound 16 also
showed preferential binding kinetics. Further experiments using dynamic light scattering

and biolayer interferometry confirmed these conclusions.

This therefore shows that compound 16, 3FGatA(1,3)GIcNAc, could be an attractive
molecule to use as a BRE for a galectin3 sensor. The selectivity of this ligand was evaluated
by studying binding to galectin -7; an 8-fold decrease in binding affinity for observed. To
guantify these differences apparent Ky values were calculated. When probing the binding
between galectin-3 and the native ligand (15, GalA(1,3}GIcNAJQ and GFF 16, K was
calculated to be 15.9+0.6 nM and 6.0+£0.7 nM, respectively. Whereas, forgalectin-7 the Ky
for the glycofluoroform increased to 45.1+1.8 nM, showing a lower affinity for this ligand to
galectin-7.8* Therefore, a highly relevant clinical biomarker, galectin-3, and a suitable BRE,
3FGalA(1,3) GIcNAG, for this analyte have been identified and this thesis aims to explore

these in electrochemical biosensing.
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Figure 1.6. Chemical scheme for the synthesis of the sugapolymer conjugates and a schematic
showing the modification of gold nanoparticleAuNP)

1.6.T h e aiings
The overall aim of this thesis is to develop electrochemical biosensors to detect galectin-3

binding to immobilised glycofluoroforms by examining how the electron transfer behaviour
of solution-based potassium ferricyanide with the electrodes changes on analyte binding
(Figure 1.7).3FGatA(1,3)GIcNAG, a glycofluoroform previously identified to have increased
affinity for galectin -3, will be immobilised onto an electrode to allow for the first examples

of using this molecule as a biorecognition element in an electrochemical biosensor platform.

Chapter two aims to explore the possibility and optimisation of electrochemical
characterisation and evaluation of the surface modification of screen-printed electrode s
with  polymer-glycofluoroform and the subsequent galectin-3 binding. The
chemoenzymatically synthesised glycofluoroform will be conjugated to a thiol-terminated
polymer via strain-promoted azide-alkyne cycloaddition. The resulting conjugate will be
immobilised onto the electrode via spontaneously formed gold-thiol bonds. The
modification and binding will be statistically assessed, and electrochemical impedance

measurements will be used to characterise galectin3 binding.

Chapter three will utilise triazabutadienes to explore covalently attaching the polymer -
glycofluoroform to a carbon surface via diazonium electrografting; the covalent

immobilisation strategy should provide improved sensor performance. The stability,
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sensitivity, and electrode modification will be electrochemically interrogated and compared

to the gold sensing platform.

Chapter four investigates if the triazabutadiene-mediated electrografting can expand the
electrochemical transduction toolkit by enabling voltammetric study of galectin -3 binding.
The ability of Fourier transformed alternating current voltammetry and purely sinusoidal
voltammetry to produce a highly sensitive and rapid method of analysis suited for

commercial applications will be tested.

Chapter Three

O

REETY

i \JTABD
Slla

!

Biorecognition
I BRE
il Exploring triazabutadienes
mediated electrografting
of the BRE
P
Chapter Four
]
I Signal
] s
] generation
! I
I
)
Exploring gold-thiol /
tethering of the BREand |/ Exploring FTV transduction
\_EIS transduction methods methods

Figure 1.7. Schematic overview of the biosensing platforms examined in this thesis highlighting each
experimental#6 ¢ Gq Il Bt IOnYHzat Ol INET T RUNKDGSEWIOARY I WAYNURqRYUIO
PBD showing galectin3 ligand binding is3ZS»* GFF = glycofluoroform, P = polymer, TABD =
triazabutadiene, EIS = electrochemical impedance spectroscopy, and FTV = Fourier transformed
alternating current voltammetry.

NB: The non-sequential numbering of SPEs seen at points throughout th is thesis is
generally based on day -to-day experimental numbering . This was to allow the author
to keep track of parallel experiments  and the absence of numbers in a figure does not
mean experiments have been omitted just that those SPEs would have corresponded

to a different class of experiments.
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Chapter Two: Development of a glycofluoroform-based
galectin-3 electrochemical assay

This chapter describes the coupling of a glycofluoroform biosensor platform to an
impedimetric electrochemical readout to detect the cancerassociated protein galectin-3.
The introduction section provides background to electrochemical impedance spectroscopy,
both the fundamentals of the techniques and its application to biosensing. Theresults show
the first example of immobilisation of glycofluoroforms onto electrode surfaces, the

development of novel and robust titration and impedimetric methods for galec tin-3
detection, and the usage of Bayesian analysigo monitor experimental reproducibility and

the uncertainty in applying an equivalent circuit to model the data .

This chapter is primarily based upon, and is an adaptation of, the paper &arnessing
Glycofluoroforms for Impedimetric Biosensingd publ i shed i n Chemical Sci
2024. Theauthor of this thesis, Alice R. Hewson, is the primary author and conductedall the
novel in-lab research as well as writing the manuscript draft of the paper. The other author
contributions to the manuscript were as follows: Henry O. LloydLaney wrote the code used
by the first author for the CMA-ES and MCMC analysis; Tessadgénan synthesised in
addition to the first author, some components of the chemoenzymatic synthesis; Sarah-Jane
Richards provided the polymer used in this and the following studies; Matthew |. Gibson
and Bruno Linclau were (with Martin Fascione) Pls of BBSRG@ u n d €@hdmo-&nzymatic
Production of Specialty Glycan® p r whjicle underpins this work; and Nathalie Signoret,
Martin A. Fascione, and Alison Parkinare the supervisors of Alice R. Hewson and thus
provided project direction and manuscript edits and advice. Throughout this chapter, any

collaborator contributions are clearly credited.

21l ntroducti on
As discussed in chapter one the fundamental components of a biosensor are its target, a

biorecognition element (BRE), and the transducer. The target and BRE of ta
glycofluoroform galectin -3 detection system developed in this work were identified and
discussed in chapter one. Therefore, this chapter introduction will focus on reviewing the
benefits and drawbacks of electrochemical detection methods, with a specific focus on

electrochemical impedance spectroscopy (EISas the transducer method. The fundamentals
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underpinning EIS will be explained as well as analytical and implementation considerations

and how it has been utilised in biosensing literature.

2.1.1Electrochemical detection methods
In order to build a successful sensor, bllowing target binding a signal must be generated

to complete the sensing cascade As shown in Figure 2.1, a wide variety of physical
measurement methods including optical, electrochemical, massbased, pyroelectric,

piezoelectric, magnetic, and colorimetric have been implemented as transducers in

89091

biosensing, with the three major types being optical, mass-based, and electrochemical?

Target Signal
* . binding Biorecognition generation
_— _—
. ’ element (BRE)

Target and non-target ______..——

S~
- -~
analytes —— ~~o
- ~

Common types of transducers

A ) -

Optical Mass-based Electrochemical Pyroelectric Plezoel'ednt Magnetic Colormetric

Figure 2.1. Schematic diagram showing the varying components of a biosensor particularly
highlighting types of transducers.

Optical biosensors detect fluorescent, luminescent or refractive signals using techniques
such as U\ Vis spectroscopy, surface plasmon resonance (SPR), and fluorescence resonance
energy transfer (FRETY> They have high sensitivity, low noise levels, immunity to
electromagnetic interference, and are easily operated remotely, however, they are both
fragile and expensive® Additionally, as the techniques rely on light-sensitive molecules they
should be performed in controlled environments following training which precludes them
from use in areas lacking sufficient healthcare infrastructure®® Mass-based techniques
typically use piezoelectric crystals either in a quartz crystal microbalance or surface acoustic
wave device (QCM or SAW), although sensors using mass spectrometry can also fall into
this category. These techniques are highly sensitie to miniscule changes in mass andcan
be classed asa dabel-free6 detection method because t hey daddiiohofr equi r e
photo - or redox-active additives for detection of an analyte . However, they are susceptible
to mechanical instability and piezoelectric crystals have poor affordability. The drawbacks

of using electrochemical techniques for sensor signal transduction are: (i) the signals are
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susceptible to electromagnetic interference; (ii) the electrode surface can be vulnerable to
fouling which can lead to a limited shelf life; (iii) devices will require an external energy input;
and, (iv) depending on the precise electrochemical technique, in some cases a long
detection time may be required.® However, the advantages of electrochemical biosensors
are numerous including high sensitivity, low production cost, ease of use, simpler
instrumentation requirements, fast responses and that generally little -to-no chemical
workup is required when testing.®%% All of these advantages make electrochemical
biosensors suitable for point-of-care diagnostics and healthcare environments with less
developed infrastructure. In fact, electrochemical biosensors are of particular interest
because the opportunity exists to interface smart phone devices with very low cost
electronic circuit boards and screen-printed electrodes (which are affordable and decrease
required sample volumes)™ to generate affordable potentiostats that can readily upload

data into the cloud. °"** Indeed, modern diabetic glucose sensors essentially operate on this
principal, uploading the data from enzyme -based electrochemical monitoring of glucose

l evels direct to'™a userds smart phone.

As dectrochemistry is a broad field with applications beyond sensing including mechanism
determination, electroanalysis, bioelectrochemistry, battery technologies, and corrosion
studies, a variety of signal measurement archetypes are present in the literature }°*1%? |n
general, sensors are either potentiometric, amperometric, voltammetric, conductometric,
impedimetric or coulometric. ' In the work described in this chapter, the chosen detection
method is electrochemical impedance spectroscopy. This is because the application of a
small amplitude sinusoid ensures no destructive effects within the measurement, there are
rapid quantitative methods for data analysis, and it is a wellestablished method in
biosensing literature.®*%® In subsequent experimental chapters, a broader range of

measurement techniques will be explored.

2.1.2.Electrochemical impedance spectroscopy (EIS)
Many electrochemical sensing measurementsuse athree-electrode cell, where the sensing

process occurs at the working electrode, the potential of the working electrode (WE)is
measured relative to that of a reference electrode (RE) and a counter/auxiliary electrode
(CE)balances the current flow (Figure 2.2(a)). There are two main configurations used in

electrochemical biosensing experiments, either ) a -féaroand aup,avbereghere is no
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formal electron transfer process, and instead just the charging of the electrode-electrolyte
interface is probed (i.e. all currentissoc al | ed admadmi cd iiruar éhajyadarcd
up, where the electron transfer to/from a redox -reactive reagent is probed, and therefore
both non -faradaic and faradaic current contribute to the experimental measurements. A
faradaic set-up is more commonly encountered, presumably because the theory around
modelling faradaic electron transfer is highly developed,'®? and because non-faradaic
electrochemical impedance biosensors require measurements at low frequencies and these
are significantly impacted by high electrochemical impedance and resulting leakage
currents.'® Additionally, non-faradaic ElIStypically has lower sensitivity as capacitance
changes are small and often indistinguishable from non-specific binding interactions or
from the changes due to molecules being trapped at the electrode surface during binding
events!% Therefore, in this work only faradaic EISis used.®® The aim of this chapter is to use
EIS todetect galectin-3 binding to a glycofluoroform ; becauseboth of these molecules are
redox-inert, the experiments in this chapter are run by spiking the buffer solution with a
chemical redox-active probe, as illustrated in Figure 2.2(a). This is a common approach in

the electrochemical biosensing literature.
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Electrochemical impedance spectroscopy (EIS) is a highly sensitive and quantitative method
that is used to measure and provide mechanistic insight into changes taking place on the
electrode surface. The technigue measures the opposition to current flow, i.e. the
impedance, in the experimental system. The EIS experiment works via the application of a
small amplitude sinusoidal voltage-oscillation (V;) of changing frequency (f ) to the working
electrode, with measurement of the resultant current (Figure 2.2(c)).*** Practically, this
involves selecting (i) the midpoint voltage of the sinusoidal oscillation, often defined as the
dc-potential (Eoc, Figure 2.2(b)); (ii) the amplitude of the voltage oscillation (typically 10
mV), W in Equation 2.1 but also referred to as the ac-potential (Eac) within EIS instrument
software; and, (iii) the frequency range of the experiment, which generally spans multiple
orders of magnitude , with measurements taken at regular logarithmic intervals within this

range.
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W Wi Q¢o,wherel  "QO Equation2.1
O 0O Qeo0 %o Equation2.2

where: W: voltage as a function of Vo: voltage amplitude (i.e J5: angular frequency (rad
time (V) Eag) (V) s1)
It: current as a function of time lo: current amplitude (A) t: time (s)

(A)

: phase shift between M and |-t functions (rad)

When EIS is being used to probe an electrochemical cell which contains achemical redox-
active probe capable of reversible electron transfer, setting Epc to the midpoint potential
determined by cyclic voltammetry (Figure 2.2(b)) and allowing an equilibration time
ensures the system is being probed at equilibrium or steady state!’® The use of a small
amplitude in the voltage -time oscillation means the electrochemical cell response is
assumed to be pseudo-linear, i.e., the current response ({) has the same frequency { ) as
the applied potential but with a phase shift ( «), Equation 2.2 (Figure 2.2(c)(ii) ).**° Compared
to other electrochemical methods such as cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), EIS is less destructive to the surfacemmobilised biological system
because the measurement occurs within a narrower potential window.'** Because the
current at a given frequency is related to processes occurring at timescales of the inverse
frequency (e.g., f= 10 Hz, t= 0.1 s), EIS measurements also enable facile differentiation
between faradaic and non-faradaic processeswhich should enhance the sensitivity of the

measurement.

2.1.2.1Calculating impedance
The conventional mode of analysis in EIS is to assess the impedance responsewhere

impedance (Z) is the ratio of voltage (V) and current (1)}*? Impedance can therefore be
expressed in two key way sEquatiorsd.3) gnd iB @ Imannes s
anal ogous t oEquatom®4s The existente of these two equations leads to the

two most common ways of plotting impedance data, the Nyquist plot and the Bode plot.

W]

I w oo \ . Ty 0 7, i A I 5
@] o OQWM © WéE% @ U @ (@) Equation2.3
k®d Qéee
A G o | Peo E tion2.4
T quation 2.
X D o k @ & Equation 2.5
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2.1.2.2.Nyquist plot
As shown in Equation 2.3, by considering the ratio of voltage to current at each frequency

an equation can be derived in which the total impedance, Z,is a complex quantity that is
expressed in terms of a real component, Ze, and an imaginary component, Zim, wherej is
the imaginary number. The Nyquist plot is generated by graphing the real component (Zge,
sometimes referredtoasZ 6 ) o +aexistahdeghe dnaginary component on the y-axis ¢Zm,
sometimes referred to as -Z § @where each point on a Nyquist plot is an impedance
measurement at a single frequency!'® The negative value of the imaginary impedance
contribution is plotted to allow for easier visualisation as these contributions generally take
a negative value. The shape of the Nyquist plot is characteristic of the behaviour of the
electrochemical system under investigation and can be used to determine the contribution
of individual processes to the total impedance. Due to the importance of the shape of the
Nyquist plot and the fact impedance is dependent on ¢, Nyquist plots are traditionally
plotted on orthonormal axes, meaning the x- and y-axes use the same scale. This helps

visual interpretation of the data and allows for the calculation of the impedance at a specific

point on the curve (Equation 2.5) .13

2.1.2.3.Bode plot
Alternatively, as shown in Equation 2.4, impedance can be expressed in terms of the

magnitude of the impedance, Zo; phase shift, ¢; and frequency, F.

based on this equation leads to Bode plot(s) which show the logarithm of the total

impedance (log Zo) on one y-axis, the phase shift (- «) on a second y-axis, both plotted versus
the logarithm of the frequency (log f )either on a common x-axis, or two separate stacked
x-y plots.*** The Bode plot shows how the impedance, and therefore the behaviour of the
system, changes with frequency%® In a Bode plot an ideal resistor would have a constant
phase angle of 0°, an ideal capacitor would have « =-90° and an ideal inductor would have
«=+90° Thus, the values of the phase angle show what type of electrochemicabehaviour
dominates as a function of frequency. Theconcept of modelling an experiment as a sum of
different circuit elements i s descri bed as 0equidetailédeimthe

following section.

2.1.2.4.Equivalent Circuit Fitting
Equivalent circuit fitting is a traditional way of analysing EIS data It essentially breaks down

the electrochemical reaction happening at the electrode -solution interface into individual
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circuit components connected together to model the whole system!% Common circuit
elements encountered in electrochemical impedance spectroscopy modelling along with
their mathematical definition, the phase angle the component exhibits, and their frequency
dependence are presented in Table 2.1. Using an appropriate equivalent circuit model
allows a simple algebraic solution for ZGand-Zz6 6 as a function of

avoids the numerical calculation methods required to simulate other types of
electrochemical data. This rapid analysis method is another reason to favour using an
impedimetric transducer technique over other electrochemical measurements in

electrochemical biosensing devices!*®

Table 2.1. Common equivalent circuit fitting elements 1021041141118

Circuit _ . -Phase  Frequency
ymbol Mathematical definition
element angle / ° dependent?
Resistor R ® Y 0 u
Inductor L ® Q0 -90 \Y
Capacitor ~ C & Py g 90 %
Constant
phase CPE/Q o Py 0890 v
element
O » .—p Q
Warburg . n
oo Y'Y p p 45 \%
element 0Mi,Q —= — —
e O Ow Ow
Gerischer 0
G w , 0-90 Y
element Q qQ
where: R resistance @) L: inductance (H) C capacitance (Fk C V%)
j: imaginary unit S: angular frequency (rad A:electroactive area (cm)
s1)
1 : dispersion coefficient A: Warburg coefficient (@ R gas constant (J Kmol?)
Sl/2)
T: temperature (K) n: no of electrons FF &AOAAAUBO 2
mol-1)

Do. diffusion coefficient of co: concentration of the Dr diffusion coefficient of
the oxidised species (cris?) oxidised species (nol cm3)  the reduced species (crhs?)
cr. concentration of the G Gerischer coefficient ¢ k:reaction rate (s?)
reduced species ihol cm=3) sliz)

The first three circuit elements in Table 2.1 are based onreal circuit components whereas
the following elements d o n éxist as single electronic components but have been

developed as theoretical circuit elements commonly used in EIS simulations because they
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mathematically describe more complex behaviours that are observed in realelectrochemical

systems.

Of the simple circuit elements, resistors are components that limit or regulate current flow
and are used to describe electron transfer across interfaces. Inductors are components that
resist changes in current and represent magnetic inductance. @pacitors are components
that store charge and describe non-faradaic charging at an interface. Of the theoretical
modelled circuit components, the constant phase element (CPE) is an imperfect capacitatar
i.e. an element that shows a more complex relationship to frequency than an ideal capacitor,
this is a more accurate description of capacitive behaviour observed in electrochemical
experimental systems102104109118120 The \Warburg element is a CPE where the phase angle is
constricted to -45° and is used to model any processes where the redox species must be
transported to an interface via diffusion. Often chemical changes accompany an
electrochemical change and these chemical processes willalter the overall impedance; the
Gerischer element is used inequivalent circuit models to account for the EIS response of

such systems

2.1.3.Impedimetric biosensing
The impedimetric biosensor field has grown rapidly in the 21 century until 2019, as shown

by Figure 2.3. A 2014 review paperreported the use of different impedimetric biosensors

to detect 147 target molecules®* Most i mpedi metric biosensors

basedd sensor s, meani ng t h-based th@ngas $o the warkthg t o

electrode.™® Affinity -based impedimetric biosensors have been shown to be suited to a
broad range of biological analytes ranging in size from small biomolecules, such as sugars
and hormones, to large proteins, such as lectins, immunoglobins, and antibodies, to whole

cells, and even whole organisms such asE. colj B. anthracis,and SARSCoV-2, 121122126
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For &ffinity -based impedimetric biosensors using a redox-active probe the Nyquist plot data
is normally interpreted by reference to the Randlescircuit (Figure 2.4).In the Randles circuit
model, it is assumed that applying a potential between the reference and working
electrodes leads to the movement of ions in solution, which is governed by a solution
resistance, R, which is controlled by the solution conductivity and the distance between
electrodes. The different ions in solution can then generate current via two distinct
processes Capacitive (or non-faradaic) current is caused by the charging and discharging
of the electrochemical double layer at the working electrode -solution interface, i.e. the
formation of a gradient in the concentration of ions moving away from the electrode
surface, modelled in the Randles circuitby a CPEto reflect the non -idealities between the
observed behavior of real electrochemical systems and a perfect capacitor The second
current contribution is faradaic current, the current which arises from an electron transfer
process between the electrode and a redox active molecule changing oxidation state.
Faradaic current istherefore limited by both (i) the rate of electron transfer, represented in
the Randles circuit by the charge transfer resistance, R, and (ii) the rate of diffusion of the
solution phase redox active speciesto the electrode, represented by Zw in the Randles

circuit.*?!
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Figure 2.4. (a) The Randles equivalent circuit modeto model (b) doublelayer arrangement typically of
solution electrochemistry (simplified representation) where Ris solution resistance, R is resistance
to charge transfer, 4is a Warburg element, CPE is a constant phase elemerdnd WE is the working

electrode.?!

Each of the physical and chemical processeswhich contribute towards current generation
(diffusion of different ions, oxidation state change) occur on different timescales, and so
different regions of the Nyquist and Bode plots (Figure 2.5(a) and (b)) report on different
processes.In the low impedance region of the Nyquist plot (left -hand side) there is a semi
circle region which reports on processes limited by electron transfer. In the high impedance
region, there is a linear portion which r eports on diffusion limited processes.® Moreover,
the diameter and height of this semi -circle region can be used to qualitatively compare the
amount of resistance and capacitance in different systems, as seen irFigure 2.5. The Bode
plot shows how the frequency and magnitude of impedance change with frequency ( Figure
2.5(b)). At high frequencies (right-hand side of the plot) the plot is reporting on solution
resistance so will have lower magnitude and a phase angle close to 0. In the mid frequency
region, the plot is reporting on capacitive behaviour with the magnitude of impedance
increasing and the phase angle approaching 9¢°. At lower frequencies the data is reporting
on the charge-transfer procesges), with a phase angle close to @ reflecting the frequency
range of the experiment that is dominated by the resistance to charge transfer and the
frequency range with a phase angle close to 453 showing where the experimental process
is under diffusion control. These two parts of the charge-transfer process are less
distinguishable in the impedance magnitude part of the Bode plot but a slight difference in
gradient can be observed. War b uas ¢ is dat &rayss i o n

possible to collect data at a sufficiently low frequency.'®*0*127128 The phase portion of a
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Bode plot is particularly useful in providing information about the surface modification of a
working electrode. The maximum phase angle gives an indication of the quality of the
modification ; since- « = 90° reflects ideal capacitive behaviour and therefore is indicative of
a well-ordered and well-packed monolayer. Additionally, shouldering is often most easily
seen in this plot, this means there are multiple processes with different time constants that
a r e n 0 tesolfed; thé presence of manyindividual processesis suggestive of inconsistent

electrode surface modification.

log(1Z] /)

log (Frequency / Hz)

() Modified electrode
g (with analyte bound):
CE WE RE CE RE
|
e e e B
<+
1

R, z (Q) . = redox probe . =BRE () =analyte

Figure 2.5. Annotated (a) Nyquist and (b) Bode plots representative of the behaviour of the Randles
circuit, highlighted are different regions of behaviour and how the values of the elements are
calculated from the Nyquist plot. (c) Schematic diagrams showing the bifing of the target analyte to
the biorecognition element, the simplest response to this binding event is shown in (a) where the
orange line is the response for no analyte bound and the blue line is the response for analyte bouRd.
= solution resistance,R /1 FOI 13t Rt q ¢ URIJIOq Y IOH G ¢ | N 1JHOq lq & dbubie layee O 1O HO¢ U N
capacitance, Zy= Warburg element, CPE = constant phase element, BRE = biorecognition element,
and CE, WE, and RE are the counter, working, and reference electrodes respectively.

Simplistically, it would be assumed that adsorption events on the surface of the working
electrode increase R: (Figure 2.5(a) and (c)) (and vice versa desorption events decrease
R.t). Hypothesising that when the affinity complex between an analyte and a biorecognition
element on the surface of the electrode is formed, the movement of the spiked solution
redox probe to the electrode surface is hindered. This causes a corresponding decrease in
electron transfer rate and results in an increase in electrochemical impedance which is

quantitatively observed as an increase in R.**° However, depending on the redox probe and
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the structure of the monolayer this may not be the case. For example,in electrochemical
biosensors using single-strand DNA or RNA biorecognition elements, desorption of a short

chain analyte molecule can lead to channels which facilitate electron transfer and decrease
resistance, but desorption of a long and flexible analyte molecule could induce coils or

helices that physically block the surface and increase resistancé® The nature of the redox
probe and the working electrode surface is also important, with electrostatic interactions
between the probe and the surface also playing a key role in determining the EIS response
of a biosensor X! For example, detecting the presence of a cationic protein on an electrode
surface with a anionic redox probe (e.g. sensing lysozyme with potassium ferricyanide as
the redox probe) will result in an decrease in R as a function of protein concentration

because the electrostatic attraction between the redox probe and the electrode increases
as more analyte binds to the working electrode. Therefore in biosensing EISexperiments
the identity of the chosen redox probe (potassium ferricyanide is the most common )**? can
play a crucial role in determining the response of the sensor to analyte because it can
interact with the monolayer in different ways depending on electron -transfer mechanism,
electrostatics, and concentration*3***334This shows that while electrochemical impedance
spectroscopy is a highly suitable detection method, care and consideration is needed when

implementing the method and analysing the output.

2.2.A1 ms

The role of glycans in biological communication is unexplored in the biosensor field. This
chapter aims to highlight the utility of glycofluoroforms, unnatural sugar molecule s with
enhanced galectin-3 selectivity, as biorecognition elements. This chapter aims to combine
these molecules and electrochemical impedance spectroscopy studies in a novel sensing

platform. To achieve this several objectives will be explored:

1. Exploration of the best methodologies for synthesising and determining the purity
of the glycofluoroform and electrode types to develop the target sensor.

2. Usage of electrochemical methods to characterise both bare and modified electrode
surfaces including monitoring reproducibility and parameter uncertainty by
equivalent circuit, CMA-ES and MCMC fitting.

3. Optimisation of the best redox probes to use for titration experiments with regards

to stability, sensitivity, and experimental ease.
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4. Comprehensive galectin-3 binding analysis to investigate selectivity and specificity
of analyte binding to electrode surfaces. Quantification of binding will be explored
with two binding models to assess the affinity of the immobilised glycofluoroform

to galectin-3.

23.ResualntBsi scussi on
2.3.1.Successful immobilisation of a galectin -3 detecting glycofluoroform onto

screen-printed electrodes
Inspired by a previous study,® a galectin-3 EIS biosensorwas assembledby immobilising

the glycofluoroform 3FGalA(1,3}GIcNAGNs (GFF)on a 6t hi o p h {(stréer 6
printed electrode), using a thiol terminating poly(hydroxyethyl acrylamide) polymer as an
intermediary platform to maximise display of the ligand on the surface . The polymer was
supplied by Dr S-J Richards (University of Manchester) and aDBCO (dibenzocyclooctyne)
strained alkyne incorporated within the polymer could be subjected to strain -promoted
azide-alkyne cycloaddition (SPAACY* to efficiently attach the azide containing GFF prior to
surface immobilisation, with the polymer intermediary also potentially pa ssivating the
electrode and beneficially minimising non-specific interactions during detection of the
analyte!®® The first steps were to synthesise the glycofluoroform via chemoenzymatic

synthesis and determine the best electrodes to utilise for electrochemical studies.

2.3.1.1Expression and purification of BiGalK and BiGalHexNAcP
OH

HO 0
OH OH H&O OH OH
OH ATP :DP OH NHAC \/\/N3 OH
0 e 0 > O Ho 0
BiGalK F BiGalHexNAcP
F on F o O _~_N;

OH 2- OH NHACc
OPOs

Scheme 2.1. Reaction schemefor the chemoenzymatic synthesis of the fluorinated disaccharide,
3FGalb(1,3)}GIcNAc-N; (GFF)

The first stage of the enzymatic synthesis Gcheme 2.1) was the expression and purification
of the two enzymes required: BiGalK and BiGalHexNAcP. BiGalK catalyses the
phosphorylation of 3F-galactose, a commercially available unnatural (but tolerated)
substrate. BiGalHexNAcPcatalyses the transfer of phosphorylated galactose to a N-
acetylglucosamine acceptor, provided by Dr N. Hatton and J. Fair from the Fascione group
(University of York), by reverse phosphorylysis® Although based on published

137,138

procedures, as the proteins were overexpressed from freshly transformed cells
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expression tests were carried out to determine the efficacy and localisation of the
expression. The plasmids were overexpressed in BL21 DE3 chemically competent cells and
induced by addition of isopropyl -A-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.2 mM for BiGalK and 0.1 mM for BiGalHexNAcPSDSPAGE was carried
out on both samples, shown in Figure 2.6. There is clear overexpressiorfor BiGalK (m=45.8
kDa for the His-tagged protein) **° in the induced soluble bands at around 45 kDa in Figure
2.6(a). For BiGalHexNAcP(m=86.5 kDa for the His-tagged protein) **°, Figure 2.6(b), it is
less visibledue to gel processing issueshowever there are bands between the 66.2 and 97.4
kDa in the soluble samples highlighted by the grey dashed box. This shows the

transformation has worked and therefore large-scale expression was performed.
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Figure 2.6. 12 % SDS page expression gels for (a) BiGalK and (b) BiGalHexNAcP.
Both proteins were successfullypurified by nickel affinity chromatography as evidenced by
UV absorbance peaks at 280 nmin the chromatographs and gel bands corresponding to
the correct molecular weights which are provided in appendix 7.1. Further purification via
size exclusion chromatography was performed for BiGalHexNAcP, although enzymatic
activity remains high without full purity. Based on both chromatograms and gels, protein -
containing fractions were pooled, dialysed, and concentrated, the typical yields for both
proteins were 38 mg L* determined by BCA assayslIn subsequent synthesesBiGalHexNAcP
was obtained from a commercial source (Prozomix) and was desalted and concentrated
before use.
2.3.1.2.Synthesis and purification of glycofluoroform, 3FGalb(1,3)}GIcNAc-Pr-N3
Previously, when synthesising glycofluoroforms using these kinases and phosphorylases a
one-pot two enzyme synthetic strategy was employed.® However, for the target
glycofluoroform the chemoenzymatic synthesis requires extremely forcing conditions. In the

library of nine molecules synthesised in the paper investigating galectin binding 8 four
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molecules only required a 24-hour reaction time whereas the target GFF took 144 hours to
reach a comparable yield Additionally, it required significantly more of both enzymes: 30.8
and 67.8 mg of BiGalK and BiGalHexNACcP respectively when the average amounts for the
other eight sugars were 10.3 and 19.75 mg. When examining the literature regarding the
non-fluorinated version of the target sugar, the initial study using a one-pot two -enzyme
strategy reports a 95% yield (with only a 48 h reaction)® however when replicated only a
47% yield was achieved and in another study, albeit with a different kinase,a 68%yield was
achieved®*"**® This variation shows there are complexities when using these enzymes in
tandem. One reason is likely to be the difference in pH optima for the two enzymes.
BiGalHexNAcP works maximally over a narrow pH rangef 5.0to 6.5, whereas BiGalK works
well above 7.0, reasonably at 6.5, and poorly below 6.5’ The one pot reaction is carried out
at pH 6.5 which will limit Bi Gal K& s a c tthe tuindver of tha r@acttorh. dherefore,
within the Fascione group the glycofluoroform is preferably synthesised in a two-pot two -
enzyme reaction with each step at a different pH. The first step of the reaction had previously
been performed on a large scale therefore the crude phosphorylated fluorinated galactose
(3FGat1P) was provided to the author by Dr T. Keenan (University of York). Additionally,
unpublished work within the Fascione group hypothesised the limiting factor for turnover
was the concentration of the enzymes used and suggested that increasing the reaction
volume hindered turnover. Therefore, for the second step, two concentrations of the
BiGalHexNAcP enzymewere tested (10 mg mL* and 21.15 mg mL?') and although the
reaction was prepared in a single vessel it was

keep the reaction volume lower.

To elucidate if the concentration of BiGalHexNACP plays a role in reaction turnover, and thus
affects the yield of crude GFFtwo reactions (split into aliquots as discussed above) were run
simultaneously. Equivalent volumes of enzyme were added at each stage, but the first
reaction used an enzyme stock of 10 mg mL* and the second reaction 21.15 mg mL*. The
reactions were monitored by thin -layer chromatography (TLC) andliquid chromatography -
mass spectrometry LG-MS). TLC showed the emergence of a product spot over several days
and LG MS chromatographs show the amount of acceptor monosaccharide (peak at ca. 305
m/z) decreasing relative to the amount of GFF(peak at ca. 469 m/z) over the course of the

reaction. To track this conversion and to allow the comparison of both reactions the ratio of
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the peaks associated with the GFF and GIcNAcPr-N;, known as the acceptor
monosaccharide or GA6(becausein phosphorylation the acceptor is the non -phosphorylated

molecule), was plotted against the time of the reaction ( Figure 2.7). Although MS is not

fully quantitative (in the absence of internal standards)the conversion rate can be inferred

based on the peak ratios. The reacti on turnover seems to incr
[ Bi Gal Hex NAc P] although the error bars suggest
the reaction turnover is certainly quicker with the higher concentration enzyme. It did

appear that there was increased precipitation throughout the reaction with the more

concentrated BiGalHexNAcP which could explainwhy the turnover is n 6 t i ncreased f
and could be due to low reaction volumes limiting solubility . The measure of conversionis

the ratio of the [M+H] * peaks for the GFF and A, though the [M+Na]" peaks show a similar

trend.
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Figure 2.7. Reaction progress monitored by positivenode ESILCMS analysis of theenzymatic
synthesis® ¢ | | RIJT HOWHdarkQgrdy spda@s) andhightglight grey circles)concentrations of
BiGalHexNAcP. The measure of conversion was determined by taking the intensity of the
[GFF+HIpeak and dividing by the intensity of the [A+H)eak in the extracted ion chromatogram. The
error bars represent standard error wheren=8 Y| tO¢ 0 G Ol ¢ q¢ GYRUqt O+ AH1JGq tOq 6 1 Ol
[BiGalHexNACcP] dataset where n=2 due toreinstrument error. The reactionswere incubated at 37°C
and contained 100 mM Tris. HCI buffer (pH 6.525 mMcrude 3FGallR 10 mM GcNAc-N;, 15 mM
MgCk and BiGalHexNAcR

The synthesised disaccharide was purified in a twestep method. First, on a dlica column
eluted along an ethyl acetate-methanol gradient followed by g el filtration on a BioGel P2
column in distilled water. TLC data showed that some acceptor monosaccharide remained

in the sample after the silica column. The fractions from the gel filtration column showed
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reasonable separation of GFFand A with the purity varying slightly, earlier fractions contain
just GFF with negligible A,Figure 2.8(a), with the presence of A increasing in later fractions,
Figure 2.8(b), before A becomes the majority with some minor amounts of GFF, Figure
2.8(c). Based off the MS data, fractions were combined in several batches to tryto maximise
yield without sacrificing purity. The purity of the isolated glycofluoroform was assessed via
NMR analysis, theF, *C, and*H NMR data is given in appendix 7.6, and is in line with
literature data,®* showing the purification of this batch of glycofluoroform was successful

and so can be used for electrode modification.
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Figure 2.8. Representativepositive mode ESILCMS data showing the appearance of the
glycofluoroform (GFF) 3FGatb(1,3)>GIcNAc-Pr-Ns, shown by[M+H]" and [M+Na] peaks at ca. 469 and
491 m/z (highlighted in greenand the later appearance of the acceptor monosaccharid€A), GIcNAc
Pr-N;, shown by[M+HJ'and [M+Na]" peaks at ca. 305 and ca.327 m/zpeaks (highlighted ingreen)

2.3.1.3.Development of a better measurement of fraction purity
The repurification of the remaining impure batches containing a mix of monosaccharide and

glycofluoroform was attempted by running the BioGel P2 column again with fresh resin to
see if this achieved better separation as the prior column ran slower than expected.
Unfortunately, MS analysis showed monosaccharide contamination across all fractions,
albeit in very small amounts in some fractions. The chromatogram shows a sharp peak at
around 5 minutes for the purer fractions but as the monosaccharide becomes more

dominant this peak broadens, shown in Figure 2.9.
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Figure 2.9. Comparison of the chromatograms(top) and the extracted ioncompound spectra (bottom)
for fraction 162 (left) and 170 (right) showing the increased contamination by the monosaccharidén
the right compared to the left

As the chemoenzymatic synthesis is a lengthy process requiring the expression and
purification of two enzymes (both of which require multiday expression and purification)
and post-purification the fractions are screened via time-intensive MS it is important to
isolate asmuch glycofluoroform per synthesisas possibleto make these intensive processes
worthwhile. To try and salvage some glycofluoroform from these fractions a more
guantitative measure of the ratio of the two sugars was needed. G| ycans typically
ionise or vaporise efficiently,?® thus derivatisation with a charged substrate can be
performed to improve MS quantification. In our experiments frac tion 170, a fraction which
appeared to have a roughly 1:1 ratio of both sugars (as seen by the similar intensities of the
ca. 305 and ca. 469 m/z peaks in the bottom-right of Figure 2.9), was reactedwith a reagent
containing an imidazolium tag (iTag reagent). The iTag reagent is charged so easily ionises
in MS and therefore conclusions made from comparing the peak intensity is more reliable

when the sugars have been tagged.
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Figure 2.10. Chromatograms (left) and extracted ion @mpound spectra (right) for the acceptor
monosaccharide (A)and iTag reagent conjugate at 602.30 m/z and tigtycofluoroform (GFF)and iTag
reagent conjugate at 766.35 m/z.

When examining the results from the i-Tagged fraction, Figure 2.10, the acceptor

monosaccharide (appearing at 602.30 for the [M]" peak) is significantly more abundant than
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the glycofluoroform (appearing at 766.30 for the [M] * peak). In fact, the peak intensities
have a ratio of around 5:1 showing that the amount of glycofluoroform present is lower
than what is indicated in the initial MS analysis. By comparing to the 1:1 ratio in the original
fractions the untagged glycofluoroform ionises significantly better than the acceptor
monosaccharide. Knowing that the tagged MS data is more quantitively reliable, further
fractions were screened in this mannerwhich allowed another 1.1 mg of glycofluoroform to

be isolated with appropriate purity , as determined by NMR spectroscopy. This shows the
advantages of using a more sophisticated fraction screening method. However, the isolation

of the glycofluoroform is still challenging.

2.3.1.4.Bvaluation of screen-printed electrodes
Previously, the glycofluoroform galectin-3 binding has been studied with the GFFpolymer

immobilised onto gold nanopatrticles and binding quantification via optical measurements,
namely UV-Vis spectroscopy and dynamic light scattering® However, due to the
advantages of using electrochemical methods of detection discussed in section 2.1.1 this
work seeks to examine the same binding relationship but with electrochemical
measurements. To do this different electrode types and electrode preparation strategies

and methodologies were evaluated to identify the optimal electrochemical system.

Commonly, both within literature and the research group, electrochemical studies are
performed using a disc working electrode within a classic three-electrode electrochemical
cell in a bulk volume of electrolyte solution. 1°>!4! Screenprinted electrodes (SPEs) are an
alternative experimental set-up for electrochemical studies and comprise all three
electrodes printed onto a support, typically made of ceramic or plastic composites. **? With
the long-term aim of industrial sensing applications, using SPEs confer certain advantages
including disposability, high scale of economics, and reduced sample volume whilst the
working electrode diameter remains a typical size ensuring signal intensity is maintained?*?
To compare a standard disc working electrode to SPEsSCV measurements were taken In a
CV measurementthe potential is first scanned in one direction, e.g. from positive to negative
potential, and then at a turning point the potential is then swept in the opposite direction,
i.e. from negative to positive potential. The current in response to this cycling potential is
recorded. The peak potentials, the position on the x-axis where the current reaches either

the oxidative or reductive maxima, inform on the t hermodynamics of the redox reaction.
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Additionally, as the voltage is scanned at a constant rat, kinetic information can also be
extracted. Thus, comparing CV responses allowghe evaluation of electrochemical activity

and surface inhomogeneity of the studied electrodes.

A detailed CV study was performed to compare disc electrodes and screenprinted
electrodes (SPEs). From the CVs on both electrodes with and without the solution redox

probe, potassium ferricyanide (K[Fe(CN}]), several observations can be made:

1 The disc electrodes have lower background redox activity than the SPE as seen by
comparing the bare scans (dashed lines inFigure 2.11). This background redox
activity is caused by the gold surface or impurities on the surface showing the disc
electrode has a cleaner electrode surface. This is likely due to the extensive polishing
protocol employed before making measurements on disc electrodes, asdiscussed
later in this section.

1 Inthe presence of potassium ferricyanide well-defined oxidative and reductive peaks
are seen for both electrodes. The two sets of scans (absence and presence of
Ks[Fe(CN}]) are on the same electrode but despite this, the original background
electrode activity disappears when observing the redox probe. This is suggestive of
passivation of the electrode surface by the redox probe and implies that measuring
our system without a redox probe, i.e. via solely capacitance measurements, would
be challenging. Therefore, electrochemical measurements will take placein buffer
spiked with potassium ferricyanide.

1 The &g, the midpoint between the oxidative and reductive potentials, varies by 95
mV. The composition of the redox solution is the same for both measurements, so
this discrepancyis likely due to the different reference electrodes used: Ag/AgCl (3M
KCI) for the disc electrode and Ag covered in AgCl for the SPE. The minor difference
iNn ¢ E oxifaile 0 Beducive), 10 mV, further supports the idea that the underlying redox
¢c h e mi s t changing,®onmydhe reference electrode composition.

91 Despite the same electrolyte composition (10 mM potassium ferricyanide in 100 mM
sodium phosphate, 233 mM sodium chloride pH 7.0 buffer), the current is lower on
the SPE, althoughit is not decreased to a degree that will hamper the sensitivity of
thesensing measurements.One reason for the variation is that although the working

electrode diameters were the same for both measurements the actual
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electrochemical surface area for both will vary from the theoretical due to differences
induced by polishing or printing. Also, the inks used in SPE manufacturing are likely
to be less conductive than the solid materials used in disc electrodes due to additives
essential for the printing process.**® However, this reduced conductivity will be

partially mediated by an SPEdesign that minimises the distance between electrodes.
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Figure 2.11. Scans for both (a)isc and (b) SPE measuremerstin the absence (dashed lines) and
presence (solid lines) of 10mM KFe(CN})]. The voltage was cycled between 0.9 and.6 V at 0.1 V3§,
and the supporting electrolyte waspH 7 buffer (100 mM sodium phosphate, 233 mM sodium obifide).

For (a) the cell was completed with a platinum counter electrode and Ag/AgCl (3 M KCI) reference
electrode. For (b) there is a gold counter and Ag covered in AgCl reference electrode on the SPE.

Table 2.2. Summary of extracted parameters fronfigure 2.11 for the two electrode types studied.
*Reference is V vs Ag/AgCI (3M KCI) for the disc electrode and Ag covered in AgCI for the SPE.

Electrode Potential / mV vs Ref*
type Eoxidative Ereductive Emid ¢E
Disc 280 190 235 90
SPE 190 90 140 100

The lower background redox activity and higher conductivity of the disc electrode is
attributed to the polished uniform gold surface. This is achieved through an intensive
polishing protocol. The disc electrodes are first manually polished, then sonicated in water
followed by ethanol, and finally electrochemically polished in both basic (0.5 M NaOH) and
acidic (0.5 M H,SQs) solutions. This process takes approximately two hours per electrode
thus hindering the number of electrodes that can be studied each day and, in some cases

(likely due to the age and previous experimental history of the disc electrodes used), is
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unsuccessful. An example of both a successful and unsuccessful polish is shown ifrigure
2.12. A successful polish Figure 2.12(a)) is established by observing single (or a single
major) peak in the oxidative and reductive scans for both polishes, contrastingly for an
unsuccessful polish multiple peaks, like those seen in the acid polish inFigure 2.12(b), are
observed signifying multiple gold environments. Other variations in the CVs recorded
throughout polishing can be due to differences in electroactive surface area due to polishing
discrepanciesand changes in the distance between the working and reference electrodes,
although the cell is designed to reduce this latter variation as much as possible The
electrochemical polishing protocol was employed on a gold SPE to determine the
homogeneity of these surfaces and if polishing was viable. Following polishing, the surface
of the SPE is clearly degraded, inset oFigure 2.12, and stable electrochemical connections
were not possible proving SPEs are not compatible with electrochemical polishing. While
this lack of polishing may result in more variation in bare gold SPE surfaces compared to
gold disc electrode surfaces a polishing protocol could not realistically be employed in a
commercial setting. Therefore, the incompatibility of SPEs with polishing is not an issue and
examining these SPEs unpolished is a more realistic experimental system than highly

polished gold surfaces.
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Figure 2.12. Resultant CVs from electrochemical polishing in 0.5 M NaOH (top) and 0.5 M3,
(bottom) solutions for both (a) successful and (b) unsuccessful goldisc electrode polishes. The
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voltage was cycled between-1.1 and 0.9 V vs SHE 60.05 to 1.75 V vs SHE (for base and acid polishes
respectively) at 0.1 V 3 for 50 scans. For both the counter electrode was platinum wire. The data in (a)
was collected with a saturated calomel electrode (3 M KCI) and a correction factor of +0.256 V was
used to convert to V vs SHE. The data in (b) was collected with a Ag/Ag®(RCI) and a correction
factor of +0.208 V was used to convert to V vs SHEset: Visualisation of the SPE surface before and
after polishing.

Several repeats of the cyclic voltammetry experiments were performed with different bare
Au-SPEqi.e., new, from the packet electrodeg and disc electrodes (both different electrodes
and the same electrodes polished freshly each time). To assess the variability of the
electrochemical systems the midpoint potential (Emiq) and the current magnitude (¢l
calculated by subtracting Ireqa from Iox) were extracted and compared, Figure 2.13. These two
variables were chosen agniq relates to the thermodynamics and ¢ is related to electroactive
surface areg with a larger electroactive surface area resulting in a higher current assuming
all other factors are constant. For bare electrodes,i.e.the comparison of the bars with lighter
grey backgrounds in (a) and (b), it can be seen that the bare electrodes have a slightly larger
variation in Emig for SPEs than disc electrodes and significantly larger variation in¢ | . Thi s
shows, as expected due to the lack of polishing the bare SFE surfaces display greater
electrochemical variation than the highly polished disc electrodes. As the energetics
displayed by the solution ferricyanide redox probe are consistent throughout the repeats
this is primarily due to variation in the electroactive surface area. However, whilst the bare
electrode surfaces should be considered most of the studies are going to be performed on

the modified electrode surfaces.
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Figure 2.13. Comparison of (@) ¢ UT O HR IO f IOn Y| IOHC¢ | 1IJ10é Ge | GU JKOAH¢ | + oY Ul
polymer-modified (P)(orange bars on darker grey background) SPE and disc electrodes. The SPEs are
coloured a darker shade than the disc electrodes. For SPEs the reference electrode was Ag covered in
AgCl and for disc the reference electrode was Ag/AgCI (3 M KClI).

To examine the modified electrode surfaces bare electrodes (of both types) were immersed

in either a 0.32 mM solution of the P (polymer) or P-GFFpolymer-glycofluoroform) and left
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for 18 & 24 hours. The RGFF solution is accessed by carrying out a SPAAC reactionvhere
P and GFF are mixed together inMilli-Q H.O in a molar ratio of 1:1.1 and incubated at room
temperature overnight, the reaction mixture is used as is for immobilisation studies. Both
the P and P-GFF aliquots are stored in the freezer in between uses. This incubation allows
for the formation of self -assembled monolayer of polymer on the gold surface (shown in
the inset of Figure 2.14) due to spontaneous gold-thiol bond formation between the
terminating thiol group on the polymer and the gold working electrode surface. The
formation of the gold -thiol bind is confirmed by CV studies. It can be seen that the ¢ E
increases on modification, 120 mV for bare versus 472 mV for RGFF, this along with the
decreased current magnitude shows that the electron transfer rate decreases on
modification. This is expected as the solution redox probe will exchange electrons with a
bare electrode significantly easier than with a modified surface. This hinderance has several
possible contributions: slower diffusion rate as the redox probe must diffuse through the P -
GFF lger to the electrode, a greater electron transfer distance if the P-GFF holds the redox
probe further from the electrode, and the P-GFF will make the electrode surface more

insulating compared to the bare gold metal.
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Figure 2.14. Overlay of the first scan from CVs of a bare (purple dashed line) and &3FF modified
(green solid line) gold SPwith E,xand Eeq annotated for both surfaces The voltage was swept
between 0.9 and-0.6 V vs Ag covered in AgCI 8t1 V stand the supporting electrolyte was 10 mM
Ks[Fe(CN}] in pH 7 buffer (100 mM sodium phosphate, 233 mM sodium abifide). Inset: Self
assembled monolayer of RGFF on AuB: bare, RGFF: polymerglycofluoroform.
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The variability of modified electrodes was also assessed via CV studyThe polymer alone
was used for these comparative studies to conserve the glycofluoroform which is only
accessible in small amounts following a time-consuming synthesis, purification, and
isolation. In contrast to bare electrodes, when studying the DCV behaviour of polymer-
modified electrodes, i.e.the comparison of the bars with darker grey backgrounds in Figure
2.13(a) and (b), the SPEs display less variation than the disc electrodes. This perhaps
suggests that the modification is more consistent on the SPEs which could be due to the
ability to modify two electrodes in the same aliquot of solution ensuring the environmental
conditions are identical. Alternatively, it could be that the presence of the modification
passivatesthe background redox activity of the electrode , which, as found earlier, is larger
than that of the disc electrode s. This multi-electrode study confirms that usage of SPEs is

an appropriate choice to study our electrochemical system.

Voltammetry techniques are often used as detection methods, either with a simple cyclic
voltage ramp or a more complex pulse or square-wave ramp; for our system both ¢ E and
¢l appear to be sensitive to modification and t
changes in analyte concentration. This suggests DCV could be used as a detection method,
however, an important observation was made that over continuous scans the current
magnitude increases and the ¢ E decreasesAs shown in Figure 2.15(a) and (b), for both P

and P-GFF modified electrodes over subsequent scans & and Ees move towards the
average value for these parameters on bare SPEs. This indicates that the wide voltage sweep
carried out in a DCV experiment cleaves the goldthiol bond and thus the CV signal returns

to that of a bare Au-SPE This is substantiated by work in the literature which shows that
applying a negative potential to a gold surface causes reduction of the thiol bonds, a
process known as electrochemical desorption!** Further experimental evidence from our

own studies supports this cleavage via comparison of the Bode plot before and after a
6strippi ng&igueeXd® indicaiesthe rerfioval of the immobilised substrate due

to a large decrease in phase angle.
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Figure 2.15. 100 mV st? 9 é lOowt q | (R)B &R (faE-FoMddified Auwlisc electrodes; changes in
the voltammetric shapearise from electrochemically activated goldthiol bond cleavage. The voltage
was cycled from 0.9 t0-0.6 V vs Ag/AgCI (3M KGif 0.1 V s'in a solution 0of10 mM K[Fe(CN)] in pH 7
aqueous buffer (100 mM sodium phosphate, 233 mM sodium chlorideThe dashed lines represent the

average oxidation (light grey) and reductive (dark grey) peak potentials.
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Figure 2.16. Simplified Bode plots for Rorange)and P-GFF(green)modified Au-SPEs prgsolid lines)

and post (dashed lines)? 9 ¢ OWt g1 RGGRUN b a BE=0VRIOE/E RefNd=+16 BV, Ribib at e 0
= 300 s, with a frequency range of 10 kHz0.01 Hz for preDCV measurements and 10 kHa0.1 Hz for
post-DCV measurements. The supporting electrolyte was0 mM K[Fe(CN}] in pH 7 aqueous buffer

(100 mM sodium phosphate, 233 mM sodium chlorideR: polymer, RGFF: polymekglycofluoroform.

2.3.1.5.Electrochemical impedance spectroscopy is a sensitive yet non-destructive

detection methodology
As described in the chapter introduction, electrochemical impedance spectroscopy (EIS) is

an electrochemical method in which a sinusoidal voltage wave oscillating about a set
voltage at a range of frequencies is applied to the electrochemical system. Crucially, the
voltage window has a small amplitude, typically 10 mV, thus it will not have the same
destabilising effect observed in CVs. El$has two methods of visualisation: Bode and Nyquist
plots. As shown above, Bode plots show how the phase (and magnitude) of the impedance
response change with frequency, whereas Nyquist plots show the real and imaginary
components of the impedance and each point represents a measurement at a singular
oscillation frequency. Notably, a distinct difference can be observed between the bare Au-
SPE and the PGFF modified AuSPEN these three plots (Figure 2.17). Often Bode plots are
shown with a double y-axis but in this thesis, they are shown as separate plots for clarity

due to the fact usually multiple sets of data are plotted on a single plot.
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Figure 2.17. (a) Nyquist and (b) Bode plots of experimental data points) and the computational fitting
(lines)to a modified Randles circuit for EIS measurements of a bare gold SPE (purple) and@FF
modified gold SPE (green). Inset: Magnified view of the Nyquist plot for the bare gold SPEthad
modified Randles circuit used in the data analysisEIS measurements were performed in the presence
of 10 mM K[Fe(CN)] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride)
with the following parameters: tequiibration) = 180 S,Enc =0.16 V for bared.230 Vfor modified, Eac= 10 mV,
f=0.05 Haul0 kHz.Every other experimental data point is showrRs = solution resistance, R =
resistance to charge transfer, &= Warburg element, CPE = constant phase element

The larger magnitude of the Nyquist plot (Figure 2.17(a)) for the P-GFF modified Au-SPE
relative to a bare Au-SPE indicated that incubation of a Au-SPE in SPAAC H&FF reaction
mixture resulted in gold -thiol bond formation, with the presence of the coating on the gold
surface hindering electron transfer between solution potassium ferricyanide and the
electrode surface. Numerically, this can be quantified as the change in the electron transfer
rate, as discussed latet*® As discussed in the introduction and later in this text the diameter
of the semi-circle correlates to the resistance to charge transfer, in this example the RGFF
modified electrodes exhibits a ~20 times larger diameter (2.2 versus 48.2 k). This
magnitude of change is much larger than the differences observed in DCV, suggesting EIS
is a more sensitive method for detecting the modification, and thus analyte binding, and is
therefore a more suitable detection technique. In the Bode plots, the increase in phase angle
from ca. 60° to 75° means the electrode is displaying greater capacitive behaviour due to
the more insulating polymer layer formation. Additionally, the shift to the phase maxima
occurring at a lower frequency means the dominant electrochemical process (in this case
the charge transfer) is happening more slowly. In the magnitude plot the transition from
low to high continues throughout the lower frequencies , showing that the charge transfer
processes arehappening over alonger timescale and flattening out at a higher magnitude ,
indicative of a higher resistance to charge transfer. The dmilar magnitude at the higher

frequencies indicates similar solution resistance processes These electrochemical
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measurements which are carred out in the presence of solution-phase potassium
ferricyanide showed the expected response for a solution EIS experiment in the Nyquist plot
(Figure 2.17)'2 namely a semicircle with a linear region at approximately 45°. This
indicated that analysis using a modified Randles circuit fFigure 2.17, inset) was appropriate,

with computational analysis generating a good fit to the experimental data.

Complementary control experiments replacing the glycofluoroform with a ferrocene

derivative were carried out to determine the extent of modificatio n and provide further
evidence of gold-thiol bond formation . An azido-containing ferrocene derivative was
synthesised and clicked to the thiol-containing polymer and immobilised onto the electrode

in the same manner as the previous (glycofluoroform-)polymer studies (Scheme 6.3, R=F
FD-01). A reversible surface-confined ferrocene DCV signal was observed Figure 2.18(a))
and analysed using a third-order polynomial baseline subtraction to isolate the faradaic
current (Figure 2.18(b)). The faradaic current must be isolated in order to determine the

number of ferrocene molecules that are responsible for the faradaic current generation and
thus the number of molecules immobilised on the electrode. The background response was

modelled as a third order polynomial .
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Figure 2.18. (a) DCV scans for the immobilised AFD-01 on a AuSPEand (b) scan 2 with fitted
polynomial baselines and extractedfaradaic peak for both the oxidative and reductive scans shown.
The voltage was cycled between0.10 V to 0.40 V (vs Ag covered in AgCI) for 5 scans at a scan rate of

100 mV st

Using a one-electron Nernst model, the surface coverage in this experiment was found to
be 0.350 pmol which is approximately three-fold lower than the estimated monolayer
coverage, 1.01 pmol A Nernstian analysis is appropriate as the cyclic voltammetry was

conducted at a suitably slow scan rate to ensure the electron transfer was under
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thermodynamic control. It has to be acknowledgedt hat as the peaks arenot
area it may be thought t hat t he , lut thecdameon tr an
asymmetry was observed ateven slower scan rates. Thereforethis discrepancy is attributed

to the simplified method of capacitance subtraction. The area under the extracted redox

peaks was calculated via integration in the units A V, this is divided by the scan rate (0.1 V

s to calculate the charge passed. Thisis converted to immobilised coverage by dividing

by Avogadrods constant and into surface coverag
electrode. This is detailed in Table 2.3. The areas for the oxidative and reductive scanswere

averaged to account for under or over -estimation of peak size due to the simplified

background subtraction process. To compare this to a maximum coverage value the

molecular footprint of the polymer was estimated based on Chimera modelling (Figure

219) . I f the polymer 6footprintd is considered t
be calculated as 24.38A by approximating the extreme points as an isosceles triangle. The

geometric surface area of the working electrode is approximately 0.03 cm? so assuming

hexagonal lattice packing (90.7%)¢ a monolayer polymer coverage can be estimated as

1.01 pmol, or 32.3 pmol cm2,

o [

SAM
formation

side chain

38.673 A dootymer 38.700 A

alkyne thiol
60.051 A

Gold surface

Figure 2.19. Predicted 3-D polymer structure and calculated distances (from Chimeraand a
schematic showing how an estimated diameter and packing efficiency can be used to calculate a
maximum surface coverage estimate SAM: selfassembled monolayer.
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Table 2.3. Surface coverage extracted for immobilised FED1 for oxidative and reductive scans.

Parameter Oxidative Scan Reductive Scan
Extracted peak area / AV 4.42 x 10° 2.34 x 10°
Charge passed / C 4.42 x 108 2.34 x 108
Immobilised FD -01 / pmol 0.458 0.243
Surface coverage / pmol cm 2 14.6 7.72
Average immobilised FD -01 / pmol 0.350
Average surface coverage / pmol cm 2 11.2

Since the polymer structure is consistent, and the gold-thiol bond formation chemistry will
be unchanged, we also interpret the ferrocene measurements as providing a proxy
measurement of the coverage of GFF on the electrode surface. Other control experimerts

also indicate non-ideal, sub-monolayer formation .

2.3.2. Exploration of reproducibility with statistical methods reveals electrode -to-
electrode variation
EIS experiments comparing bare and PGFF modified electrodes were repeated extensively

(Figure 2.20), the P modified electrodes were also studied but with fewer repeats (n = 5),
the raw data and experimental fits are provided in appendix 7.2. The Nyquist plots showed
substantive variation within the P-GFF dataset that is not present in the bare AuSPE dataset.
This variation could not be reduced by careful control of experimental conditions. Even
construction of a specialised tank (3-D printed by A. Robertson, University of York)to enable
the simultaneous immersion of eight SPEs in a single aliquot of SPAAC FGFF reaction
mixture (Figure 2.20(c)), with agitation to ensure solution homogeneity, identical
temperature, concentration, and incubation time, still resulted in a large variation in Nyquist
response (Figure 2.20(a)). From this data, we concluded electrode modification was
inconsistent, which is unsurprising considering extensive pre modification mechanical and
electrochemical polishing is necessary to achieve highly consistent sefassembled Authiol
monolayer formation on gold disc electrodes.**” Such extensive cleaning of the gold surface

is not possible when using Au-SPEgqas shown inFigure 2.12(inset) ).
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Figure 2.20. (a) Nyquist plots of experimental data (dots) and the computational fitting to a modified
Randles circuit (line) for EIS measurements of eight BFF AUSPEs modified simultaneously. (b)
MCMC analysis of the data ifrigure2.20(a). The same colour code is used tdistinguish between the
separate electrodes. The uppermost plots (along the top diagonal) comprise-l histograms (yaxis is
frequency) for each parameter used in equivalent circuit fitting (seeaxis labels), showing the
distribution of the bestfit values for multple analysis runs for each individual SPE. Thel2 scatter
plots show correlations between parameters. (¢) Pictures of the tank used for simultaneous ASPE
modification. (d) A box and whisker plot showing the variation in the extracted Rct parameters for
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Au-SPEs (green, n = 63) following equivalent circuit fitting to the large datasets shown in Figures S4 and
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10 mM K[Fe(CN})] in pH 7 agueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with
the following parameters: t(equilibration) = 300 skoc = 0.160 V vs Refac=10 mV, f = 0.1 Hal0 kHz.
Rs = solution resistance, R; = resistance to charge transfer, ¢= Warburg element, Q andJare the
parameters used to model a constant phase element, and’l and™2 are noise parameters.

The Nyquist plots of the dataset comprised of eight simultaneously modified Au -SPEs all
exhibit significant variation from one another (Figure 2.20(a)) but could all be well modelled
by the same modified Randles circuit. This suggests a single electron charge transfer

environment is present on the electrode but to different extents. It is established that there
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can be variability in electrode printing, contaminants present in the ink, and non -ideal
surfaces formed in the screenprinting process.'*®*° As gold-thiol immobilisation is
dependent on the gold surface oxidation and atomic arrangement, **° the surface variation
between SPE means gold-thiol bond formation occurs to different extents resulting in the
variations observed in EIS experiments. As established, there is no prereatment possible
for these electrodes which could alleviate some of this variation (Figure 2.12(inset)). For
the CMA-ES (covariance matrix adaptationevolution strategy) fitting it was explored
whether it was best to fit to the Nyquist or Bode portion of the data and if the Warburg
element should be replaced with a second constant phase element (CPE). This is detailed in
appendix7.3, our studies found itds best to use a one
of the data, thus we have used this throughout the work. To explore if there were any
underlying trends in the best fit parameters, we conducted a MCMC (Markov chain Monte
Carlo) analysis to generate posterior fitting distributions that represent the different
equi val ent circuit mo d e | pdridnmetteor st hteh ada x pcearni mege
(Figure 2.20(b)). Within this, we observed the expected correlation between Q and U the
coupled parameters which together constitute the constant phase element (CPE) used to
model double -layer capacitance (diagonal lines in the scatter plot with Q on the x-axis and
Uon the y-axis)!*® However, the plots showing the frequency distribution for each best fit
parameter (the uppermost graphs within Figure 2.20(b)) reveal no clear trends in the
electrode-to-electrode variation; i.e. the ordering of the best fit parameter values with
respect to the SPE number (essentially the colour bar code) is different from one parameter
frequency distribution to another, meaning there is no clear underlying synergistic trend in
the way one parameter changes versus another. Alternatively, this lack of pairwise parameter
compensation can also be seen by the fact that there is no clear trend in how one parameter
value changes relative to another in the 2-D scatter plots where one equivalent circuit model
parameter is on the x-axis, and another is on the yaxis. Thus, the R value of a GFFmodified
Au-SPE cannot be normalised with respect to another parameter to enable the trivial
correction for variation in the dataset. This means it will be crucial to be able to measure

multiple galectin -3 concentrations on the same modified electrode.
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Y o Equation2.6
‘0 ¢£0R Y Equation2.7
where: Ret: charge transfer resistance R: gas constant (J €mol-1) T: temperature (K)
(m
n: number of electrons F: Faraday constant (C mof) lo: equilibrium current (A)
A: electrode surface area (c) kapp: @apparent electron transfer [S]: redox probe concentration
rate constant (cm st) (mol cm3)

Since most EIS biosensors are assayed in a manner which correlates change in the charge
transfer resistance (R:) with target analyte concentration, ** the variation in the extracted Rq
parameters from all the unmodified and P-GFF modified Au-SPEs datasetsgppendix 7.2)
were compared (Figure 2.20(d)). The 11-fold increase in the average R: for the bare
electrodes (3.1 kA) versus the RGFF dataset (34.2 &) is equivalent to a 11-fold decrease in
the apparent ferricyanide electron transfer rate constant, Kapp, 0f 2.7 pm s* versus 0.2um
s1.102195Thjs js calculated as described irEquation 2.6 and Equation 2.7. First charge transfer
resistance is translated into equilibrium (exchange) current (the current flowing when an
electrode reaches dynamic equilibrium in an electrolyte meaning no net redox processes
are occurring) in Equation 2.6, which can be converted to an apparent electron transfer rate
constant in Equation 2.7. The observed variation between RGFF modified electrodes was
substantive, and this means it is nonttrivial to compare repeats across multiple electrodes

in experiments described later.

However, it is notable that this variability does not change as a function of the age of the
SPAAC PGFF reaction mixture Figure 2.21(a)), with no correlation between R¢ and the age
(days post click reaction) of the SPAAC PGFF reaction mixture. This dataset is comprised of
extracted R values from different Au-SPEs modified with the same aliquot of SPAAC FGFF
reaction mixture and demonstrates the remarkable stability of the P-GFF conjugate, which
yields selfassembled monolayers over an approximate 1Gmonth time scale despite
multiple freeze-thaw cycles. In addition, the formation and stability of the P -GFF conjugate
was confirmed by comparison with the EIS response for AuSPE modified with thiol-polymer
only (Figure 7.7) . In t-hesed 6GBRtr ol experiments a si gl
response is obserwed yBomndat las.e539.4 kdy shevang the R
linkage formed between the P and GFF during the SPAAC reaction is stableThe difference
between the two modifications is attributed to differences in the interactions of the

solution-based ferricyanide with polymer versus polymer-glycofluoroform; the anionic
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charge of the Fe(CN}*"*" redox couple makes it highly sensitive to changes in electrode
surface electrostatics** The difference between the control experiment data and data from
the modification of different Au -SPE with a single P-GFF aliquot(Figure 2.21(a)) supports
our assertion that the glycofluoroform modified polymer is stable over a prolonged

timescale. To further assist in the visualisation of differences between datasets,Figure
2.21(b) presents an overlay of the distributions of R values from repeat experiments
analysing bare Au-SPEs, the full PGFF dataset poth from Figure 2.20(d)), the subset of P-
GFF experiments carried out across many different days using the same polymer
glycofluoroform solution to modify the electrode ( Figure 2.21(a)), and polymer-only

control experiments (Figure 7.7).
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Figure 2.21. (a) Extracted R parameters (greendots) for individual RGFF modified AUSPESs plotted
against the age of the FGFF conjugate solution showing no correlation ingover time. The mean R
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SPEs are shown for comparison. (b) Distribution plots overlaying the datasets frdfigure 2.20(d)
(purple and green) Figure 2.21(a) (dark green with diagonal barsandFigure 7.7 (orange). Lines
represent Kernel Smooth distributions and a 50% gap is used to separate the vertical bars. The lower
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Complementary t-test analysis (see appendix7.4 for details) supports the conclusion that
there is a statistically significant difference between the bare Au-SPE electrodes and the
combined P-GFF dataset, but the interday variability is insignificant when this sub-dataset
(n = 20) is compared to the mean of the collated P-GFF dataset from all experiments ( =
63). We did not make comparison to the polymer-only dataset because as shown inFigure
2.21(b) we have insufficient data to resolve the skewed distribution in this relatively small
(n =5) set of control experiments, and polymer -only modifications are not the focus of this

study.
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Overall, the work in this section proves that electrochemical impedance spectroscopy
successfully observes PGFF (and P)SPEmodification and proves variability within this
modification. This variation is non-trivial to remove through environmental control.
| mportantly it i snodt d u-&FF tconjugate, snt facb this shows
remarkable stability over a ten-month period. Based on this variation it will be essential to

be able to carry out multiple measurements for galectin -3 binding studies.

2.3.3. Optimisation of redox probe and incubation methodology for galectin -3
binding studies
The next stage of work to determine the binding response of galectin -3 requires being able

to take multiple measurements on a single SPE. A series of redox probes were assessed:

potassium ferricyanide, hexaammineruthenium (lll) chloride, 6-(ferrocenyl)hexanethiol and
the ferrocene azide derivative FD-01 previously used to determine surface coverage, the
structures of which are provided in Figure 2.22. The focus was selecting a redox probe that
provided both sensitivity and stability and considering the aim of industrial applications all
except the ferrocene azide derivative are commercially available (although the &
(ferrocenyl)hexanethiol was previously synthesised inhouse by Dr N. D. J. Yates and was

kindly provided to the author for testing).
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Figure 2.22. The four redoxprobes that have been explored in this work

2.3.3.1.Using potassium ferricyanide
Potassium ferricyanide consists of iron(lll) bound to six cyanide ligands in an octahedral

geometry. The d-electrons are in the low-spin arrangement, and the iron is easily reduced
to iron(ll) to form the ferrocyanide ion. Potassium ferricyanide transfers electrons via an
inner sphere electron transfer mechanism3* In a chemical reaction, inner sphere electron
transfer occurs between complexes via a bridging ligand, at least one of the complexes
needs to be labile to allow the bridge to form and bonds are broken and formed. The
[Fe(CN)}*"* is a redox couple that is commonly used as an electrochemical standard or

calibrant and as a redox probe in buffers, it has also been used to investigate various
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electrodes, to determine the antioxidant capability of samples, and it is widely used in

1520155  Based on its welkcharacterised

sensing, including impedimetric sensing.
electrochemical behaviour, its commercial availability,its inorganic nature meaning it should
not perturb protein or aptamer structure, and its prevalence in impedimetric biosensing
potassium ferricyanide was the initial choice to study and characterise our biosensor system.
This was successfully performed as described in section2.3.2, however, issues with

potassium ferricyanide were observed when repetitive measurements were attempted.
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Figure 2.23. Nyquist and Bode plots for (a) a #FF modified SPE and (b) a P modified SPE with
constant exposure to K[Fe(CN)]. EIS measurements taken at 0.16 V (vs Ref) with an amplitude of 0.01
V from 10 kHz to 0.1 Hz with ten readings per decade 10 mM K[Fe(CN}] in pH 7 aqueous buffer (100

mM sodium phosphate, 233 mM sodium chloride).

When multiple measurements were attempted on the same electrode, instability in both the
Nyquist and Bode plots was observed. Figure 2.23(a) shows the results for five impedance
measurements recorded over 80 minutes for a RGFF modified SPE that was immersed in
potassium ferricyanide continuously. In the Nyquist plot the semi-circle diameter decreases
from approximately 20 kA to 0.5 kA and in the Bode plot - « decreased from 75° to 40°, this
shows significant monolayer destruction. To determine if the destruction was caused by
potassium ferricyanide or multiple impedance measurements a P modified electrode was
exposed to a 10 mM potassium ferricyanide solution for 83 minutes but only two EIS

measurements were taken. Figure 2.23(b) shows that despite only two measurements
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being recorded there is a similar level of decay showing potassium ferricyanide must be the
cause. Repeat measurements at both stages (P and #FF) of modification were performed
and proved the decay was independent of modification. On consulting the liter ature, it is
found that ferricyanide has a destructive effect on gold surfaces and causes etching.
Combined SPR/EIS and QCIVD/EIS measurementshave shown damage to the gold surface
during EIS measurement due to cyanide ions released from the ferri/ferrocyanide redox
probe.*® The redox couple can exchange a cyanide ligand with water leaving free cyanide
ions in solution.*®* The gold surface is etched in the presence of free cyanide as a Au(CN)
complex forms via the Elsner reaction'>” Mediation of this destructive effect was attempted
by rinsing and storing the modified SPE in phosphate buffer in between measurements.
Some electrochemical long-term stability was observed but these results were not
reproducible. On reflection, a different buffer should have been considered as phosphate
buffers can amplify the damage done by potassium ferricyanide;**® however, in our studies
there was no visible damage after long-term storage in phosphate buffer. In fact, in a
repetitive EIS study of four buffers (Figure 2.24), phosphate, Mes, Tris, and HEPES, the
phosphate buffer performed best regarding signal consistency, so experiments have

continued with the current phosphate buffer.

(a) phosphate (b) Mes () Tris (d) HEPES
L L L L 80 L L 1 L L L L L
= 0h = 05h
®14h y ® 145h

85h |
# 425h

56.5h o
= 725h

®  Asgash [

80

= 15h
® 155h
295h |
+ 435h
57.5h §
" = 735h
“ asssh [
.
.

60

5 5
= 404 ~gh [ =
? oy .
"‘.\."1 ']
20 4 1 S s F
“‘::& 4

T T T T T T T T e M LI E— m—
o 1 2 3 4 5 & 0o 1 2 3 4 5 6 o 1 2 3 4 5 & 0 1 2 3 4 5 6

)

log(Frequency / Hz) log(Frequency / Hz) log(Frequency / Hz) log(Frequency / Hz)

Figure 2.24. Bode plots showing seven measurements over 84 hours for a bare APE incubated in a
variety of buffersall containing 10 mM K[Fe(CN}]: (a) phosphate, (b) Mes, (c) Tris, and (d) HEPES.

2.3.3.2.Using hexaammineruthenium(lll) chloride
Hexaammineruthenium(lll) chloride is a low-spin octahedral complex with ammonia ligands.

The ruthenium atom undergoes reversible redox chemistry between the Ru(lll) and Ru(ll)
oxidation states meaning the complex moves between a 3" and 2* charge. This is oppositely
charged compared to potassium ferricyanide so the two redox probes will interact
differently with the same system. Although the complex is only stable in the oxidized state
a DC bias potential can be applied so the complex can be used as a probefor EIS!

Hexaammineruthenium(lll) chloride has been used in a variety of ways: monolayer
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159 160

characterization,™ protein detection, ** and in a functional human-1gG biosensor, where it
exhibited a | inear rtsop olnls3e’ ¥ Qoroerselyl th pofassiurg
ferricyanide a combined EIS/QCMD study showed no mass change when using
hexaammineruthenium(lll) chloride to study gold surfaces via impedance which proves no
surface etching occurs’®® In addition, when used as a redox probe for repetitive cyclic
voltammetry study of a modified SPE the CV signals were stable over the 70 minutes
studied.’® This increased stability can be attributed to the fact that
hexaammineruthenium(lll) chloride transfers electrons via an outersphere mechanism so it
interfaces with the electrode in a different way to inner -sphere redox probes®* A potential
drawback of using hexaammineruthenium(lll) chloride over potassium ferricyanide is that
SAM modification passivatesthe surface less when compared to ferricyanide. This means
the recorded charge transfer resistance will be lower for hexaammineruthenium(lll) chloride

measuring the same system compared to when using potassium ferricyanide which may

reduce sensitivity. For example, on a gold surface modified with p-aminothiophenol the

charge transfer resistance wald* amedasasedldas kAA78
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Figure 2.25. (a) Bode plots for all stages of the modification of disc electrodes (bare, purple squares
(two scans are shown to encompass full frequency range); P modified, orange circles;GFF modified,
green triangles) and (b) Bode plots for a-BFF modified disc eéctrode with constant exposure to

[Ru(NH)6]Cls. EIS measurements taken at0.23 V (vs Ref) with an amplitude of 0.01 V over varying
frequency ranges between 1 MHz and 0.01 Hz with ten readings per decadel0 mM [Ru(NH)s]Cls in
pH 7 agueous buffer (100nM sodium phosphate, 233 mM sodium chloride)

Through determining the Epc potential to be -0.23 V from CV analysis it can be seen that
this voltage should not destabilise the gold -thiol bonds and thus is compatible with the
system. Initial experiments (Figure 2.25(a)) show that the hexaammineruthenium(lll)

chloride does detect modification, particularly in differences in the phase angle (- «). The
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magnitudes of these phase angles are different compared to those seen with potassium
ferricyanide which is attributed to the difference in the complexes charge. To explore
stability, a P-GFF modified disc electrode was exposed to hexaammineruthenium(lll)
chloride for 5.5 hours with EIS data collected every 37 minutes(Figure 2.25(b)). While the
signal i sndt eithmeircreasimylfrgm 13.5° #0122.58, the changes appear to
stabilise at the three-hour mark and are significantly less drastic than those observed with
potassium ferricyanide so could simply be due to the dynamic nature of the monolayer or
the electrostatic interactions inducing more order in the monolayer throughout the
experiment. This increased stability makes hexaammineruthenium(lll) a promising
candidate. The EIS parameter space was explored to determine the optimal conditions as
an applied voltage of -0.2 V and a frequency range of 1 MHz to 1 Hz. Using these optimal
parameters, a series of measurements of both bare and RGFF modified electrodes were
carried out (analogous to the data collected with potassium ferricyanide, Figure 2.17 and
Figure 2.20(d)). The two different groups are distinguishable, Figure 2.26, but when
compared to the data collected using potassium ferricyanide there is lower sensitivity. This
means that although hexaammineruthenium(lll) chloride has higher stability, its sensitivity
may not be compatible with the requirements for biosensing in our system.
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Figure 2.26. Nyquist plot for a series of repeats of blank and polymesugar (RGFF) modified SPEs

studied in 10 mM[Ru(NH)s]Clsin pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium

chloride). EIS measurements taken at0.2 V (vs Ref) with an amplitude of 0.01 V from 1 MHz to 1 Hz
with ten readings per decade.
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2.3.3.3.Using tethered ferrocene redox probes
Another strategy to consider would be to use an immobilised redox probe opposed to a

probe dissolved in solution, this could remove some of the issues with the redox probe
damaging the monolayer because it is anchored to the electrode so has limited mobility.
Two molecules were studied: 6-(ferrocenyl)hexanethiol, which can be directly linked to the
electrode via gold-thiol bond and SAM formation, and a ferrocene azide derivative (FD-01)
which can be conjugated to the thiol -polymer via SPAAC and then immobilised onto the
electrode. 6-(ferrocenyl)hexanethiol was immobilised onto gold in a 1:10 mixture with the
polymer, CV analysis showed redox peaksndicating successful immohilisation centred at
0.5 V (Figure 2.27(a)). Probing the electrodes at this positive potential for the duration of
an EIS measurement has the possibility to destabilise the goldthiol bonds, thus this redox
probe was deemed unsuitable. Solution CVs on the ferrocene azide derivative revealed a

midpoint potential of 0.15 V showing this probe could be studied without destabilising the

gold-thiol bonds. The clicked P-FD-01 was immobilised onto an SPE and CV analysis showed

successful immobilisation based on observable peaks centred at around 0.19 V,Figure

2.27(b). EIS experiments, carried out prior to CV analysis to ensure no CV destabilisation,

shown in Figure 2.27(c) are different to what has previously been observed but are in-line
with surface-confined redox processes. The experimental data is reasonably welimodelled
the Randl without a

es circuit

by War bur g
as the probe is tethered. However, with tethered molecules results may be less sensitive as
they may not provide a global view of the electrode as the molecules would be interspersed
throughout the P -GFF layer. Additionally, the data profiles are less immediately conclusive
based on purely visual analysis, thus incorrectconclusions may be made misinforming

subsequent measurementsduring a series of experiments.
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immobilised and clicked FD-01 recorded from-0.1 to 0.4 V at 100 mV-%5 and (c) Nyquist and Bode
plots for immobilised FD-01. EIS measurements taken at 0.19 V (vs Ref) with an amplitude of 0.01 V
from 10 kHz to 0.1 Hz with ten readings per decade.

2.3.3.4. Optimisation of galectin -3 detection
As hexaammineruthenium(lll) chloride was identified as a promising potential redox probe

in the previous section it was used to carry out some galectin-3 incubation trials. There was
a decrease in impedance response observed when we had expected to see arnncrease in
resistance to charge transfer as the galectin3 would hinder the electron transfer between
the solution redox probe and the electrode surface. This may have been due to using too
little galectin -3 (P-GFF modified SPEs were incubated in 0.5 mg a* for 20 minutes) or due
to the ruthenium complex being less sensitive due to its outer sphere mechanism. To
examine this further bare Au-SPEs were incubated with BSA, a protein that is expected to
display strong non-specific adsorption to surfaces, and interrogated via EIS with both redox
probes. It seems that both redox probes do detect this adsorption, Figure 2.28. With the
ruthenium probe, Figure 2.28(a), the Bode plot appears more sensitive. For the iron probe,
Figure 2.28(b), the Bode plot shows a similar magnitude of change as Figure 2.28(a) but
the Nyquist plot shows a much more obvious change. Importantly, an increase in signal
following binding shows mediation of the previously observed degradation of the gold
surface by potassium ferricyanide. It is apparent that despite the stability issues of potassium
ferricyanide it has much higher sensitivity to binding events so will be prioritised in further
studies. Considering the potential degradation of the gold surface by releasing cyanide ions,
the experimental protocol has been optimised to reduce the EIS experiment length and

ensure electrodes are rinsed thomoughly following contact with potassium ferricyanide.
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Figure 2.28. Nyquist (left) and simplified Bode (right) plots for BSA incubation experiments orGFF
modified SPEs probed with (a)Ru(NH;)s]Cls and (b)Ks[Fe(CN)]. EIS measurements were taken before
and after BSA application at0.2 V (vs Ref) between 1 MHz and 1 Hz for the ruthenium probe and at
0.23 V (vs Ref) between 10 kHz and 0.1 Hz for the iron proSelutions were 10 mM of the redox probe
in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride).

2.3.4. Titration experiments reveal selective and specific galectin -3 binding to the
GFFmodified Au -SPEs

2.3.4.1.Studying galectin -3 binding
Galectin-3 titration experiments were performed using EIS analysis, with a 30minute

incubation time used for each protein concentration based on binding kinetics from

previously published work.2* A dataset and corresponding MCMC analysis for a single P
GFF modified AuSPE Figure 2.29) was generated, with fitting performed for each
concentration of galectin-3 to find the best fit values for all seven parameters in the
equivalent circuit model (five parameters constitute the modified Randles circuit plus two
noise parameters for the phase and magnitude of the impedance). The data is wellmodelled
by this circuit as a semicircle and diffusion region is observed, the diffusion region
contributes to a lower portion of the experiment at higher concentrations but does remain

showing there is still a diffusional contribution to electron transfer. Notably, we observed
an increase in magnitude of R with galectin-3 concentration and importantly, as shown in
the R histogram, the distribution of the fitted values of this parameter at different protein
concentrations showed no overlap. This data therefore indicated the successful construction

of an electrochemical impedimetric biosensor which is responsive to changing levels of
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galectin-3. In contrast to earlier experiments comparing different electrodes (Figure
2.20(b)), there are smaller distributions in the non R parameters, in particular the Rs and
Zw values overlap extensively, suggesting these parameters are insensitive to a change in
galectin-3 concentration. Indeed, the advantage of such MCMC data visualisationis that is
is a powerful tool for identifying a sensible protein concentration range over which to
conduct experiments, and validates that R.: values from measurements at different analyte

concentrations have statistically significant differences.
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Figure 2.29. 2D scatter plots showing correlations for circuit parameters used to infer parameter
distributions from a representative galectin3 incubation experiment. The diagonal represents the 1D
histograms for each parameter showing the distribution of the fitted Vaes. The MCMC used to
generate these chains was run for 10,000 samples, with the first 3,000 discarded as btim Inset:
Resultant Nyquist plots (dots) and the computational fitting (line) and Bode plots for the galectth
incubation experiments. EIS meaurements were performed in the presence of 10 mMsfe(CN)] in

pH 7 agueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the following
parameters: tequiiibration) = 180 S,Eoc = 0.230 VEac= 10 mV, f = 0.05 Hai10 kHz.Rs = solution resistance,
R« = resistance to charge transfer, ¢= Warburg element, Q andare the parameters used to model a
constant phase element, and 1 and™2 are noise parameters.

Given the substantive variation shown between R GFF modified AuSPES, we repeated the
galectin-3 titration experiments on a total of 15 different P -GFF modified SPEsKigure 2.30),
this allowed the determination of the viable galectin -3 sensing range and the quantification
of electrode-to-electrode variation. Both the raw Nyquist data and the extracted R values
(plotted on a logarithmic scale) from equivalent circuit fitting are shown ( Figure 2.30 and
Figure 2.31). A general trend of increasing R with increasing galectin-3 across a protein
concentration range of 15 8 30 ug mL* was observed, below this region the response is

variable although generally above 5 ug mL* a consistent increase is observed In Figure
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2.31(a), data collected over too low a galectin-3 concentration range to permit further
analysis, repeats 18 7, and datasets with an anomalous initial protein-free measurement
(outside the 5™ & 95" percentile range from Figure 2.20(d)), are shown in grey. Figure
2.31(b) shows the distribution in R values obtained from MCMC analysis of the
experiments depicted in black in Figure 2.31(a). It can be seen that there is a large variation
in binding signal observed even for repeats covering the same concentration range, e.g.
Repeat 1 and Repeat 3, and, Repeat 14 and Repeat 15. This variation is likely related to the
differences in gold-thiol im mobilisation due to inconsistencies in the gold environments
present on different SPEs as discussed. As each electrode has a different extent of goldhiol
bonds present they will each be presenting different levels of glycofluoroform into solution
to interact with the galectin -3. Therefore, the ease at which galectin3 binds to the electrode
surface and the resultant observed EIS response is different for each electrodeAttempts to
normalise these differences by identifying complementary parameters through MCMC
analysis was unsuccessful showing there is not a simple mathematical route to collapse this

variation.
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Figure 2.30. Nyquist plots, where the dots are theexperimentally measureddatapoints and the lines
are theequivalent circuit fits, for galectin-3 titration experiments performed on different PGFF
modified Au-SPEs the number is the topleft corner corresponds to the repeat number referenced in
Figure 2.31. EIS measurements were performed in the presence of 10 mM[Re(CN}] in pH 7 aqueous
buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the following parametergsdtiiibration)
=180 s,Enc = 0.230 VEAc= 10 mV, f = 0.05 Hz1 0 kHz.
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Figure 2.31. Extracted R; parameters for the experiments shown irFigure 2.30. (a) Bestfit point
values obtained from CMAES analysis. * denotes the dataset shown iRigure 2.29 and repeats
marked with apare the datasets combined inFigure 2.32. (b) Distributions obtained from MCMC
analysisfor the initial measurement (i.e. Qug mL? galectin-3 concentration). EIS measurements were
performed in the presence of 10 mM {Fe(CN})] in pH 7 aqueous buffer (100 mM sodium phosphate,
233 mM sodium chloride) with the following parameters:dguiibrationy = 180 S,Epc = 0.230 VEac= 10 mV, f
=0.05 Hzu 0 kHz.

Ideally, it would be possible to combine all the datasets from all the repeats for a
comprehensive binding analysis. However, it can be seen that the binding response varies.

This is likely due to the variability in modification conferring different binding capabilities

onto different modified electrodes. Instead, MCMC analysis was used to identify three

electrodes which had sufficiently similar R values in the initial protein-free EIS experiments

(12. 9, 7.7, and 10. 4 k Rigure 2.81(b)).uAttemptd iy theaneva | g a mat i
chapter will be made to develop a more consistent immobilisation method to reduce this

variability and allow all datasets to be considered. However, a filtering step was used akin
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to a quality control stage where uniform modified electrodes were identified by a similar

starting EIS response. This allows the binding response for a subset of the modified
electrodes to accurately be determined. While other electrodes are likely to operate under
a slightly different binding regime, this approach allows more certainty in quantifying a sub -
set of electrodes in order to draw comparisons with the previously established nanoparticle-
based optical assay.The R:vs galectin-3 concentration plot for this combined dataset is
shown in Figure 2.32, and this confirms that a reproducible galectin-3 binding response is

achieved across repeat electrodes where they have a similar initial R.
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Figure 2.32. Extracted R, parameter plotted against galectin3 concentration for three SPEs with
similar values of protein free initial measurements, the mean value and 95% confidence limits are
shown with ablack cross andgrey verticalerror bars, respectively.

2.3.4.2. Quantification of binding using Langmuir and Hill equations
Applying the analysis described by Bandyopadhyayet al.,'**? assuming a Langmuir isotherm,

enables the dataset to be linearised as shown inFigure 2.33(a) with the gradient of the plot

corresponding to 1/K4 as shown in Equation 2.10, where C is the galectin3 concentration
and R.o and Ry, are the resistance to charge transfer at a protein-free stage and after
protein incubation, respectively. This assumes that R is a direct measure of binding
(Equation 2.8) and uses the relationship betweenE and K, (Equation 2.9). Using this analysis
and setting a y-intercept of zero yields a Ky of 6.3 ug mL* which equates to 240 nM
assuming a molecular weight of 26 kDa for galectin-3. The kK value for the GFF EIS biosensor
is notably higher than the Ky of 6.0 nM achieved using the same RGFF binding system on

Au nanoparticles® we attribute this to the differences in the grafting density and the
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increased steric repulsion in the interaction between solution-phase galectin-3 and a planar

Au-SPE surface compared to a solution suspension of Au nanopatrticles.
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where: [: fraction of occupied Rei: charge transfer resistance Reo: charge transfer resistance

binding sites after incubation (m) before incubation ()
C galectin-3 Ka: association constant (mof Kq: dissociation constant (mol
concentration (mol dm3) dm3)
dm-3)
(a) 8 ] OH JOH OH (b)
\ 1.00 4
6 -
0.75 -
=) 3
5[ 4- &
o ;3]
|3 S 0.50 4
| ~
S =1
- 0.25 -
01 T
k4 = == E ==
0.00 -
-2 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
[Galectin-3] (ug mL?) [Galectin-3] (ug/mL)
P-GFF P-CS X Combined dataset Fit to Hill equation

Figure 2.33. (a) Combined datasets from three different PGFF (green squares) andS plue dots)
modified Au-SPEs titrated against galectir8. The PGFF dataset is fit to a straight line (black dashed
line, equation shown on plot) to enable determination of K as described in the text. Inset: chemical
structures of GFF (green) and C®l{ue). The datapoints represent the average values from the
combined datasets, while vertical error bars represent the standard deviatior{b) Analysis of the
combined response-versus-protein concentration dataset Figure 2.32), where datapoints(black
crosses) are the average value from the dataset and vertical error bars denote the standard deviation.
A best fit to the Hill equation is shown by thpink line, as described in the text. Here, n =5.7 andaK
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An alternative method of assessing ligand- protein binding affinity is to use the Hill equation
(Equation 2.11), as has been previously reported in the EIS biosensor literatureand provides
an insight into binding cooperativity .1**!% An n value greater than 1 indicatives positive
binding cooperativity which means the binding of one ligand facilitates the binding of
another. An n value less than 1 indicates negative cooperativity where the binding of one

ligand disfavours further ligand binding. An n value equal to one means there is no positive
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or negative effect on initial ligand binding. **¢ As shown in Figure 2.33(b), such an analysis
can also be used to generate a good fit to the data. The best-fit Hill coefficient value, n =
5.7, is consistent with the notion that the proposed multimeric -multivalent binding mode
of galectin-3 supports cooperative binding between the protein and the P-GFF surface®’
The bestfit value for Ka, the ligand concentration producing half occupation, was 18.5 g
mL* (equivalent to 713 nM).
W'Y "Owao
wWYp 0 "Owao

EquationZ2.11

where: 3R« change in charge transfer resistance 3Remax maximum change incharge transfer
(i.e. RtiZ Reto) (M) resistance(i.e. RtmaxZ Ret0) (M)
Ka: ligand concentration producing half n: Hill coefficient
occupation (mol dm-3)

2.3.4.3. Control experiments to determine selectivity and specificity
To confirm that the observed galectin-3 concentration dependent response is a result of the

specific affinity of the protein for the 3F -lacto-N-biose glycofluoroform, further protein
titration experiments were carried out using a non -galactoside control monosaccharide with
negligible affinity for galectin -3 (GIcNAc N3, Figure 2.33(a)). Once again, the DBCO polymer
was subjected to SPAAC with the azide containing monosaccharide, before the polymer
control sugar (P-CS) modified electrodes were incubated with galectin-3. A non-
concentration dependent R response to galectin-3 was seen across three PCS modified
Au-SPEs Figure 2.34) indicating that binding of galectin -3 to modified electrodes is
glycofluoroform specific. To best summarise this, the EIS response for PCS modified
electrodes was compared to P-GFF electrodes using the K analysis described above, as

shown in Figure 2.33(a)).
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Figure 2.34. Extracted R, parameters for the RCS modified AuSPEs.
Finally, an ideal diagnostic biosensor would show minimal off-target binding to other

biomolecules present in biological samples; this can be very challenging to achieve because
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serum contains albumins and immunoglobins, and plasma additionally contains
fibrinogen **® which are all proteins which are capable of non-specific surface binding
interactions. We therefore explored whether the incorporation of the P -GFF within the
biosensor would act to advantageously reduce any non-specific binding, using albumin
(BSA) as amodel analyte. Importantly, although EIS experiments using increasing
concentrations of BSA (Figure 2.35) show a significant change in Rt on bare electrodes, this

non-specific binding to the gold electrode is reduced when using electrodes modified with

the P-GFF.
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Figure 2.35. Extracted R; parameters for BSA incubation of both bare and-&FF modified AuSPEs.

24.Summar yoaoabusi ons
This work establishes how the enhanced protein-binding specificity of a glycofluoroform

can be harnessed for electrochemical biosensing. The potential of this platform is
showcased in the detection of galectin-3 using glycofluoroform modified Au -SPEs,
establishing charge transfer resistance as a proxy measurement for protein binding. By
detecting a biomedically relevant protein, we aim to demonstrate the potential for long -

term diagnostic device development.

Before titration experiments were performed electrode types, chemoenzymatic synthesis
optimisation, and redox probes were explored. It was determined the concentration of the

enzyme used does affect the synthetic yield, SPEs are a suitable platform for immaobilisation,
and potassium ferricyanide provides the greater sensitivity for electrochemical

measurements.
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The electrode surface modification ensures sensitivity and selectivity for the target analyte,
the glycofluoroform -polymer also exhibits robust stability over a prolonged period, an
advantage over other less chemically stable/storable biosensing biomolecules!®**®° and the
P-GFF also pacifies the gold surface to nonspecific albumin binding. Although it was
demonstrated that Au-SPEs exhibit electrodeto-electrode variation that must be accounted
for during analysis, they are also compatible with low-volume measurements and this
enticing combination of electrochemical cell miniaturization with sensitive and specific
binding is highly desirable in point -of-care diagnostic applications >’ This chapter shows
GFF can be used as aew class of bioreceptors, adding a new and powerful tool to the

biosensing toolkit.

96



Chapter Three: Utilising emerging triazabutadiene
molecules to employ acarbon surface for biosensing

As shown in chapter two, an electrochemical impedance spectroscopy biosensor platform
utilising glycofluoroforms show s promise in galectin-3 detection. However, one of the main
issues with this initial biosensor design is the stability of the gold -thiol bond tethering the
polymer-glycofluoroform conjugate to the gold electrode surface. Hectrode modification is
arich topic in the literature, and a differentimmobilisation strategy could yield a more stable
sensor surface for our measurementsand enable a switch to a carbon-based sensor. The
usage of carbon-based sensors is commonplace due to the relative low cost, high surface
area, ease of functionalisation, high thermal stability, and favourable electrochemical
properties, namely high conductivity, low background currents and wide potential
stability.®®'?"172 An overview of some relevant electrode modification strategies for
biosensing are outlined in the next section. The history and development of the
triazabutadiene molecules that form the basis of the immobilisation strategy this result
chapter focuses on are discussed in more detail. This chapter then describes the usage of
these triazabutadiene molecules as masked diazonium ions to enable a carbon surface to
be employed for sensing. A novel conjugation and purification method to conjugate the
thiol-polymer to the triazabutadiene molecule is described. Comprehensive studies of the
modified surface are performed using both the polymer and polymer -glycofluoroform
substrates as well as a ferrocene derivative to enable voltanmetric enquiry of the
modification. Finally, galectin-3 binding to this new sensor platform is monitored using
electrochemical impedance spectroscopy and the results are assessed with HilLangmuir

binding analysis.

31l ntroducti on

3.1.1Electrode modification and substrate immobilisation
This thesis aims to develop new methods for building an electrochemical biosensor that

detects galectin-3. Bare surfaces of C, Au, Hg and Pt have found extensive use in biosensing
applications.>”® However, these electrode surfaces also suffer from fouling, slow reaction
rates and non-specific redox behaviour, therefore electrode modification strategies are
often employed in the electrochemical biosensing literature. The modification of working
electrodes has been a topic of interest in the electrochemical community since the late

1970s!™ originally motivated by electrochemists seeking more complex surfaces to
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investigate. Developing new modification techniques as well as materials to exploit
continues to be integral to electroanalysis.® Electrode modification can be via electrostatic,
non-specific adsorption, non-covalent or covalent interactions and tunes both the
electronic, i.e. conductivity and resistivity, chemical, i.e. specificity and selectivity, and
sensing properties. Tailored electrode surfaces have subsequently found use beyond purely
electrochemical study in applications such as corrosion studies, molecular electronics.™
176 177

energy conversion and enzymatic fuel cells;” industrial electro- or bio-catalysis reaction;

as well as immunoassays and sensor$’81"®

Figure 3.1. Requirements of a selected modification method to be suited for biosensor¥?
Electrode modifications for electrochemical biosensing can provide both benefits and
drawbacks to a biosensor and must meet the requirements shown in Figure 3.1. The
benefits of surface modification should be: increased specificity, selectivity, sensitivity and
the improvement of performance due to the prevention of surface fouling .*8%%'% The
drawbacks of surface modifications are that they can require expensive and timely
procedures, can introduce irreproducibility if the modifiers are unstable, and may make the
application of the sensor too niche, reducing profit capability. Therefore, t he performance
of the electrode modification chemistry must be optimised for the sensing application. This
chapter focuses on using triazabutadiene
the glycofluoroform -polymer conjugate used in the previous chapter. To provide some

context, diazonium electrode modifications will be briefly reviewed.
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