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Abstract

Scarcity was during millennia the main concern to humans regarding food and
water. Hunger and malnutrition are still a shameful reality of humankind but over 90%
of the world’s population has left this blight behind and human attention has shifted
towards food quality. The most important feature of food quality is its safeness. And
although most of us take the safety of what we eat and drink for granted, the World
Health Organization estimates that every year hundreds of millions of people

worldwide fall ill and near half a million die after ingesting poisoned food or water".

Pathogens are responsible for a majority of cases of foodborne diseases?. Many
species of bacteria, capable of surviving outside the host for long periods of time, are
especially dangerous®. Phenomena like climate change, increase in the consumption
of processed food, world trade and the aging of the world population have only
increased the risks of food/water biocontamination. Current methods to detect bacteria
in food matrices have significant drawbacks, especially in the face of the challenges
mentioned above. Electrochemical biosensors are an excellent alternative thanks to
combining their high sensitivity with other features like simplicity, fastness, and

portability.

Cholera, the illness caused by the bacterium Vibrio cholerae, is still a prevalent
foodborne disease in some regions of the world. This thesis describes the efforts to
develop a new electrochemistry biosensor based on saccharides to detect in water the

toxin produced by V. cholerae and prevent cholera disease.



Abstract

Chapter 1 lays down the problem caused by cholera and the need to improve
the detection of V. cholerae. It also explains the concept of electrochemical biosensors
and includes examples of this technology to detect bacteria, in particular V. cholerae.
Chapter 2 sets the objectives of the thesis, while Chapter 3 describes the principles

of the experimental techniques used in this project.

The following four chapters constitute the experimental sections of the thesis per
se. Chapter 4 reports on the experimental procedures implemented and the chemicals
used through the project. Chapter 5 is devoted to synthesising small sulphur-
containing hydrazide molecules to work as linkers between the sensor’s transducer, a
Au(poly) electrode, and the biorecognition element (BRE), a sugar. It also explains the
difficulties of using these linkers to integrate both elements. In Chapter 6 sulphur-
containing polyhydrazides are employed as alternative linkers: following glycosylation
with Gal and Lac, cyclic voltammetry (CV) demonstrates their successful adsorption
on Au(poly) electrodes. Finally, Chapter 7 describes the detection of cholera toxin
subunit B (CTB) using Au(poly) electrodes modified with glycosylated polyhydrazides
and different electrochemical techniques (ie., electrochemical impedance
spectroscopy, EIS; and square-wave voltammetry, SWV). According to the preliminary
results shown in this chapter, SWV would allow a qualitative detection of CTB in water

whilst EIS also a quantitative analysis.

This text is completed with Chapter 8, which draws conclusions from the results

obtained in previous chapters and discusses the next steps and future perspectives.
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Abstract

This thesis demonstrates that polyhydrazides can be used as linkers to
immobilise sugars on Au electrodes. It also shows some promising results to use this

platform in electrochemical biosensors to detect the cholera toxin (CT).
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Chapter 1

Introduction

1.1 Foodborne Disease

Human life is sustained upon four basic physiological activities: breathing,
sleeping, eating/drinking, and excreting. In regard to significant progress been made
in the last decades, today ca. 20% of the world population lack basic sanitation
services, with 890 million practising open defecation (Figure 1.1): they excrete
outdoors (in the fields, bushes, rivers, canals, open bodies of water, beaches, and
other open spaces) exposing themselves to infectious disease. Besides, more than
800 million do not have access to enough food or water’. These problems are

concentrated in certain parts of Africa, Asia, and Latin America.

% of population <y \1 ?

ASDA
<4.94 \’?M I
4.94 - 12.03 b
12.03 - 20.74 /( S
20.74 - 30.67 )
B 3067 " OPEN DEFECATION

Figure 1.1. Map with the percentage of people practicing open defecation in the world in
2020 according to The World Bank®.
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Another issue related to food and water consumption affects every person on the
planet: foodborne diseases (FBD). Humans can suffer from disease after ingesting
food or water due to the presence of pathogens (bacteria, viruses, fungi, parasites),
toxins, prions, chemicals, radioactivity or even physical agents®. According to the
World Health Organization (WHQO) near 1 in 10 people fall ill and around 400,000 die
every year after being poisoned with food or water'. People with weakened immune
systems -i.e. infants, young children, pregnant women’ and old adults®- are most at
risk®, with children accounting for almost one-third of all deaths'. This is not only a
concern in countries with weak health systems; estimates in the UK set at more than
500,000 per year the number of cases of FDB caused by known pathogens, more than
2 million overall''"'3. These figures are just approximations since many individuals do
not seek medical treatment and sometimes it is difficult to fully assess the contribution
of consumption of poisoned food in chronic illnesses such as liver and kidney failure

or cancer®.

The impact of FBD does not only affect the wellbeing of individuals; it hinders the
socio-economic development of populations with school and work absence and
medical care costs' '° (Figure 1.2). Moreover, key economic sectors in many
countries -e.g. tourism, agriculture, food industry and trade- are especially exposed to
FBD'®. Furthermore, contamination of food or water with microorganisms or their toxins

can be used for terrorist purposes’’.
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ﬁnpact of Foodborne Disease \

[HUMAN COST] —[ FINANCIAL COST ]7

‘ Pain, Grief ’ ‘ Medical ’ ‘ Individual ‘ Earning ’ ‘ Disturbance ’ ‘ Education
& Suffering Costs Costs Loss Costs Disruption
* lliness - GP * Transport to » Sick absence + Administrative  + Lessons lost
health facilities
* Death « Hospital * Production + Administrative
» Medication

* Help line
* Funeral
* Administrative

Figure 1.2. Diagram showing the human and economic costs caused by FBD.

Besides a human cost resulting from the worsening of an individual’s wellbeing,
FBD have a profoundly negative economic effect, either directly (medical and
funeral costs) or indirectly (disturbance of educational and productive activities).

Food safety can be described as the ‘activities to protect the food supply from
microbial, chemical, allergenic and physical hazards that may occur during all stages
of food production and handling’*®. In most countries, local, regional and national
infrastructures exist to guarantee food safety, like the Foods Standards Agency?°
(FSA) in the UK or the Food and Drug Administration?’ (FDA) in the USA.
Globalisation, with a fast increment of the movement of people, goods and services,
has also prompted the emergence of international food safety organisms like the

European Food Safety Authority?? (EFSA) in the EU.
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1.2 Bacteria and Food Safety

One of the main vectors of foodborne iliness are bacteria?>-?° (Figure 1.3).

Laboratory Confirmed Foodborne Cases
UK - 2018
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Figure 1.3. Percentage of FBD cases in the UK in 2018 by pathogen?® and estimation
of the yearly number of deaths (red figures on top of columns) caused by some key
microorganisms dangerous to humans?’.

In the UK, Campylobacter bacteria, present in raw or undercooked meat and
unpasteurised milk?®, is the leading cause of foodborne poisoning with more than
250,000 cases reported per year?®. Salmonella (undercooked meat, raw eggs and

dairy products) and Escherichia coli O157 (undercooked beef in mince, burgers,
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meatballs and unpasteurised milk) cause the highest number of hospitalisations due
to FBD?. Listeria monocytogenes, found in chilled, ‘ready-to-eat’ foods (like
sandwiches) is a threat for people with weak immune systems causing death in the
elderly and miscarriage in pregnant women?® 30, In developing countries, cholera,
caused by the ingestion of water or food contaminated with the pathogen V. cholerae

(strains O1 or O139), is a primary vector of FBD.

1.3 Current Detection of Bacteria in Food or Water

Because of the importance of food safety, there has been a constant effort to
improve the detection methods of pathogens in food and water. However, the detection
of bacteria in food matrices presents significant challenges of sensitivity -a single
pathogenic individual can cause disease- and specificity -the components of food,
including other non-dangerous microorganisms, can act as interferents®! 32, The
conventional methods for detecting foodborne pathogens are cell culture, nucleic acid-

based methods, and immunological-based methods.

1.3.1 Cell Culture

The gold standard methods for bacterial detection in food and water, including V.
cholerae®, are based on cell culture3*. They consist of leaving a potentially
contaminated sample under ideal bacterial growth conditions and waiting to see if
microorganisms develop. These methods overcome the beforementioned issues of

sensitivity and specificity.

School of Chemistry 5



Development of a New Electrochemical Glycosensor
for the Detection of the Vibrio Cholerae Toxin

Nevertheless, although reliable, they present essential drawbacks. For example,
the detection turnaround is too long (at least 1 to 3 days), which increases the risk of
the spread of outbreaks. In addition, the process is laborious and requires specialised
facilities making it impossible for an ideal point-of-care (POC) analysis. Finally, bacteria

are not detectable if in their inactivation phase3> 6.

These shortcomings are significant when pathogenic outbreaks occur in isolated
or economically deprived areas®” with a lack of robust health systems, as is the case
of cholera disease>® *°. However, there are alternative methods to reduce the time of
analysis**-42, the so-called molecular methods*® or rapid methods®'. They can be

divided into nucleic acids-based methods and immunological-based methods.

1.3.2 Nucleic Acid-based Methods

Nucleic acid-based methods (Table 1.1) detect bacteria -and other pathogens

like viruses- through the presence of their genetic material in a sample.
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Table 1.1. Main nucleic acid-based methods for detecting bacteria and their principle

advantages and disadvantages.

Nucleic acid-based

Advantages Disadvantages
Methods
High sensitivity Expensive
. o Non-portable
Simple PCR and High specificity o
Multiplex PCR Reliable Affected by PCR inhibitors
Automated Difficult to distinguish
viable from non-viable cells
High sensitivity xpensive
: o -portabl
High specificity Non-portable
. Difficult to distinguish
Reliabl . .
cHanie viable from non-viable cells
Real-time PCR Automated
Reproducible Affected by PCR inhibitors
High speed Requires expertise
Real-time analysis Potential cross-
-contamination
Sensitive . _ _
) Requires viable organisms
NASBA Specific .
Complex (handling of RNA)
Low cost
High sensitivity
High specificity . .
LAMP Complex (primer design)
Low cost
Easy to operate
High sensitivity Expensive
High specificity Requires expertise
Oligonucleotide )
DNA microarray Simple Complex
Multiple pathogen Difficult to distinguish
detection viable from non-viable cells
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The most popular of them, polymerase chain reaction (PCR), uses the enzyme
DNA polymerase to amplify the DNA of the microorganism (Figure 1.4); the amplified
DNA can then be detected with different techniques, for instance, staining with
ethidium bromide and using electrophoresis**. PCR has been used to detect bacteria
in food and water®®, including cholera*®. Some examples of upgraded PCR that offer
faster, more sensitive and specific analysis®! are multiplex PCR*” (mPCR) and real-
time or quantitative PCR*’ (qPCR). Nucleic acid sequence-based amplification*?
(NASBA), loop-mediated isothermal amplification*®: 5° (LAMP), and oligonucleotide
DNA microarray®' are other nucleic acid methods utilised to detect bacteria. However,
all present at least a substantial disadvantage: the inhibition of the enzyme in the case
of PCR-based methods, a high price, expensive equipment, need of technical
personnel, laborious preparation of samples (e.g. extraction of nucleic acids from a

sample) and others*°.
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Polymerase Chain Reaction (PCR)

DNA
polymerase ( ) 3 TITTITITIT
Primer — T
ITTTTTTT > TTTTTITTTIT /4'
DNA — o~ ————
present in 1 /2' - N
the sample A TTTIT] -7 "

Step 1: denaturation of DNA (95-96 °C)
Step 2: annealing (68 °C)

Step 3: elongation (72 °C)

Step 4: 20-40 repetitions of the 1-2-3 cycle

Figure 1.4. Steps to conduct PCR analysis on a DNA sample. In Step 1 the two
strands of the DNA double helix are separated by denaturation after applying high
temperature. During Step 2 the temperature is lowered and DNA primers are
added to bind to the DNA strands (templates) obtained in the previous step. A DNA
polymerase is added in Step 3 to produce the complementary strands of the
templates from the primers. Step 4, the last step, consists of a series of repeats of
the three previous stages until enough genetic material is obtained for analysis
(e.g. staining it with ethidium bromide and electrophoresis).
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1.3.3 Immunologically-based Methods

Immunologically-based methods (Table 1.2) depend on the interaction between

an antigen and its correspondent antibody.

Table 1.2. Principal immunological-based methods to detect bacteria and their
advantages and disadvantages.

Immunological-based

Methods Advantages Disadvantages
Low sensitivity
Sensitive False negatives

ELISA Automated Lack of specificity

Allows bacterial toxin Requires expertise

detection
Complex
Low cost
Lateral flow Sensitive T
. Reliability issues
immunoassay Specific

Easy to operate

Enzyme-linked immunosorbent assay®? 53 (ELISA) is the preferred amongst the
immunologically-based methods to detect foodborne pathogens (Figure 1.5). However
sensitive and selective, ELISA requires trained personnel, specialised and expensive

equipment and it is challenging to prepare a test*® 5455,
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Escherichia coli

Horseradish
peroxidase

Antibody of
Escherichia coli

T—— Enzyme-functionalised

antibody of Escherichia coli

Figure 1.5. Schematic representation of an ELISA method in sandwich
configuration®®. A sample is put into contact with antibodies (blue) immobilised on
a support (e.g. Au nanoparticles, AUNP). If the antigen is present in the sample (e.g.
E. choli), it interacts with the antibodies allowing a second antibody (green)
carrying an enzyme (e.g. horseradish peroxidase) to attach. The analytical signal is
obtained measuring the product of an enzymatic reaction, in this case the
oxidation of 3,3’,5,5'-tetramethylbenzidine (TMB), in the presence of hydroxide
peroxide (electron receptor).

Immunochromatographic methods, also known as lateral flow analysis®’, have
circumvented some of these problems but at the cost of being less sensitive®e,
Moreover, if the matrix is complex, a pre-treatment of the sample requires labour-
intensive work and equipment®® . Both ELISA and immunochromatographic

methods, though, have been used to detect V. cholerae®’ 2.

Nucleic acid-based methods and immunologically-based methods significantly

improve bacterial detection in food and aqueous matrices, especially by reducing the
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turnaround. But although efficient and reliable, they have serious drawbacks*® as
shown during the Covid-19 pandemic in early 2020: they are complex®, or
expensive®, or need specialised personnel and equipment®® or lack sensitivity>8.
Therefore, if not impossible, their use is difficult in those regions most in need of
advancing food and water safety, like developing countries and isolated areas.
Furthermore, they are not helpful for applications where real-time and POC are

priorities like food industry®®, healthcare®” and defence®®.

1.4 New Challenges for the Detection of Bacteria

In the last decades, new phenomena have risen the threat to food safety, making
necessary an upgrade of currently available methods. For example, the fast-growing
and fast-ageing world population® augments the number of most vulnerable people,
increasing the need for POC analysis. Since the 1980s urbanisation has worsened the
situation with the formation of slums with poor water and food safety infrastructures
that favour the emergence of FBD. In better-off city areas, the dependence on
agribusiness (industrialisation of farming) can also result in the spread of this type of
diseases®®. Besides, the widespread use of antimicrobials in industrial agriculture’®
has increased the resistance of these microorganisms, making them a growing threat

to food safety.

Globalisation”' has been a game-changer in food consumption and poses a new

threat regarding FBD. The food we put on our plates comes today from anywhere in

the world, with severe implications to food safety like differences in quality controls in
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origin and destiny countries; or more vulnerable food chains prone to contamination
during transport. Furthermore, there is a change in the consumption habits: pre-
processed, frozen and on-the-way foods are becoming prevalent and they are more

susceptible to being infected by microorganisms’? 73,

Climate change’* 7% is a considerable risk to food safety for many reasons. For a
start, the increase of temperatures is forcing the review of food chain procedures to
avoid contamination and also expanding the areas of the planet where pathogens
thrive’”. Besides, a higher number of natural disasters will put food chains and water
supplies under strain, as happened in Mozambique in 2019 when the cyclone Idai

ravaged the water infrastructure of the city of Beira’®.

These new factors have intensified the necessity to develop bacterial detection
methods that are fast and reliable in terms of sensitivity and selectivity; but also simple
to use, reproducible, reusable’, robust, inexpensive and portable so they facilitate a
broader use and the possibility of being employed whenever and wherever needed.
This would particularly benefit populations at high risk in developing countries, isolated
areas, regions affected by natural disasters, countries engulfed in violent conflicts; and

also food production centres, food distributors and food retailers.

1.5 Biosensors

Biosensors are sensing devices with two main components: at least one

biological or biological-derived element (e.g. a saccharide, nucleic acid, protein,
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enzyme, cell, tissue), called biorecognition element (BRE) or bioreceptor; and a
transducer®®. The interaction between the BRE and an analyte produces a
physicochemical change that is transformed by the transducer into a measurable
signal, e.g. an electrical one. Then, the measurable signal is processed to generate a

useful display for its interpretation (Figure 1.6)%" 82,

g &)
Sample Q q
2o

S P

—)

Electric
Signal

T

Biorecognition ~ Transducer Electric  Recording
Element Processor  and Display

Figure 1.6. Essential components and the general working mechanism of a
biosensor. In a biosensor, a BRE highly specific towards the analyte is immobilised
on a transducer connected to an electric processor. The interaction between BRE
and analyte generates a physicochemical change transformed into an electrical
signal by the transducer and displayed as interpretable information following its
treatment by the electric processor.

Since the 1980s there has been a growing interest in biosensors as analytical
tools®3. Already well established in clinical analysis, they have started to make inroads

in other fields like environmental or food and water analysis, including sensing
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microorganisms® 85 Their potential in terms of sensitivity, fastness, simplicity, low
cost, robustness, stability, portability, miniaturisation or simplification/elimination of
sample preparation makes them an excellent alternative to previously commented

methods®®.

1.5.1 Biorecognition Elements

The BRE is the principal component of a biosensor, ultimately defining the
device’s main capacities and overall design. Since the employment of an enzyme in
the first biosensor®’, the list of BRE has continuously grown: small organic molecules,
nucleic acids, proteins, lectins, saccharides, peptides, antibodies, polymers,
organelles, tissues, whole cells, phages, and more. Biosensors can be classified

according to the nature of this element (Table 1.3).
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Table 1.3. Types of biosensors according to their BRE and examples. The examples
include the detection of the cholera toxin subunit B (CTB), an algae neurotoxin that
accumulates in shellfish, sardines and anchovies (domoic acid), the neurotoxin
tetrodotoxin®® (present in some fish) and the botulinum neurotoxin type A (BoNT/A).

Type of Biosensor BRE Analyte Reference
Chiriaco ef al.®
I Antibodi T
mmunosensor ntibodies C Khan ef al.%"
. V. chol
Genosensor Nucleic acids 01 acnc? grlc;eg ) Yuetal
Aptasensor Aptamer CT Bruno et al.’’
Molecularly
Molecularl . .
SRy imprinted Domoic acid Kubo et al.”’
imprinted
polymers
Enzymatic Urease Urea Lakard et al.
Glycosensor Saccharide CTB Jeong et al.”?
CT Tark et al.®?
Lipid-based Lipid CT Viswanathan et al.”’
CT Pan et al.”
Tissue-based Tissue Tetrodotoxin Cheun et al.®’’
Cell-based (CBB) Cell CT Lin et al.”®
. ) BoNT/A Frisk et al.”®
Peptide-based Peptide © rsketa

Listeria cells Tolba et al.’?”

A priori, selectivity is the most important quality for a BRR. However, the final
performance of a biosensor depends on many other factors that can make a highly
selective BRE not the best option. For example, antibodies are amongst the most
selective molecules in nature and have been used to detect FBD like cholera.
Nevertheless they are expensive'®! and biosensors based on them are challenging to

produce due to immobilisation and orientation issues'02 103,
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A. Saccharides

Saccharides, also known as carbohydrates or sugars, constitute one of the four
classes of organic biomolecules together with proteins, nucleic acids, and lipids. They
are the most ubiquitous and cellulose, a linear polymer of glucose, is the most

abundant organic material on Earth'%4.

The chemical composition of saccharides is homogeneous with most sugars
containing only carbon, hydrogen and oxygen'®. However, their structural diversity'%®
and their association with other biomolecules (i.e. lipids, proteins) confer them critical
roles in many biological functions such as energy supply, structural, cell recognition,
cell signalling or immunology'%-11°, Saccharides are divided into monosaccharides
(Figure 1.7), oligosaccharides (up to ten monosaccharides linked by glycosidic bonds)
and polysaccharides or glycans (more than ten monosaccharides joined by glycosidic
bonds). All monosaccharides contain one carbonyl group, either an aldehyde (aldoses)
or a ketone (ketoses); and at least one asymmetric carbon (except for
dihydroxyacetone)'''. Much of the enormous diversity of monosaccharides is due to
the presence of chiral centres: 250 monosaccharides have been discovered in nature,

almost all of them pentoses or hexoses''?.
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(B-Gle) (B-GlcNAc) (B-Gal) (B-GalNAc)
Ho —\© HO 0 e
HO’% |.o HMOH H%&/OH
5b HO OH 6b OH 7b oH
B-D-Mannose B-D-Xylose B-D-Glucuronic acid
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Figure 1.7. Some of the most common monosaccharides found in vertebrates
shown in their cyclic form*!3 (only one stereoisomer); NeuAc is the most common
form of sialic acid. Most of these sugars are pentoses and hexoses and their
chemical composition is almost exclusively made of C, H and O.

The cyclisation in aqueous media of monosaccharides of six or more carbons into
rings of five or six atoms is paramount to explaining their physical and chemical
properties. The rings are generated after one hydroxyl group of the open chain reacts
with the carbonyl carbon, which becomes a new chiral centre and is called anomeric
carbon. The cyclisation generates two hemiacetals, the conformers a and . The
instability of the cyclic forms makes the reaction reversible and the equilibrium between
open and closed isomers is reached. This phenomenon is known as mutarotation’".
The chemistry of the anomeric carbon is strongly influenced by the anomeric effect’'4,
originally described by the IUPAC as ‘the thermodynamic preference for polar groups
bonded to C1 (the anomeric carbon of a glycopyranosyl derivative) to take up an axial

position’"'® (Scheme 1.1).
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CH,OH
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HO Br ——a—w HO

OH
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Scheme 1.1. Equilibrium between two isomers of a hexopyranoside (10) with a
polar group (Br) on carbon C1 (anomeric carbon)!'®. Due to the anomeric effect, a
stereoelectronic effect, unfavourable Coulombic interactions between the
unshared electrons of the ring O and the polar group Br force the latter to
predominantly occupy the axial position.

This arrangement is contrary to the general chemical principle for which the most
stable configuration of a non-conjugated six-member ring presents the substituent
groups on equatorial position to avoid the steric hindrance between them when located
in axial position. An axial orientation of the polar group on C1 (Br) would avoid
electrostatic repulsive forces appearing between unshared electrons of the ring oxygen
and the polar group. However, the phenomenon is not limited to the anomeric carbon
of saccharides. A generalised anomeric effect has been described for the preference
of gauche (synclinal) over antiperiplanar conformations in molecules with a C-X-C-Y
segment, where X is an element with lone pairs of electrons and Y is a highly
electronegative atom (e.g. O, N, halides)''® ¢ (Figure 1.8). Although mainly explained
by the accumulation of negative density of charge and the occurrence of Coulombic
repulsive interactions, the anomeric effect is very complex and other factors must be

considered for a complete explanation'”.
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5

Y
5 <7

Antiperiplanar Synclinal

Figure 1.8. General anomeric effect explained through Newman projections. The
initially more stable antiperiplanar conformation with the group Y occupying an
equatorial orientation (left) is disfavoured due to more Coulombic repulsions
(double arrows) between the cloud of electrons of Y (&) and the unshared
electrons of X (&).

If the number of natural monosaccharides is enormous considering the limited
number of elements of their composition and small carbon backbone, the bonding
between them through the glycosidic bond (Scheme 1.2) explains the huge diversity
of sugars. This bond, the essential linkage in all polysaccharides, forms when a
hydroxyl group from one saccharide binds to the anomeric carbon (aldehyde or ketone)
of another. Thus, in general, the bond and chemistry of glycans are deeply influenced
by the early explained anomeric effect. Glycosidic bonds also form when the hydroxyl

group pertains to another type of molecule, including biomolecules like proteins''é.
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Scheme 1.2. Glycosidic bond between galactose (Gal) and glucose (Glc) to produce
the disaccharide lactose (Lac)!'3. During the condensation reaction, the hydroxyl
group of the anomeric carbon (C1) of Gal is lost as a water molecule due to the
nucleophilic attack on C1 of a hydroxyl group of Glc and the formation of an acetal.

The involvement of many saccharides in functions like cell recognition,
adherence and signalling, where they act as highly specific cellular receptors for other
molecules, makes them attractive as BRE. Particularly abundant are glycan
interactions with proteins called glycan-binding proteins (GBP)''°. GBPs can be
intrinsic, if they bind saccharides from the same organism, including sometimes from
the same cell; or extrinsic, when the carbohydrate pertains to a pathogen or
symbiont'?”. These interactions can be particularly useful for the design of biosensors
for the detection of pathogens because many of them use saccharides as a target of

the host cells (Figure 1.9).
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Figure 1.9. Interaction between the GBP proteins of a bacterium and the
saccharides of a host cell. The interactions can be monovalent (A), with a single
protein binding a saccharide; or multivalent (B), where various proteins bind the
same sugar at a time!?°,

The interaction is usually mediated by microbial GBPs, for example lectins
containing a carbohydrate-recognition domain (CRD) for binding''!. Bacterial lectins
are commonly known as adhesins because of this function. Various bacterial toxins
also depend on glycans to lock onto the cell membrane and start internalising their
infectious domains, like CT of V. cholerae and the Shiga toxin of Shigella
dysenteriae’'. The normally low affinity of this type of interaction is compensated with

multivalent binding™'".

Beyond the specificity of saccharides towards pathogens or their virulent agents,
these biomolecules present multiple characteristics that give them an edge over other
BRE. For instance, they are cheap and easy to obtain, a fundamental characteristic to

develop a sensing platform aiming for wide use. They are also robust, important in
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terms of durability and reproducibility; and are relatively easy to transform chemically

and work with, essential to facilitate their incorporation into transducers.

Independently of the nature of the BRE, though, its final performance will be

highly dependent on its integration with a transducer.

1.5.2 Transducers

Biosensors are often classified according to the type of transducer'?? 123 in
electrochemical'?*, piezoelectric'?®, thermal'?® 127 (or calorimetric), magnetic'?® and

optical’?®.

Optical and electrochemical biosensors are the most popular for the detection of
pathogens'23, The former are based on how the interaction of the electromagnetic field
(light) with a BRE changes when the latter interplays with an analyte3. They are highly
sensitive and selective'?®; amongst their most significant disadvantages is the difficulty
of making measurements in turbid samples'?3. Electrochemical biosensors offer high
sensitivity, fastness, accuracy, portability and reliability at a lower cost than optical
devices'?3. Their biggest challenge is to achieve high selectivity. The transducers of
electrochemical biosensors, electrodes, are typically made of allotropes of C, such as
graphite, glassy carbon or carbon nanotubes'; or metals, e.g. Au, Ag, Pt or Pd. More
recently other platforms have also become popular, like conducting polymers
(polyelectrolytes), metal oxides'®? like indium tin oxide'3 (ITO), or composite materials
that combine different types of the above®. To improve the performance of

transducers, a common strategy in electrochemical biosensors has been the
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incorporation of nanomaterials onto the electrode like metallic nanoparticles'*, carbon

nanotubes or graphene3%.136

A. Au Electrodes in Sensing

Au is regularly used in electrochemistry as electrode material. In terms of
electrochemical sensing applications, in regards to limitations such as price and a short
anodic range due to passivation'’, the noble metal offers many advantageous
features: high conductivity; inertness -including to most pure electrolytes in a wide
potential window (range)-; biocompatibility; big stable potential window in aqueous
electrolytes -high over-potential for oxygen evolution reaction (OER) and low
overpotential for hydrogen evolution reaction (HER); facile transformation into multiple
forms: sputtered surfaces, nanostructures -e.g. nanoparticles, nanofibers, nanorods-,
screen printed electrodes, arrays and others'38 139, compatibility with many surface
characterisation techniques™?. Au’s most significant advantage for biosensor design
is its easy chemical modification through diazonium salts and thiols. This topic is

discussed in section 1.5.3-B.

B. Electrochemical Techniques in Biosensors

The analytical signal in electrochemical biosensors originates from changes that
occur in an electrical current or an electrical potential following the interaction between
a BRE and an analyte. Depending on the electrochemical signal observed’?3 141
electrochemical biosensors can be classified in voltammetric, amperometric,

conductimetric'#? and impedimetric (Figure 1.10).

24 University of Birmingham



Chapter 1 - Introduction

ELECTROCHEMICAL
BIOSENSORS

|
CONDUCTOMETRIC [l AMPEROMETRIC

Differential Pulse

B e ) Cyclic Voltammetry
(CV)
Square Wave
Voltammetry (SWV)

Figure 1.10. Types of electrochemical biosensors according to the electrochemical
technique used. The analytical signal in conductometric biosensors originates from
variations of the conductivity in the liquid sample analysed. Amperometric sensors
measure changes in current intensity when a fixed potential is applied.
Impedimetric biosensors record alterations of the impedance in the
electrochemical cell. Finally, voltammetric sensing devices mesure the intensity of
current when different voltage programmes are applied in the cell.

In voltammetric devices an electric current is measured in function of a changing
potential, while in amperometric sensors the potential remains fixed. The
electrochemical signal of conductimetric sensors is associated with the conductivity of
the liquid sample measured'3. Potentiometric sensors record changes in the potential
and in impedimetric devices the analytical signal is the resistance generated in the
biosensor when an alternating current is applied'#4. Further details of those techniques

used in this work can be found in Chapter 3.
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1.5.3 Interfacing the BRE with the Transducer

Whatever the importance of the BRE and the transducer of a biosensor, there is
a crucial factor that determines its performance: how these two elements are
integrated. The integration affects many of the essential properties of the device, from
selectivity and sensitivity to lifespan and robustness'#. In electrochemical biosensors
the integration typically consists in binding a BRE onto the surface of the electrode, a
process known as immobilisation. The main factor that conditions immobilisation is the
nature of both elements. To obtain good sensing performance the immobilisation must
provide an adequate loading of the BRE onto the electrode; avoid non-specific
bindings; and produce a stable and durable modification of the electrode’®.
Occasionally, there are many other vital aspects to be considered: orientation or
conformation of the BRE once fixed on the electrode (this would be essential when
using enzymes and antibodies), reproducibility of the loading process or regeneration

of the sensing surface’?s,

A. Methods of Immobilisation

There exist many strategies for the immobilisation of bioreceptors onto
electrodes. When the attachment cannot be directly achieved'’, which is in most
instances, the biological element’#® 149 or the electrode surface'%-%2 can be chemically
modified to facilitate it. Although there are cases where good results have been
obtained with this strategy, the use of linkers'3 54  particularly chemical ones, is

necessary in most cases. The many different ways of immobilising BREs onto
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electrodes are often classed as physical and chemical methods depending on how

BRE and transducer interact, often through a linker (Figure 1.11).

Methods of BRE
Immobilization

l

Entrapment ‘Microencapsulation’ ‘ Adsorption ’

‘ Cross-linking ’

Electrostatic
assembled multilayer

Affinity

‘ Covalent Bond ’

Figure 1.11. Different methods to immobilise BREs on electrode surfaces for

electroanalysis. The methods are divided into physical and chemical methods,
depending on the type of interaction that keeps the BRE attached to the
transducer. The main physical methods are entrapment (the BRE is confined inside

a solid attached to the electrode), microencapsulation (the BRE is immobilised in a

membrane fixed to the transducer) and electrostatic assembled multilayer (the

BRE is embedded in a multilayer grown from electrostatic interactions). The
principal chemical methods are based on different chemical bonds between the

BRE and the transducer, often mediated by a chemical linker.

A.1. Physical Methods

The principal physical methods to immobilise BREs are entrapment and

microencapsulation (Table 1.4). In entrapment the BRE is confined inside a solid with

a porous matrix fixed on the electrode'®. The nature of the matrix varies: polymers?5®

(e.g. polyacrylamides, conducting polymers), sol-gels'® (e.g. alginate), carbon

paste’®, inks, resins'®®, hydrogels'®,...

Microencapsulation uses semipermeable

membranes to hold the BRE onto the surface of the electrode, providing stability and
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protection. Amongst those membranes used are cellulose acetate, polycarbonate
(Nuclepore™), collagen, polytetrafluoroethylene (Teflon™) and Nafion™16°. The less
employed electrostatic assembled multilayer method successively deposits layers of
oppositely charged molecules or polymers onto an electrode; since some BRE -e.g.
enzymes- are charged, they can be incorporated as a layer of the multilayer

construct'6?,

Table 1.4. Physical methods of immobilisation of BREs in electrochemical
biosensors?0 162-164 The table shows the main advantages and disadvantages of the
principal methods of physical immobilisation.

Physical Method of
Ve e e Advantages Disadvantages
Immobilisation
No BRE modification
Moderately difficult
Increase of response time
Entrapment Moderate cost
. Cost
Increased BRE stability
Simple
No BRE modification
Increased stability
G 1255 1o 1) Limited increase of
Micrcencapsulation Improved selectivity response time
Longer lifetime
Very flexible
Electrostatic No BRE modification Time consuming
assembled . . . .
> ] Very flexible Difficult implementation
multilayer
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A.2. Chemical Methods

This type of immobilisation requires chemical interaction between the BRE and
the transducer or the linker that connects them. Well-known chemical methods are
adsorption, bio-affinity, chelation or metal bonding, disulphide bond, covalent bonding,

and cross-linking (Table 1.5).

Adsorption is the simplest method of immobilisation. It is based on weak chemical
interactions like hydrogen bonds, van der Waals forces and hydrophobic forces; or
ionic bonds. An easy method to achieve this type of modification is drop-casting: a
solution of the BRE is deposited on the electrode and the solvent is allowed to
evaporate'®3, This functionalisation is highly dependent on the chemical and physical
conditions under which it takes place, such as temperature, ionic force (u), pH and

concentration,

Bio-affinity immobilisation relies on the high affinity between different
biomolecules like lectin-saccharide, antibody-antigen or biotin-avidin'®2. For all its
advantages, it always requires the previous attachment of one of the elements of the
pair onto the electrode; and, on occasions, the other has to be linked to the BRE too.
Regularly employed examples are the streptavidin-biotin system and proteins A or G
for the immobilisation of antibodies. Chelation or metal bonding is based on
coordinating part of the BRE with a metal centre previously attached on the

electrode62. 165, 166
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The presence of disulphide bonds in BREs, like in antibodies and proteins, can
be used for their immobilisation on electrodes. The in situ reduction of this bond into
thiols can be followed by their interaction with the surface of the electrode, for example

a Au electrode, resulting in specifically oriented and stable modifications?6? 167, 168,

The attachment of BREs onto electrodes through covalent bonds is a frequent
approach. With rare exceptions, it requires an initial modification of the electrode to
endow it with the chemical functional groups capable of reacting with the BRE. The
process can require various steps; for example, carbon-based electrodes are
electrochemically activated to introduce hydroxylic groups on their surface; then, a
further chemical transformation provides them with the desired functions’®3. On
occasions, this early modification is also necessary for the BRE. A critical issue during
covalent immobilisation is to prevent that neither the aforementioned previous
modification nor the final covalent union with the transducer gravely affects the
specificity of the BRE towards the analyte. Most covalent immobilisations are based
on reactions involving the following chemical groups present in BREs: primary amines
(-NH2), carboxylic groups (-COOH), ketones (-CO-), aldehydes (-CHO) and thiols (-
SH)'62. Cross-linking uses covalent bonds to connect two or more units of the BRE
through bi- or multifunctional molecules called cross-linkers'®3, e.g. glutaraldehyde and
isocyanate'®® 170, The resulting aggregates are then immobilised onto the surface of
the electrode via further covalent interactions or any of the previously commented
methods. An essential feature of some linkers employed with this method is the
presence of long moieties or spacers that can help to modulate the final performance

of the immobilisation'".
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Table 1.5. Chemical methods for the immobilisation of BREs in electrochemical

biosensorsi®? 162164 The table shows the main advantages and disadvantages of this

type of methodology.

Chemical Method of .
e ge Advantages Disadvantages
Immobilisation
No BRE modification
. Weak binding

Simple . '
Highly susceptible to the
environment (e.g. pH, T, u, E

Adsorption Low cost (egp HE)
Fast Short lifetime

Bio-affinity

Chelation

Disulphide bond

Covalent bonding

Cross linking

Easy electrode
recovery

Controlled BRE
orientation

Simple
Strong binding

Easy electrode
recovery
Strong binding

Increased stability

(eg. pH, T, W, E)

Controlled BRE
orientation

Longer lifetime

Increased stability

(eg. pH, T, W, E)

Longer lifetime

Random BRE orientation

Cost

Difficult implementation
Moderate binding

BRE modification
Moderate binding

BRE modification

BRE modification
Complex implementation
Cost

Time consuming

BRE modification
Increase of time of response
Time consuming

Moderate binding
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Actually, many designs of electrochemical biosensors require the use of several
immobilisation methods. Besides, when the direct immobilisation of the BRE onto the
transducer is not possible or desirable, which is in most cases, chemical linkers must
be used. A careful selection of this element can significantly improve the essential
characteristics of a biosensor: lifetime, robustness, stability, electron transfer, BRE
orientation, selectivity, signal/noise ratio, and others. The diversity of chemical linkers
used in electrode surface modification is as ample as the field of chemistry. Herein are
commented the two types of linkers employed in the experimental part: self-assembled

monolayers (SAMs) and polymers.

B. Self-assembled Monolayers

Self-assembly can be defined as the autonomous spatially arrangement of the
components of a system; the term was coined to describe the formation of the protein
capsid of viruses'’? 173, Self-assembly can be observed at all scales, from the growth
of crystals at the nanoscale, to the formation of schools of fish in the seas or in the
distribution of planets around stars'”# 175, Processes essential to life, like the formation
of lipidic bilayers'”®, the folding of proteins'’” or the coiling of DNA'’8, are dependent
on self-assembly. Self-assembly is driven by Brownian motion and the physical or
chemical interactions between the system components; thus, the importance of their
structure and composition'”? 74, The necessity of constant movement explains why
the phenomenon is favoured in elements with Brownian motion and why it is more
difficult to achieve as the number of components of the system increases'’®. Self-
assembly can be modulated by the environment with the use of templates or

augmenting the kinetics with stirring or temperature’”4: 180,
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One of the best-studied self-assembled systems in chemistry is the bidimensional
arrangement of molecules adsorbed on liquid surfaces -Langmuir films- or adsorbed
on solid surfaces -self-assembled monolayers (SAMs)'®'. When monolayers or
multilayers formed on liquid surfaces are transferred onto a solid they are known as
Langmuir-Blodgett films'82. Because of their higher stability, SAMs have found multiple
applications: protection of surfaces against corrosion, wetting control, tribology
(mechanical wearing, lubrication, and reduction of friction), patterning, adhesion, and
others'3% 181. 183 SAMs are regularly used in biosensing as linkers to immobilise the
BRE on the transducer thanks to their high stability, easy preparation, and flexibility.
The two main components of any SAM are a solid substrate and the headgroup of
adsorbed molecules that interact with it. The growth of SAMs can be achieved with
molecules binding from gas phase, from dissolution'®' or even with drop casting'8.
When dissolutions are employed, the main factors that can determine the degree of
coverage and packing are'®® 8 concentration of the adsorbate'®, solvent nature'®’:
188 presence of Oz in the solvent'®®, temperature’® 1 time of immersion’®? and pH'93.
Also, considering the substrate surface, its purity, free energy,
crystallography/reconstruction, cleanness and roughness'®. Although other SAM
systems are used to construct biosensors, like organosilanes on hydroxylated
conducting surfaces'®*, organosulfur compounds on Au are overwhelmingly preferred.
In this instance, the headgroup is usually a thiol that interacts with the metal to establish

a covalent bond'92 193.195 (1),

R—SH + Au® > RS —Au® + 1/2 H, (1)
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The strength and dynamics of the Au-S bond are very complex, with the
adsorption mechanism depending on many conditions, including the oxidation state of
Au'8s 19 Two different mechanisms (Figure 1.12) have been proposed'®: a
coordination bond between Au and a S atom that is still protonated; and a covalent
bond after the atom of S is deprotonated'®’. The reality is that, still today, there is no

complete certainty about the dynamics of thiols on Au surfaces and where the proton

; }
|

byl

goes after adsorption’98-201,

|

Figure 1.12. Two of the mechanisms proposed for the formation of S-Au bonds in
SAMs. On the left, the chemisorption of the thiol proceeds through the previous
formation of a thiolate radical; on the right, the protonated thiol adsorbs before
the break up of the S-H bond.

The use of disulphides produces the same type of bond, although some reports
point towards more perfect monolayers than when thiols are utilised. This is perhaps
due to the higher steric hindrance offered by disulphides when they approach the
surface to adsorb?®?2. The binding mechanism of disulphides on Au proposed by

Ulman'83 is:
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RS —SR + Aul — 2-RS — Au? (2)

The relative position of the S atoms in disulphides (Figure 1.13) seems to be

crucial and dithiols and cyclic disulphides can show better stability than thiols2°3,

HO ;w (OH\ H/c\w OKH (Hom H):H OH
B | T R

1 2 3 4

1 2 3 4

Figure 1.13. Proposed models for the adsorption on Au of different types of
disulphides. On top, steps of the adsorption of a linear disulphide; at the bottom,
stages of the adsorption of a cyclic disulphide.

Besides the head group, the other two parts of the adsorbate are also essential
to determine SAMSs’ final configuration: the backbone or chain and the end group or

tail group (Figure 1.14)"81,
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Substrate

Figure 1.14. Representation of the molecules of a SAM*8!, The molecules adsorb
on the substrate through chemical or physical interactions of their head group. The
stability of the SAM is also highly dependant on lateral interactions between the
backbone of the molecules. The molecules’ end groups, which comprise the region
of the SAM exposed to the environment, determine many of the properties of the
SAM.

Significant aspects of a monolayer, like the degree of packing, tilting or its
dynamics on the surface of the substrate, greatly depend on non-covalent interactions
(e.g. van der Waals forces, hydrogen bonds or n-n stacking in aromatic species®®#)
between the backbone of the molecules and between their end groups?°®; and on steric
effects of these two parts of the adsorbates. Overall they are fundamental to explaining
key properties of SAMs, like stability and wettability'®'- 183, The dual genesis of SAMs
is confirmed by two different kinetics: one fast associated with the adsorption of the

headgroup; another slow related to intermolecular interactionse3.

Since the adsorbates’ end group is the part of the SAM exposed to the
environment, it determines most of the physical and chemical properties of the layer.
If SAMs are so useful in biosensing is because they can immobilise BREs to the end

group through non-covalent or covalent forces?%. In some cases it is impossible to do
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it directly and a previous chemical transformation of the end groups (e.g. -COOH, -
CHO, -NHz2, -NHNH,, -OH) is necessary?°7-2°. Methods other than organic chemistry,
e.g. electrochemistry?'® and photoradiation?'!, can also be used. This process may be

laborious but bestows SAMs with an enormous versatility as platforms of biosensors.

In regards to their high stability, it cannot be forgotten that organosulfur SAMs on
Au are dynamic systems with adsorbate displacement on the surface’®® 199 212,
reconstruction of atomic surfaces?'® 2'* and desorption through the formation of
disulphides -in well packed SAMs- or radicals -when the degree of coverage is
smaller?'®-, Heterogeneous SAMSs can also be obtained employing mixtures of thiols?'
(e.g. R-SH and R’-SH), asymmetrical disulphides?'” (R-S-S-R’) or asymmetrical

dialkylsulphides?'® (R-S-R’).

C. Polymers

Polymer molecules are molecules of high relative molecular mass constituted by
a repetition of one or various structural units called monomer units. The term polymer
is regularly, and ambiguously, used to describe both polymer molecules and the
substance they produce. The combination of monomer molecules to generate polymer

molecules is called polymerisation?'®.

Synthetic polymers have made inroads into biosensing thanks to their flexibility
in terms of composition and structure (Figure 1.15). Non-conducting polymers are
popular linkers to immobilise BRE in an effective and stable way??°; the conducting

ones can also enhance the analytical signal®?'. With molecularly imprinted polymers
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(MIP), polymer molecules have occupied the centre stage in biosensors becoming the

L

1,

BRE by themselves?22:223,

1
.

Linear polymer Branched polymer Grafted polymer
( ad | .,
@ ° ;. oo
, Y o * o J Co o0’
Linear copolymer Block copolymer Cross-linked polymer

Figure 1.15. Examples of polymer molecules. In some instances, the polymers were
obtained with more than one type of monomer (different coloured dots).

The main advantage of polymers versus SAMs is their greater robustness. In
addition, the fact that some are conductors due to m-electron conjugation in their
backbone??* augments their attractiveness in electrochemical biosensors??. Another
significant advantage is the possibility of an easy integration with other elements to
enhance the performance of this type of device, for example nanotechnology (e.g.

nanoparticles, nanotubes, and quantum dots)?26 227

The coupling or integration of BRE and polymer can be achieved at different times
(Table 1.6): simultaneously as the polymerisation takes place, for instance during
electropolymerisation?28-230; once the polymers have been obtained??' (and before or
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after they have been immobilised on the transducer), post-polymerisation; or the less
frequent pre-polymerisation?3? if monomer molecules are already functionalised. As
with SAMs, chemical modification of pendant groups of the polymer may be necessary

for the linkage??°.

Table 1.6. Methods of immobilisation of BREs on electrodes with polymers?6 162-164 The BRE
incorporation to the polymeric linker can be achieved before, during or after the synthesis
of polymer molecules.

I ilisati
mmobilisation BRE Macromolecule Analyte References
Method
Pre:- . Nucleotides Polypyrrole DNA Livache et al.
polymerisation
Gl id
ucc()cs}eoc;z;l ase Polypyrrole H20, Umafa et al.
Gl id
Simultaneous uco(sce} 8)’3 ase Poly(phenols) Glucose Bartlett et al.
polymerisation -
Horseradish
: Wollenberger
peroxidase Polypyrrole H>O» ot al
(HRP) '
Glucose oxidase Polvovrrole Glucose Schuhmann
(GOx) ypy et al 23
Pos.t . Antibody Polypyrrole Listeria Minett et al.
polymerisation monocytogenes
Oligonucleotide Poly(thlophene) Oligonucleotide Cha et al.
derivative

Amongst the functional groups of macromolecules that can be employed for post-

polymerisation immobilisation is the hydrazide group.

D. Hydrazides

A hydrazide is a functional group consisting of two N atoms joined by a single

covalent bond, with at least one of the four substituents being an acyl group
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(Figure 1.16). The lone pair of electrons on the amine group confers hydrazides to
their nucleophilic character. Its reactivity is enhanced by the presence of an
electronegative atom with another unshared pair of electrons in an adjacent position
(viz. o position): the phenomenon is known as the a-effect?** 235, The a-effect appears
to be related to the stabilisation of the transition state?3¢ by the presence of a high
charge density on the a position and increases when the atom on this location is found

further to the right and further up in the periodic table®®.

15 0O
12 13 14 § 0
O O S SH
H HN HO n
)k NH: \)I\N’N

N H o = H’?‘ O
H

a b C NHz g

Figure 1.16. Examples of hydrazides. (a) Linear hydrazide, (b) substituted linear
hydrazide, (c) cyclic hydrazide and (d) polymer hydrazide.

Hydrazides, like other N compounds like amines, hydrazines and
hydroxylamines, can be used in nucleophilic additions on aldehydes and ketones. The
only by-product is water and acidic conditions catalyse the reaction. The resulting C-N
double bond is relatively stable because the reaction is reversible via hydrolysis?38: 239
(Scheme 1.3). The final equilibrium depends on the pH of the medium?*° and the
reaction rate on the concentration of aldehydes and ketones?*'. The advantage of
using hydrazides versus the other nitrogenated compounds is superior stability
rationalised through the existence of a higher number of resonance forms in the

product, acylhydrazone. Only in strong acidic conditions (below pH 4) or at high
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temperatures is the equilibrium displaced towards hydrolysis?*2. The presence of

electron-withdrawing groups in the o position suppresses this possibility?*2.

H-O

O o) /‘
RT N RN T N \F|:

H-O

Scheme 1.3. Formation (forward) of a hydrazone bond between a hydrazide and
an aldehyde by a condensation reaction; (backward) hydrolysis of the hydrazone.

In recent years hydrazides have become very handy in bioconjugation?38: 243, 244,
Tagging, labelling and immobilising biomolecules (e.g. proteins?*S, saccharides?5,
antibodies?*’, and nucleic acids?*8) with hydrazides benefit from the facile formation of
a covalent bond in biological conditions with reactions that can be easily reversed and

whose only by-product is water.

1.6 Cholera

1.6.1 Historical and Geographical Remarks

The genus Vibrio**® comprises more than 70 species of bacteria that live in
shallow aqueous media, either in fresh water?5%: 251 or salty environments like estuaries,
coastlines and oceans?%? 253, At least 11 Vibrios are pathogenic to humans?%* causing
vibriosis?®®, like Vibrio parahaemolyticus and Vibrio alginolyticus. Most vibriosis cases
result from consuming raw or undercooked seafood and lead to watery diarrhoea

accompanied by nausea, vomiting, fever and chills; full recovery usually takes place

School of Chemistry 41



Development of a New Electrochemical Glycosensor
for the Detection of the Vibrio Cholerae Toxin

within 3 days. Vibriosis caused by Vibrio vulnificus is far more dangerous: it can
produce septicaemia (50% mortality rate) following the ingestion of contaminated food,
or amputations when open wounds contact the brackish waters where the pathogen
thrives?%6. The most notorious Vibrio species, though, is Vibrio cholerae, a comma-

shaped, flagellated, gram-negative prokaryote (Figure 1.17).

A-1677 5.0kV x20.0k

Figure 1.17. Scanning electron microscopy images of V. cholerae at different
metabolic states®®’. On the left, V. cholerae microorganisms from an
environmental isolate present a flagellum; on the right, V. cholerae bacteria from
a patient suffering from cholera.

Humanity has suffered seven pandemics of cholera since the onset of the first in
India?%8 in 1817; the last started in Indonesia?®® in 1961 and is still active. Cholera is
endemic' in some sub-Saharan Africa, Asia, and Haiti, showing seasonal patterns of
outbreaks3? 260. 261 (Figure 1.18). Zimbabwe registered one of the latest episodes of
cholera in 2018262263 V. cholerae is a halophilic bacteria autochthone of many coastal
environments and can prosper in freshwater?%4; this means that even non-endemic

countries are exposed to outbreaks if there is a massive displacement of population?%%

! Endemic cholera: the regular or seasonal presence of cases of human cholera.
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266 or water infrastructures are compromised. This happened, for example, during the
current civil war in Yemen?®” or in the aftermath of natural disasters?®® (e.g. the 2010
earthquake in Haiti?®® or floods in Bangladesh?’). In this regard, climate change is a

factor that could increase the number of outbreaks of cholera’: 271,

No. of cholera cases 4‘.‘

Non-endemic ‘ s
I <=1000 ],

1001 - 10000

10001 - 25000
25001 - 50000
I 50001+

Figure 1.18. Number of cholera cases in endemic countries in 2015%. Most
affected nations are found in sub-Saharan Africa and Asia.

It is difficult to establish the real burden of the disease?’? because many cases
go unreported for different reasons: a majority of episodes are mild or moderate and,
either no health help is sought, or they are identified with other causes of diarrhoea?’3;
there is a lack of proper surveillance infrastructure?’4; countries fear bad reputation
and sanctions?’® that can lead to economic loss, for example in tourism and trade.
WHO estimates that every year in the world 3 to 5 million people are infected with V.

cholerae and between 100,000 and 120,000 die?’S,
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1.6.2 The Cholera Disease

Cholera is a gastrointestinal illness characterised by mild-to-severe watery
diarrhoea described as rice-water stools. The illness is regularly accompanied by
vomiting and dehydration that produce initial intense thirst, fatigue, cramps in the legs
and sunken eyes?’7-278 Between 1% and 25% of those infected show signs of disease
and, of them, only 10% to 20% experience severe iliness?’® (cholera gravis) with
extreme dehydration and risk of death. Cholera has an incubation period of between
18 h. and 5 days?78-280, The symptoms can appear very fast, with the peak of watery
stools being reached only after one day. Therefore, in acute cases, death from severe
dehydration can take place in less than 24 h.278 281 particularly in infants and children,
the elderly and immunosuppressed individuals. Without fast and proper rehydration,
the death rate can reach 50%?2"8. For the worst cases, a rapid intravenous supply of
fluids is essential to replace the electrolyte loss. Antibiotics, ideally doxycycline, can
reduce the volume of excretion, the symptoms and the convalescence time?82. Their
general use, though, is not recommendable since it barely stops the disease’s spread
and generates resistance?®. Patients with milder symptoms can recover taking oral
rehydration salts®®* (ORS), although their efficacy is reduced in the elderly and

children?285,

Humans can contract cholera through the consumption of water or food that
contains V. cholerae3? 286, This can occur in two different ways: primary and secondary
transmission?®’. Primary transmissions originate from the reservoirs of the pathogen in
nature and can happen, either through the consumption or use of non-clean water or

seafood?88 (oysters, shrimp, clams, crabs, squid or even dry fish), especially when raw
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or undercooked; or by ingestion of food in contact with contaminated water. Secondary
transmission occurs if traces of the faeces of patients reach edibles or drinking
water?®®. Therefore, the disease is linked to the lack of clean water and proper
sanitation. With 850 million people who lack access to clean drinking water and 2.3
billion who lack basic sanitation, according to a WHO report?®® of 2017, there is still an
enormous human population highly exposed to the disease. The minimum inoculum to
cause the disease in individuals with normal acidic levels in their stomach is around
1 -10% microorganisms; when the gastric acidity is lower, doses as low as 1 -102 can
become infectious?®®. The seriousness of the symptoms depends on many factors:
bacilli strain, host factors like blood type?®', the quantity of bacteria ingested?®? and

others.

1.6.3 Vibrio cholerae Taxonomy

V. cholerae strains (Figure 1.19) can be identified through different methods:
traditional phenotypic strategies?®3-2% (e.g. serological testing, biochemical tests,
phage tests, antibiogram -susceptibility of a microorganism to different antibodies-),
molecular methods?%> 2% (most of them based on analysis of short nucleic acid
sequences) and whole-genome sequence (WGS). Accordingly, more than 200
serogroups have been recognised?®. However, only strains of serogroups O1 and
0139 have caused epidemics and pandemics. Until 1992 strains from serogroup O1
were solely responsible for severe episodes of cholera; since then a new infectious
serogroup, 0139, has become more prevalent. Based on phenotypic?®® and genotypic
features?%’, the serogroup O1 has been divided into two biotypes, El Classical and El

Tor, of which the strains of the latter produce more acute cases of cholera®%,
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Vibrio cholerae
o1 <>’9 non-O1 non-0O139
Biotypes Classical El Tor

/ AN

Serotypes Ogawa Inaba Hikojima Ogawa Inaba Hikojima

|

Antigens AB AC ABC AB AC ABC

Serogroups

Figure 1.19. Classification of the strains of V. cholerae?”. Based on bacterial
antigens, the strains are classed as serogroups, of which only O1 and 0139 include
microorganisms that cause epidemics and pandemics. Depending on the variability
of the antigens, serogroups are split into different serotypes. The serogroup O1
has been divided into biotypes according to genotypic and phenotypic features.

1.6.4 Vibrio cholerae Infection

Bacteria depend on virulent factors to enter their host, settle, replicate and
disperse®®. The infection of V. cholerae occurs in five stages (Figure 1.20): invasion,
colonisation, biofilm formation, toxin release, and shedding3®" 3%2. The process,
though, is very complex and is far from being completely understood3. Two virulence
factors, a type IV toxin-coregulated pilus (TCP) and the cholera toxin (CT), play a
central role. Here we describe some important aspects of each infectious stage, many

of them studied in animal models (e.g. mouse and rabbit).

46 University of Birmingham



Chapter 1 - Introduction

\"
IV
| I 1l v -
. ® o0 :.:.: /\L/\,’/\J_\’

Figure 1.20. Proposal of the stages of V. cholerae infection of the human intestine:
(1) invasion (food or water intake); (ll) colonisation (bacterial arrival and
recognition of intestine walls), (1ll) biofilm formation, (IV) toxin release and cell
penetration and (V) shedding of bacteria.

A. Invasion

The infection of V. cholerae starts with thousands of microorganisms passing
through the highly acidic human stomach. Since planktonic cells of the bacterium show
little resistance to acidic media, the ingestion of hyper-infectious bacilli excreted by
patients3%*, biofilms35 306 viable but non-culturable cells (VBNC)*7 or even

microcolonies®®? could favour this process?6°,

The intestine still presents an adverse environment for V. cholerae with the
presence of bile, high osmolarity, iron scarcity, commensals, antimicrobial peptides,
and other factors®%. To survive and colonise the intestine, the pathogen has developed
mechanisms whose regulation is also connected to an increase of virulence®%% 319, One

of them is a single polar, sheathed flagellum3®!' that gives it mobility (Figure 1.17). V.

School of Chemistry 47



Development of a New Electrochemical Glycosensor
for the Detection of the Vibrio Cholerae Toxin
cholerae uses it, in conjunction probably with chemotaxis', to move along the intestine
and traverse a mucus layer of between 115 to 450 um on its walls®'? (Figure 1.21).
However, there is still plenty of debate about how this happens302 311. 313, 314 The
microbes probably produce enzymes to break up the mucins, glycoproteins that are

the main component of the mucus, to reach the layer of cells3%2.

_ Intestinal flow
Intestinal ﬁ
lumen —>

Mucus

Glycocalyx

Intestinal
epithelium

Crypt of Lieberkiihn

Villus

Figure 1.21. Representation of the human intestinal epithelium. The epithelium
presents vascular projections, villi, that increase its surface area to absorb
nutrients. At their base are found the crypts of Lieberkiihn, regions of the
epithelium with cells dedicated to different functions such as defence, signalling
and regeneration. The epithelium is covered by a glycocalyx and a layer of mucus
of glycoproteins.

it Chemotaxis: displacement of an organism or part of it (e.g. a cell) induced by a chemical stimulus.
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Pathogens must adhere to the epithelial cells to start their infection®'3 315, The
process is mediated by various adhesins, although it is still poorly understood given
the difficulties to study the system in vivo in humans and the limitations of models like
the infant mouse?'® 317. One key adhesin is protein GbpA3'®. When GbpA binds N-
acetylglucosamine (GIcNAc) residues of mucin, it upregulates host genes for mucin
synthesis. An increase of mucin induces the bacillus to express GbpA further,
guaranteeing its binding and helping its colonisation3'®. After passing the mucus, V.
cholerae must overcome the glycocalyx (Figure 1.22) of the intestinal cells before

adhering to them.

Capillary lumen

Glycocalyx <

Rat endothelium from o

Figure 1.22. Microscopic image of the capillary endothelium of a rat and its
glycocalyx according to van den Berg et al.3%. The glycocalyx appears as a hairy
layer coating the surface of the endothelium.

Once on the surface of the cells, the bacilli prefer to adhere to the crypts of
Lieberkiihn and the base of the villi3"" 3'3; chemotaxis®?' could guide the process

according to results obtained with a rabbit model. This location probably helps them
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avoid the strong flow (Figure 1.21) produced by the peristaltic movements of the bowls

that could end up in their early excretion.

New adhesins step in at this stage. The adhesin multivalence adhesion molecule
MAM?Y is an outer protein found in many gram-negative bacteria. It interacts with other
proteins and with lipids on the surface of the epithelial cells during the first stages of
attachment of V. cholerae®??. The flagellum-regulated hemagglutinin A (FrhA) is
another promoter of binding to epithelial cells and colony enhancer?'®. As its name
indicates, it is regulated by genes associated with the flagellum expression. Thus, the
flagellum, as it happens in other pathogens®Z3, not only propels V. cholerae inside the

intestine but also helps it to settle on its walls324 325,

Pili are organelles that can also be involved in the adhesion of pathogens3?6. For
example, in most infectious strains of V. cholerae (0139 and O1 biotype El Tor)3?’, the
mannose-sensitive hemagglutinin pilus (MSHA) combines with the movement of the
flagellum to produce stable bindings onto the intestinal cells that become nuclei of
growth of microcolonies3?®. Outside the host, the chitin-regulated pilus (ChiRP),
another type IV pilus, is responsible for the attachment of the prokaryote to chitin

surfaces, like that of crustaceans32°.

B. Colonisation

The colonisation process is mediated by many factors and has not been
completely unravelled yet®> 33°, The microcolonies of V. cholerae in the small intestine

seem to start from a single bacterium®'® and grow with the production of clones only,
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without other external, free bacilli joining. The TCP is the main virulent factor for
developing and growing these colonies3®'! (Figure 1.23). TCP is a long (up to 7 microns
versus the 1.5 microns of a V. cholerae cell), thin (less than 10 nm) and flexible pilus33?
333 Its constituent, the 20,5 kDa protein TcpA, is called pilin. The gene’s transcription
that expresses this protein (tcpA) seems to be somehow regulated by the loss of
mobility of the bacterial flagellum3'® 334, The pilins of TCP are ensembled in the inner

membrane of V. cholerae before being extruded through the external membrane33.

Figure 1.23. Transmission electron microscopy image of TCP pili from wild-type V.
cholerae. TCP is one of the main colonisation factors of V. cholerae. Produced in
the inner cell membrane, the microorganism extrudes TCPs to facilitate the
colonisation of the host. The micrograph, reproduced from Li et al.>*3, shows a high
degree of bundling between pili.

TCP is associated with several aspects of V. cholerae virulence; its principal role

is self-aggregate to hold together the newly produced cells from an attached bacillus
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to form microcolonies33%: 3%, |ts biogenesis is also linked to another important factor for

the formation of microcolonies, the protein TcpF316. 337, 338,

Many other elements are involved in the process of colonisation, such as other
pili, proteins (e.g. outer membrane proteins, OMP), and hemagglutinins

(glycoproteins). However, they are beyond the scope of this work?%.

C. Cholera Toxin: Choleragen

Bacterial infections disrupt the host’s metabolism or kill its cells, either directly or
indirectly (autoimmune response, e.g. sepsis). The process is modulated by virulence
factors: bacterial adhesion to cells, invasion of cells or tissues and production of
capsules, cell wall antigens, endotoxins or exotoxins®°. Most exotoxins are proteins
with enzymatic activity. There are three types of exotoxins based on their mode of
action on eukaryotic cells: Type I, the toxin interferes in the transmembrane signalling;
Type Il, the protein directly modifies or damages the cytoplasmic membrane; and Type

lll, an enzymatic part of the toxin penetrates the cell*4°.

The main virulent factor of V. cholerae is CT, a Type Ill exotoxin (Figure 1.24).
CT is responsible for the principal symptom of cholera disease, diarrhoea®*'. CT is a
ABs hexameric protein with two subunits: subunit A has enzymatic activity (CTA) and
subunit B (CTB), also known as choleragenoid, has binding functions®*2 343, CTA is
approximately 27 kDa%*** and, although synthesised as a single polypeptide, contains
two differentiated segments or chains: a catalytic A1-chain and a A2-chain34%. CTB is

made up of five identical peptides of ca. 11.5 kDa each bound non-covalently into a
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ring-shaped homopentamer with a central pore (10 A diameter and 40 A long)3*°. The
helical chain A2 is embedded in this pore, anchoring CTA to CTB through its

interactions with the 5 peptides of CTB342.

CTA <

> CTB

Figure 1.24. 3D crystal structure of the V. cholerae toxin published by O’Neal et
al 3% and reproduced from the Protein Data Base (PDB), structure code 1S5E. Two
subunits constitute the endotoxin: subunit A (CTA, dark green) has enzymatic
activity and induces the toxicity of CT; subunit B (CTB), a homopentamer (each
peptide is coloured with a different hue), attaches to the surface of the host cell.

The monomer chains of CTA and CTB are synthesised in the cytoplasm of V.
cholerae and translocated through the inner membrane into the periplasm, where they
fold and ensemble to form CT347:348_ Afterwards, the whole holotoxin is secreted by the
Vibrio bacillus through the outer membrane3*° into the lumen of the host. Then, CT
suffers a pre-activation by an endoprotease synthesised and released by the own
bacterium339-3%2, This enzyme cuts CTA on residue 192348, physically separating chains
A1 and AZ2; nevertheless, they still hold together by a di-sulphur bridge

(Cys187=Cys199) and other weak interactions34? ready to infect a cell.
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D. Cholera Toxin Mode of Action

The CT produced by V. cholerae binds to monosialotetrahexosylganglioside
(ganglioside GM1)353-360 g sphingophospholipid, on the plasma membrane of the
epithelial cells of the intestine. Evidence points to CT binding several GM1 at a time36'-
363, The complex CT-GM1 enters the cell in different ways3¢* (Figure 1.25): clathrin-
dependent endocytosis3®®, clathrin-independent endocytosis®®® (caveolae) and a third
endocytosis mechanism3¢’, clathrin-independent carriers (CLIC), which does not
involve clathrins®® or caveolae®®® 370, Some literature describes CT travelling to the
Golgi apparatus inside endosomes, where it would split into CTA and CTB345 364,371,
Nevertheless, growing evidence suggests CT crosses the cytoplasm embedded in lipid
rafts and directly reaches the endoplasmic reticulum (ER)372-374,

CT
LN\

Caveolae Clathrln Clic

\

o |

=

Figure 1.25. Modes of CT penetration into host cells and migration in the

il
K@ﬁ

cytoplasm3®4. The entry of the toxin can occur via caveolar-dependent transport,
by clathrin-dependent endocytosis or through clathrin-independent carriers (CLIC),
where neither caveolae nor clathrins are involved. CT’s transport mechanism and
routes inside the cell are not entirely understood but it appears that the exotoxin
reaches the ER directly as part of lipid rafts.
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In the ER the chain A1 is disassembled from the rest of the toxin before being
translocated back to the cytosol. The exact transport mechanism between the ER and
the cytosol34® 375 376is not completely known but seems to require the unfolding of A1
and the hijacking of the ER-associated protein degradation path (ERAD)3*5 376-380,
Once in the cytosol, A1 fragments are refolded and start disrupting the regulation of
the transmembrane protein adenylate cyclase®': 382 (AC). AC, also known as adenylyl
cyclase [ATP diphosphate-lyase (cyclising; 3’,5-cyclic-AMP-forming), EC 4.6.1.1]%1,

is essential for the metabolism of the cell.

The regulation of the activity of AC is based on protein Gs, a type of membrane
protein G38. G proteins are associated with G-protein-coupled receptors (GPCRs),
another type of transmembrane protein responsible for signal transduction. The
interaction of GPCRs with extracellular stimuli (e.g. neurotransmitters, hormones, ions,
photons) provokes changes in their conformation and induces the activation of G
proteins384 385 |n this particular case, when Gs is activated it releases a guanosine
diphosphate (GDP) molecule from its alpha subunit (Gs,-GDP) and takes in a
guanosine triphosphate (GTP) molecule (Gs.-GTP). The formation of Gs.,-GTP
triggers its dissociation from the other Gs subunits®8¢ 387 (Ggg and Gs,) and its binding
to AC38. The attachment of Gs.-GTP to AC (AC-Gs.-GTP) sets off the synthesis of
cyclic adenosine monophosphate (cAMP)3#° from adenosine triphosphate (ATP).
cAMP, a second messenger, activates protein kinase A (PKA) which, in turn, opens
several ion-transport channels3®® 391 392" including CFTR (cystic fibrosis

transmembrane conductance regulator)3®3-3%_ One function of CFTR is to transport
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chlorine ions out of the cell36: 3°7; to maintain the osmotic equilibrium, the exit of these

ions is accompanied by the release of water from the cell®%,

However, Gs,-GTP has a slow endogenous GTPase activity to hydrolyse3®® GTP
into GDP. The hydrolysis regenerates Gs.-GDP and, since Gs,-GDP is not susceptible
to remaining docked to AC, the enzyme is deactivated by the release of Gs.-GDP and
the CFTR channels close. The freed Gs,-GDP associates again with the other Gs

subunits to regenerate the original trimeric complex Gg*°.

When the subunit A1 of CTA is in the cytosol the metabolic path described above
is disrupted. A1 is an ADP-ribosyltransferase34® and uses the coenzyme NAD* to
catalytically add ADP-ribose to Gs,-GTP382 401,402 Thjs inhibits the GTPase activity of
Gsa-GTP, preventing its hydrolysis into Gs,.-GDP and the subsequent dissociation of
the complex AC-Gs.-GTP. Therefore, the production of cAMP#93.404 does not stop and
the pumping of chloride through CFTR ion channels continues uninterrupted. As a
result, the intestinal epithelial cells cannot stop releasing water to maintain the internal
osmolarity. Because the blood capillaries that feed the epithelial tissue constantly
replenish the lost water, eventually the intestine lumen is flooded with water and the

excess of water provokes diarrhoea?’8: 296. 405, 406

E. Bacterial Shedding

Diarrhoea, the most characteristic symptom of cholera, serves V. cholerae to

spread if humans consume water or food contaminated with faeces*?” 4% Interestingly
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enough, the virulence of human transmitted strains is much higher (up to 100 fold) than
the virulence of strains found in the environment?®°. During episodes of cholera gravis
the individual can defecate up to 1 L of fluid per hour#®® 419 releasing between 107 and
108 bacteria per gram of stool*!', well above the minimum inoculum. The stools contain
planktonic bacteria and biofilm-like aggregates®°®> 412 the pathogen forms in the
intestine3?!, to consolidate its colonies*'3. The biofilm-like structures in the water-rice
stools contribute to the bacterium’s survival and the formation of a reservoir®®. The
prokaryote also uses various mechanisms to promote the shedding: for example,
expressing a hemagglutinin protease to detach from the intestinal walls*'4 4'5; or using
quorum sensing®3? to forward the transition between sessile and mobile forms in the

bowels to disseminate better3?!,

1.6.5 Perspectives

The abundance and diversity of V. cholerae strains in marine and coastal
ecosystems, together with the increasing number of people living on the coast; the
complexity of the microorganism’s life cycle and gene recombination; the lack of
vaccines that provide long-term immunisation; and the increasing bacterial resistance
to antibiotics and their limited effect on the disease*'®, all make it difficult to imagine a
foreseeable future where cholera iliness has been eradicated*'”. In this context,
improving preventive measures, including early detection of the pathogen, becomes

essential to reduce the burden it causes to humanity.
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Aim and Objectives

2.1 Aim of the Thesis

In the last four decades, electrochemical biosensors have emerged as a
promising alternative in the analytical field, including the detection of microorganisms
in food and water. However, despite thousands of scientific publications, most of them
have struggled to see commercial success. The main factors to explain this
disappointment are, on the one hand, the complexity or high price of the biorecognition
elements employed; on the other, the difficulties for optimal integration with a
transducer. This work aims at developing a new electrochemical biosensor for the
detection of the V. cholera toxin in an aqueous medium. The device has been devised
to use simple and inexpensive BREs, like Gal or Lac. Electrodes of polycrystalline Au,
Au(poly), are chosen as transducing platforms because of their flexibility and easy
recovery. The integration of both elements is attempted through bioconjugation of Gal
and Lac with molecules and polymers that contain sulphur atoms and hydrazide
groups. This allows the obtainment of a robust and adequate immobilisation of the Gal
moiety onto electrodes. Direct and indirect (redox probe) electrochemical methods are
employed to characterise the modified Au electrodes and test the effectiveness of the

design for the detection of CTB in a biological medium.
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2.2 Objectives

Several objectives were set to fulfil the aim of the project.

Objective I. Synthesis and glycosylation (Gal) of hydrazide disulphides and
immobilisation on Au(poly) electrodes (Chapter 5).

Objective Il. Synthesis of polymers with a thiol end-group and hydrazides as
pendant groups; coupling of the polymers with sugars (Gal or Lac) through the pendant
groups (bioconjugation); modification of Au(poly) electrodes with the bioconjugated
polymers and electrochemical characterisation of the functionalised electrodes with
cyclic voltammetry (CV) (Chapter 6).

Objective lll. Electrochemical detection of CTB (Chapter 7): use of different
electroanalytical techniques (i.e. square wave voltammetry, SWV, and electrochemical
impedance spectroscopy, EIS) to sense the presence of CTB in aqueous solutions
with Au(poly) electrodes modified with glycosylated polymers (Gal) and a redox
mediator ([Fe(CN)s]24).
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Experimental
Electrochemical Techniques

Electrochemistry is the part of chemistry focused on events where chemical and
electrical phenomena are interrelated*'8; whether chemical reactions giving rise to
electrical effects or the application of electricity into a system promotes chemical
changes. Electrochemistry encompasses many different fields: the study of biological
processes, corrosion, electrophoresis, energy conversion and storage, catalysis,
organic synthesis, surface modification*'®, materials, sensing, electrochromic devices,
microfabrication*??, and others. This thesis is devoted to the use of electrochemistry

for sensing purposes.

3.1 The Electrochemical Cell

The core of any electrochemical process is the transfer of charge through the
interface of two chemical phases, most regularly an electrical conductor (electrode)
and an ionic conductor (electrolyte)*?'. The charge exchange typically consists in the
movement of electrons (or holes) in the solid electrode and of ions in the liquid
electrolyte. The most elemental electrochemical cell may consist of two electrodes
connected by an electrical conductor and separated by an electrolyte (Figure 3.1).
Away from the interface, electrical currents are transmitted by electrons in the external

conductor and by ions through the electrolyte*?2.
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Figure 3.1. Components of the most basic electrochemical cell. A difference of
potential between the WE and the RE (two conducting materials submerged in an
electrolyte) generates a unidirectional movement of a charge constituted by
electrons in the electrical conductor and ions in the electrolyte.

Amongst the materials more often used as electrodes are solid metals (e.g. Au,
Ag, Pt, Pd), allotropes of carbon (e.g. graphite, graphene, single-walled carbon
nanotubes), semiconductors (e.g. indium-tin-oxide, Si), liquid metals (e.g. Hg,
amalgams), conducting polymers and others. Frequent electrolyte phases are
aqueous solutions of ions like Na*, K*, H* and CI'. Other alternative electrolytes are
melted salts*?' (e.g. molten NaCI-KCl eutectic), ionic liquids, ionically conductive
polymers, and even solid electrolytes. Electrochemical cells can be divided into

galvanic cells, also known as batteries or voltaic cells, and electrolytic cells. In galvanic
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cells, spontaneous chemical reactions produce an electrical current, there is a
generation of energy. In electrolytic cells, chemical reactions are induced through an
externally applied potential, so there is a consumption of energy*?3. This type of cell is

very useful for studying chemical systems and is employed throughout this project.

3.1.1 The Three-electrode Electrochemical Cell

In experimental electrochemistry the interest is generally focused on what
happens in one of the electrodes, called working electrode (WE), while the other, the
reference electrode (RE), is kept at a constant potential to serve as a reference.
According to the Law of Ohm (3), the pass of current can alter the potential of an

electrode:

with

V' = potential [V]
R = resistance [{1]
[ = intensity of current [A]

The potential variation produced by the pass of a current through the RE must be
avoided for this electrode to be a good reference. Three-electrode electrolytic cells are

usually employed to achieve so (Figure 3.2).
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Figure 3.2. Components and configuration of a three-electrode electrochemical
cell. The addition to the cell of a third electrode, the auxiliary or counter electrode
(CE), permits to drive most of the electrical current away from the RE. This reduces
the potential changes experienced by the RE and makes it a better reference of the
potential applied to the WE.

The introduction of a third electrode, the CE, prevents the pass of most of the
current through the RE keeping its high non-polarizability and, thus, guaranteeing the

accuracy of the potentials measured in the WE.

3.2 The Electrochemical Process

The chemical reactions that characteristically take place in an electrochemical
cell are redox reactions. In general, in a redox reaction a chemical species loses

electrons (oxidised species) in favour of another (reduced species); in instances where
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the same species loses and gains electrons the redox reaction is called

disproportionation#?4 425,

In electrochemistry the redox reaction takes place through the interface
electrode/electrolyte. Typically the electrode is a solid conductor and the species that

are reduced or oxidised (electroactive species) are dissolved in a liquid electrolyte (4):

kred
O(aq.) +n- e_(elecrode) e R(aq) (4)
kOx

Species O and R constitute a redox couple and kox and kreq are the rate constants

of oxidation and reduction, respectively.

When the electrochemical cell is at equilibrium, there is no flow of electrons
through the interface (intensity of the current is null)*?6. In this situation the Nernst

equation (5) defines the equilibrium potential (Eeq) of the electrode:

Eoq = EO 4+ (E) In (Yred'Cred) 5)

nFr Yox *Cox
being

E% = formal electrode potential of the redox couple of interest [V]

R = gas constant (8.314] - K1 - mol™1)

T = temperature of the electrolyte solution [K]

F = Faraday constant (96,485 C - mol™1)

n = number of electrons transferred per electroactive molecule/atom
Yy = activity coefficients of the redox couple (1 if diluted solutions)
C,, = concentration of species O at the electrode surfae [M]

Cr.q = concentration of species R at the electrode surface [M]
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Under non-equilibrium conditions, the interface can experience a net transfer of
charge if thermodynamically favourable, leading towards a chemical transformation.
Faraday’s Law (6) describes the relationship between the quantity of mass transformed

and the electrical charge (i) that passes through the interface during an electrochemical

reaction: hence, these are called faradaic processes?*?? 4?7,

I =nFv (6)
where:
_ a9
T dt
_ v
T dt
being

i = current intensity [A]

v = reaction velocity [mol - s71]

Q = electric charge [C]

N = numbre of mols transformed [mol]

n = number of electrons transferred per mol of species
F = Faraday constant (96,485 C - mol™1)

The above expression can be re-written in function of the area of the interface:
[ =nFJA (7)
considering:

J = flux of the species in solution [mol - cm™2 - s71]
A = area of the interface [cm?]

Because of the physical and chemical characteristics of the interface region,

some changes like the adsorption and desorption of electrolyte ions can also give rise
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to electrical currents*?”- 428 But, unlike in faradaic processes, no charge passes the
interface: this behaviour is not governed by the Faraday’s Law so these events are

called non-faradaic processes.

3.2.1 The Importance of Mass Transfer in Faradaic Electrode
Processes

For an ideally simple faradaic process (4) on the interface between a solid
electrode and an electrolyte, the principal factors determining the reaction rate are the
electron transfer (ET) at the electrode surface and the mass transfer. When the ET
rate is not very fast, an electrochemical reaction outcome depends on the
concentrations of the redox pair on the electrode’s surface and in the bulk of the
solution. Solutions are dynamic systems where the movement of matter is referred to
as mass transfer or mass transport and can take place by three different mechanisms:
diffusion, migration, and convection. Diffusion appears due to Brownian motion and
due to a chemical gradient, for example a concentration gradient*?°. Migration can
happen if a charged body is influenced by an electric field (i.e. a gradient of electric
potential). Convection is generally caused by natural convection, like density gradients
or thermal gradients; or also by forced convection through mechanical forces*3% 43! like

a rotating disk electrode.

To facilitate the study of electrochemical processes, the mass transfer
contribution to the reaction rate is experimentally simplified removing migration and
convection*32: Convection is avoided by leaving the electrolyte and electrode still

during the experiment; and migration using a high concentration of an inert electrolyte
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(called support electrolyte), usually = 0.1 M for mM levels of analyte. When the only
contributor to the mass transfer near the electrode/electrolyte interface is diffusion, the

First Law of Fick describes the flux of mass of a species in function of its concentration

(8)430, 433:

Jia = —D;V(; (8)
being:

Jia = flux of species i due to diffusion [mol -s~! - cm™?]
D; = diffusion coefficient of species i [cm? - s71]
VC; = Euclidian concentration gradient of species i

This expression reflects the proportionality between the flux of species i at a
given position in the Euclidean space and its concentration gradient at a given time. If
it is also necessary to consider variations in the concentration through time, then the

Second Law of Fick (9)*30 433 applies:

aC;
= = D;V?(C; 9)

When planar electrodes are employed, it can be considered that all flux occurs
in a single direction x perpendicular to the surface of the electrode. The Second Law
of Fick is then (10)*33. 434;

9Ci(xt) — Di (azci(x,t))

at 0x? (10)
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3.2.2 Non-faradaic Processes

The external currents (do not cross the interface) registered in an electrochemical
cell have their origin in structural (e.g. electrode area), chemical (e.g. composition,
concentration) or energetic changes (e.g. temperature) on the electrode arising from
phenomena like absorption or desorption. The non-faradaic processes occur
simultaneously with faradaic processes. Although the experimentalist will be interested
most of the times in the latter, it is essential to understand the former for a correct

interpretation of the results and the system*?’.

A. The Electrical Double Layer

When a WE is submerged in an electrolyte, solvent molecules adsorb on its
surface forming an inner layer. If a potential is applied to the electrode, it becomes
positively or negatively charged with respect to the electrolyte, depending on the
potential applied and the composition of the electrolyte. As a result, ions of opposite
charge to the electrode arrange to compensate the new charge on the WE surface.
Some ions can adsorb directly (specifically) on the surface, becoming part of the inner
layer or plane; others are solvated so their interaction is non-specific and form an outer
layer or plane (Figure 3.3). The inner layer is also known as the compact, Helmholtz
or Stern layer. The region between this layer and the bulk of the solution is called the
diffuse layer because the electrolyte ions can move towards there. This configuration,

which also includes oriented dipoles, is known as the electrical double layer (EDL)*?2

435
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Figure 3.3. Model for an EDL formed on an electrode E where a positive potential
is applied: E is the electrode, IHP is the inner Helmholtz plane and OHP is the outer
Helmholtz plane.

This arrangement of charges on the interface resembles that of a parallel-plate
capacitor*3® behaving as such. Equation (11) describes the behaviour of a parallel-

plate capacitor:

where

C = capacitance [F]
q = charge accumulated in the condensator [C]
E = potential between the plates of the condensator [V]
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When a potential E is applied between a capacitor’s plates, a current flows till the

charge accumulated reaches the maximum capacitance C. The same effect takes

place when a potential is applied to the WE. Since the species in the EDL are not
electroactive, there is no ET but non-faradaic currents are produced to charge the
capacitor constituted by the EDL. This capacitive current, called the EDL charge

current, usually decays with time. The EDL capacitance is usually between 10 and 40
Fu - cm™2422_ The EDL thickness varies depending on the concentration of ions, with

an estimated 100 A for concentrations higher than 0.01 M*%. It is evident that, beyond
introducing capacitive effects, the presence of this EDL on the interface will affect any

faradaic process, whether the redox species is adsorbed or remains in solution.

3.2.3 A Microscopic Approach to Charge Transfer

The microscopic treatment of the ET, like the work conducted by R. A. Marcus*3":
438 has established the concepts of inner-sphere ET reactions and outer-sphere ET
reactions*3® 440 In inner-sphere reactions, the ET only occurs if there is a specific
adsorption on the electrode of either the reactant, the intermediate or the product of
the reaction*® (Figure 3.4-A). In outer-sphere reactions, there is no direct or strong
interaction between the electroactive species in the electrolyte and the electrode

surface, with at least a layer of solvent molecules interposing them (Figure 3.4-B).
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Figure 3.4. Mechanisms of ET. (A) Inner-sphere mechanism, with ET only occuring
if there is a direct, physical contact between the electroactive species a and the
electrode surface. (B) Outer-sphere ET where the electron exchange can happen
even if there is no direct, physical contact between species b and the electrode.

A. Extended Charge Transfer

In outer-sphere reactions, the ET is generally interpreted as a quantum
tunneling**' of electrons between energy states of the electrode and molecular orbitals
of the reactant**?. However, sometimes there can be an insulating barrier between the
reactant in solution and the electrode surface (other than the solvent or ions molecules
adsorbed on the inner Helmholtz plane) that does not entirely prevent the electrons
from reaching the electrode through tunnelling effect and generate a faradaic current.
A good example is electrodes modified with organic SAMs for sensing applications*43

444 The study of this extended charge transfer is essential for developing
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electrochemical sensors because of the critical importance of the relationship between

distance and ET.

3.3 Electrochemical Techniques

The chemical analysis benefits from many electrochemical techniques (Figure
3.5)*5, They may be divided into techniques used to measure processes related to the
mobility of ions; and those related to processes taking place throughout an electrode
interface. The latter can be classified as static -measurements are taken when the
system has reached the equilibrium; and dynamic -the observations of interest imply

pushing the system away from equilibrium. Dynamic techniques are the most popular

ELECTROANALYSIS
Transport of ions Charge Transfer and
between phases Electrochemical equilibria
Conductometry  Electrophoresis \ Static Methods Dynamlc Methods ‘
Controlled Controlled
Potential Current
[ [ l
Volt t A t Electrochemucal Chronoampero Controlled Chronopotentio-
oftammetry mperometry impedance metry current metry

spectroscopy coulometry

in electroanalysis.

Controlled
potential
coulometry

Figure 3.5. Diagram with a proposed classification of the most used
electrochemical techniques in electroanalysis®**°. Techniques are divided into two
big groups depending on the subject of study: the conduction in the electrolyte
(charge transport of ions) or the charge transfer at the electrode/electrolyte
interface. The latter group is subdivided into static techniques, where the
electrochemical equilibrium at the electrode is not altered; and dynamic methods,
in which an excitation is applied (e.g. a potential or a current) to displace the
system from equilibrium.
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3.3.1 Voltammetry

Voltammetry refers to electrochemical techniques where electrical currents (1)
are measured while the potential (E) is controlled by an electronic device called
potentiostat. The displays of voltammetric results, called voltammograms, show the
relation I vs. E, I vs. time or E - I - time**®. The ensuing description of voltammetry
techniques corresponds to the experimental conditions employed in this thesis: the
electroactive species are solved in the electrolyte; mass transport is exclusively driven
by diffusion; planar electrodes (planar diffusion conditions) are used; and steady-state

conditions are granted by a small electrode surface area and a high volume of

electrolyte.*4’

A. Cyclic Voltammetry

CV is probably the most popular electrochemical technique thanks to its simplicity
and the large amount of information that can be obtained from a studied system. A

typical CV experiment consists in sweeping the voltage forth and back at a constant

rate (scan rate) between two potentials, a starting potential (E;) and a switching

potential (E,)*® (Figure 3.6-A). If a reversible electroactive species R is in the

electrolyte, the recorded output of current intensity gives rise to the characteristic
voltammogram of Figure 3.6-B associated with faradaic processes. lts main features
are a couple of peaks corresponding to the successive oxidation (lox) and reduction

(Ireq) Of the redox species.
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Figure 3.6. (A) Variation of the E applied during a CV experiment of one cycle with
the starting potential (E1) at -0.03 V and the switching potential (E2) at +0.4 V. (B)
CV voltammogram obtained with a redox probe R after the application of the E
programme plotted on (A). The appearance of oxidation and reduction peaks (/ox
and lr.q) with very similar intensities and short separation indicates a reversible

The intensity of the peaks is the same and directly proportional to the

concentration of the redox species in totally reversible reactions. When the

electrochemical process is controlled by diffusion, the intensity increases with the

square root of the scan rate according to the Randles-Sevcik Equation (12):

where

. _ 0 nFVDR 1/2
ipa = 0.446 nFACO (1-2%)

School of Chemistry

(12)

ipq = peak of intensity during the anodic scan [A]

C° = concentration of R on the electrode [mol - cm™3]
A = electrode surface area [cm?]
v = scanrate [V - s71]

Dy = diffusion coefficient of R [cm? - s71]
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The anodic and cathodic peak separation (AEp) and their relative intensity are

also important features of a CV voltammogram since they indicate the reversibility of
an electrodic process (Figure 3.7). For an ideally reversible redox reaction with 1

electron transferred, the lox and leq are separated by 0.059 V.

Reversible _ Quasi -reversible _ Irreversible
i

i p()x

m\?

B EEr F EFE Er E B £

Figure 3.7. CV voltammograms of reversible, quasi-reversible and irreversible
processes on a planar macroelectrode**°. The differences in the relative intensity
of the lox and Ireq4 peaks and their separation show the degree of reversibility.

The versatility of CV facilitates the obtainment of lots of information from
electrochemical systems: number and stability of the oxidation states of species*®0 451,
formal redox potentials*®?, kinetics*53 454, mechanisms of surface adsorption#%: 4%
polymerisation*®” and film deposition*®®, surface characterisation?°® 4%°, coupled

reactions*? and quantitative analysis*®’, amongst others.

The simplicity and capacity to study electrochemical systems have made CV one
of the most popular techniques in electroanalysis. Nevertheless, CV is somehow
limited in quantitative analysis: when the analyte is present at large concentrations it

requires dilution*%?; besides, its detection limit usually only ranges between 1 -10°3 M
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and 1 -10° M*3_ And yet, CV can be very convenient for developing sensors, for
example determining the potential window where an analyte is electroactive or

characterising the modified surface of an electrode.

B. Square Wave Voltammetry

SWV is one of the so-called pulse voltammetry techniques (Figure 3.8). They
were devised to eliminate the contribution of charge currents, part of capacitive
currents, in electrochemical measurements and obtain better faradaic signals. Pulse
voltammetry is based on the difference in the decay rate between the faradaic and
charge currents produced by applying a potential perturbation known as ‘pulse’®4.
While charge currents decay exponentially, faradaic ones decrease at a much slower
rate. Because the response to the pulse dies away due to the consumption of the

electroactive species on the electrode surface*8®, if the current generated by a pulse
is measured at a specific time { after its application, only faradaic contributions would

be recorded since the charge (non-faradaic) currents will have been already

extinguished.
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Figure 3.8. Characteristic waveforms of several pulse voltammetry techniques; red
marks indicate the time at which the current is sampled. The techniques are
characterised by different ways of applying the pulses, called waveforms, which in
most cases are also superimposed on a staircase.

In SWV, the waveform is a square wave on a staircase and the currents are
registered at the end of the forward (1) and reverse (2) pulses (red marks on Figure
3.8).4% A significant advantage of SWV versus other pulse techniques is its fastness.
In SWV the concentration of an analyte is proportional to the intensity of peak and
limits of detection down to 1 -10® M can be achieved. Because SWV is faster than
DPV, it requires a smaller analyte consumption and reduces the risk of fouling the

electrolyte due to adsorption.
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3.3.2 Electrochemical Impedance Spectroscopy

Impedance (Z) can be defined as the opposition a system presents to the pass

of current. The opposition can have two different origins that determine the two
components of impedance: resistance R and reactance X. Resistance appears

because of the interaction between the charges of a current and the elements of the
system through which passes. In the simplest case, an electrical circuit, interaction
between the electrons of the current and the atoms of the conducting material.
Reactance is produced by the capacitors (capacitive reactance, X.) and inductors

(inductive reactance, X;) of the system.

Z=R+X=R+ (x,-x,) (13)

Reactance arises from the opposition presented by electric and magnetic fields
generated by alternating currents (ac currents)*6. In systems with only direct current

(dc current) Z is reduced to resistance and is defined according to the Law of Ohm:

(14)

being

V' = potential applied to the system [V]
I = intensity of current circulating in the system [A]

Electrochemical cells can support the movement of charges of electrical currents,
so that Z can occur in this type of system. To facilitate the study of Z in electrochemical
cells, those components that can hinder the current pass are associated with traditional

elements of electrical circuits: e.g. resistors, capacitors, and inductors. In this way, Z
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in electrochemical cells is studied through electrical circuit models called equivalent

circuits.

EIS is an electrochemical technique used to measure the Z in electrochemical
cells when ac currents are applied. In other electrochemical techniques the response
is obtained after considerable perturbations are imposed upon the system (e.g. set
potential or current) that bring it out of equilibrium. In EIS, small alternating
perturbations are utilised to follow the system’s response through time while it remains
in steady-state. This has significant advantages like allowing the conduction of high
precision measurements (high sensitivity), linearisation of the response or measuring

over a wide range of frequencies or times*¢’.

The most typical EIS method, known as faradaic impedance, consists of
measuring Z in the presence of a redox probe. Usually, a single potential is set on the
WE (the redox potential of the probe) while a program of ac frequencies is applied.
This method permits the study of double-layer structures, electrode surface

modification and heterogeneous ET#8.

A. Equivalent Circuit of a Cell
As previously mentioned, an electrochemical cell can be considered as a Z
opposing a current generated by a small sinusoidal perturbation, an ac, and can be
represented through an equivalent circuit. One of the simplest circuit models employed

is the Randle equivalent circuit (Figure 3.9).
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Figure 3.9. Randle equivalent circuit where Rq represents the opposition to the
current presented by the electrolyte in the cell; C4, a capacitor, denotes the
capacitive currents of the EDL; while Zs corresponds to the non-faradaic current. Zs
can be interpreted as the resistance to the ET on the interface of the electrode
(Ret) plus a kind of resistance to the mass transfer called Warburg impedance (Zw).

By fitting the EIS results of an experiment to a circuit, the analysts can find a

physicochemical interpretation of the phenomena occurring in the cell.

B. EIS Spectra
When the potentiostat that controls an EIS experiment applies a potential
excitation on the WE with a particular frequency (a potential wave), the response is a
current wave with the same frequency (because the former generates the latter) but
with a time delay called phase angle (¢). From these two waves the software calculates
Z,7', 7" and ¢. The total impedance, Z, is the sum of the real impedance (Z’), originated

from the resistance, and the imaginary impedance (Z”), associated with the reactance:

Z=7"+27" (15)
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The two most popular plots to represent EIS data are the Bode plot and the

Nyquist plot (Figure 3.10). The Bode plot is in reality a double representation, with the

frequency set on the abscissa axis in the logarithmic scale and two different ordinate

axis, one with the angle phase and the other with Z in the logarithm scale.
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Figure 3.10. Two most popular ways of visualising EIS data. (A) Nyquist plot where

the negative imaginary impedance (-Z”) is plotted versus the real impedance (Z').

(B) Bode plot of the same experiment, with the phase angle (¢) and the impedance

(2) are represented versus the frequencies applied.

C. EIS in Electroanalysis

EIS had traditionally been used for the study of materials, e.g. corrosion.
Nevertheless, in the last decades, EIS has become increasingly popular for the
development of biosensors. Not only for the characterisation of electrode-modified
surfaces; but also to be used in label-free sensors. A typical impedimetric sensor

consists of an electrode functionalised with a BRE. The interaction between the BRE
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and the analyte provokes interfacial changes (ET changes, capacitance changes) that
can be detected thanks to the high sensitivity of EIS*%°. In many cases, where the
variation in the ET is related to the concentration of the analyte, the use of a redox
probe helps enhance the analytical signal*’®. There is no doubt that one of the main
strengths of impedimetric sensors is their extraordinary sensitivity, with concentrations

below 1 -10'? M being detected'32.
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Chapter 4

Materials and Methods

4.1 Organic Chemistry

This section reports on the chemicals, materials, instruments, and methods used
to synthesise and characterise the in-house organic compounds necessary to realise

this thesis.

4.1.1 Chemicals and Materials

A. Solvents
All organic solvents used for synthesis, purification, and characterisation (D20,
CDCl3, DMSO-de) were of reagent grade or above and purchased from Fischer®,
VWR® and Merck® (Sigma-Aldrich®). Deionised water (Milli-Q®, 18.2 MQ - cm, 1 ppb
total organic carbon) was employed for reactions, filtrations, and purifications with
dialysis unless otherwise stated; HPLC grade water from Fischer Scientific® was used

for chromatographic experiments.

B. Commercial Chemicals

Herein there is a list of the commercial chemical used in this thesis.

Diethyl 2,2-bis(hydroxymethyl)malonate was purchased from Sigma-Aldrich®;

p-toluenesulfonyl chloride was delivered by Acros Organics®; pyridine was bought
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from Fischer Scientific®; sodium carbonate (Na2CO3 ) was obtained from VWR® and
anhydrous sodium sulphate (Na:SO4) and sodium acetate (NaOAc) from Sigma-
Aldrich®; thioacetic acid was purchased from Sigma-Aldrich® and potassium
thioacetate from Acros Organics®; DL-a-lipoic acid (LA, thioctic acid) was obtained
from Alfa Aesar®; N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) and tert-butyl carbazate were received from Fluorochem®; trifluoroacetic acid
(TFA) was acquired from Acros Organics®, hydrochloric acid (HCI, 36%) from Sigma
Aldrich® and acetic acid glacial (AcOH, 99.7%) from Fischer®; D-(+)-galactose (Gal)
was purchased from Acros Organics®, D-(+)-glucose (Glc) from Fischer Scientific®
while D-(+)-mannose (Man) and a-D-lactose monohydrate (Lac) were delivered by
Alfa Aesar®; acetohydrazide (AcHD) was received from Acros Organics®; sodium
borohydride (NaHB4, 98%) and sodium cyanoborohydride (Na(CN)BH3, 95%) were
requested from Alfa Aesar®, while borane pyridine complex (PyBHs3) from Acros
Organics®; tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was ordered from
Alfa Aesar® and also acrylic acid (99%). For reversible addition-fragmentation chain
transfer (RAFT) polymerisations, 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (VA-044) from Fluorochem® was used as the initiator and in-house 2-

((Ethylthio)carbonothioyl)thio-2-methylpropanoic acid as the chain transfer agent.

C. Other Materials

Organic reactions were monitored with thin layer chromatography (TLC) using
silica gel 60 F254 aluminium plates from Merck® and resolving them with a KMnO4
(Sigma-Aldrich®) solution and UV light (254 nm and 365 nm). Flash column

chromatography purification was carried out with Geduran® 60 A silica gel purchased
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from VWR® and the reported solvent systems. The membranes used for polymer
dialysis purification were Spectra/Por®6 Dialysis Membrane (pre-wetted RC Tubing,
MWCO, 1kD). Filtration of polymer dissolutions were conducted with Millex®-LCR

filters from Millipore® (0.45 um, PTFE, hydrophile).

4.1.2 Methods of Compound Characterisation

The analytical techniques and equipment used to characterise the chemicals

employed and synthesised in this project are herein briefly described.

NMR analysis was conducted at room temperature in a Bruker Avance® Il (300
MHz), a Bruker Avance® NEO (400 MHz) or a Bruker Avance® Ill (400 MHz)
spectrometer. Chemical shifts are reported in the delta scale (3) in parts per million
[ppm] downfield from tetramethylsilane (TMS, 6+ 0.0 ), and internally referenced to the
residual proton of the deuterated solvent used: DO (64 4.79); CDCI3 (61 7.26, dc
77.16); DMSO-ds (61 2.50). The multiplicity signal is annotated as: b = broad, s =
singlet, d = doublet, t = triplet, q = quartet. Coupling constants (J) are given in Hertz
[Hz]. The data of the spectra are reported in this thesis as follows: chemical shift,

multiplicity, coupling constant, integration, and structural assignment.

MS spectra were obtained with an electrospray in positive mode (ES+) as the

ionisation source and a time-of-flight (TOF) analyser. The assignment of molecular ion

adducts was determined with the help of the tool developed by Huang et al.*"".
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Several Fourier transform infrared (FTIR) techniques were used in this thesis.
In all cases, absorption wavenumbers (v) are reported in cm™'; most significative bands
are characterised as: weak (w), strong (s), broad (b); or also annotated as:
vs = symmetric stretching, vas =asymmetric stretching, &s = symmetric
bending, das = asymmetric bending. Attenuated total reflectance (ATR or FTIR-ATR)
experiments were conducted in a Cary 660 Spectrometer (Cary 600 series) from
Agilent Technologies fitted with a MIRacle ATR accessory (PIKE Tech.); or a Nexus
8700 (Thermo Scientific) spectrometer equipped with a MCTA detector and a wire grid
ZnSe polarised (PIKE Tech.). Transmission FTIR was also performed with a Nexus
8700 spectrometer. For dynamic in situ surface-enhanced infrared absorption
spectroscopy (SEIRAS) under ATR  conditions (SEIRAS-ATR), a
spectroelectrochemical cell equipped with a Si window bevelled at 60° was placed at
the top of a VeeMAX (PIKE Tech) reflectance accessory of a Nexus 8700
spectrometer. Previously, a Au thin film (ca. 25 nm) had been deposited on one of the
faces of the low-oxygen content Si prism using a vacuum chamber of a PVD75 (Kurt
J. Lesker Ltd.) coating system; a quartz microbalance IQCM was utilised to control the
growth of the film. Spectra were collected with a resolution of 8 cm™ (in ATR 4 cm™)

and absorption intensities are presented in absorbance units (a.u.).

Analytical high performance liquid chromatography (HPLC) in reversed phase
was conducted with a Kinetex 5 um, EVO C18, 100A column (250 x 4.6 mm) fitted in
an Agilent 1260 Infinity system with auto-sampler and a multi wavelength UV detector.
HPLC purification of compounds was attained in a Kinetex 5 um, C18, 100A, Axia

packed preparative column (250 x 21.2 mm) fitted in a Agilent system with a UV
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detector. Both chromatographic columns were acquired from Phenomenex Inc.
(Macclesfield, UK) and the chromatographic systems controlled by Agilent OpenLAB

software.

Gel permeation chromatography (GPC) analysis*’? was done in a Shimadzu
Prominence LC-20A apparatus fitted with an SPD20A UV-vis detector (Shimadzu®)
and a Refractomax 521 detector (ThermoFisher®). For the hydrophobic protected
polymer poly(tert-butyl-2-acryloylhydrazine-1-carboxylate (Boc-pAHs), the stationary
phase consisted of a Polymer Labs PolarGel guard column (50 x7.5 mm, 5 um) at 60
°C and the eluent used was 0.05 M of LiBr in DMF, 1 mL/min. flow rate. A standard
calibration method employing polymethylmethacrylate was used for the calculation of
molecular weights. For the hydrophilic deprotected polymer poly(acryloyl) hydrazide
(pAHn) the eluent used was Dulbecco’s phosphate-buffered saline (DPBS) 0.0095 M
without Ca?* nor Mg?* with a flow rate of 1 mL/min. In this case the column utilised was

an Agilent PL aquagel-OH column (300 x 7.5 mm, 8 mm) run at 35 °C.

The XRD experiment was performed on a SuperNova, Dual, Cu at zero, Atlas
diffractometer; during data collection, the crystal was maintained at 100.00 K. The
analysis of the crystal was carried out with the Olex24® programme: the structure was
solved with the ShelXS474 structure solution program using Direct Methods, and refined

with the ShelXL*" refinement package using Least Square minimisation.
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4.1.3 Synthesis and Characterisation of Compounds

The first goal of this thesis was the synthesis of chemical linkers containing S
atoms and the hydrazide group. This would allow their coupling with saccharides and
the modification of Au(poly) electrodes to detect CTB. Next are described the synthetic

routes and methods attempted to achieve this objective.

A. Synthesis of 1,2-Dithiolane-4-carboxylic Acid
1,2-Dithiolane-4-carboxylic acid (7), a cyclic disulphide known as asparagusic
acid, was the first synthesis compound identified as a potential linker for the project. A

synthetic route (Scheme 4.1) to produce it was designed according to the literature*’¢-
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Scheme 4.1. Synthetic route to obtain asparagusic acid (22), a chemical linker, in
6 steps: (i) coupling of p-toluenesulphonyl chloride (23) with the dihydroxymethyl
malonate 16; (ii) nucleophilic substitution reaction (Sn2) of the tosylate groups of
compound 17 by thioacetates to afford 18; (iii) Sx2 at a carbonyl group to obtain
dithiol 19; (iv) hydrolysis of 19 to produce the malonic acid 20; (v) decarboxylation
of 20; (vi) intramolecular reaction to produce asparagusic acid. Only the first step
was completed after several unsuccessful attempts (Table 4.3) to synthesise 18.
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(17) Diethyl-2,2-bis((tosyloxy)methyl)malonate

(0]
\ _CI
S/

23 X — P~
o /—
/\obz_/ooH — > O\\S,o O, 819
HO Pyridine /@/ Y & \@\

40 °C, 8 h.
16 17

Scheme 4.2. Preparation of diethyl 2,2-bis((tosyloxy)methyl)malonate (17) from
2,2-bis(hydroxymethyl)malonate (16) and p-toluenesulfonyl chloride (23). The
reaction is the first step of the synthetic route shown in Scheme 4.1 to obtain
asparagusic acid (22).

2.004 g (9.1 mmol) of diethyl 2,2-bis(hydroxymethyl)malonate (16) were charged
in a 25 mL round bottom flask and dissolved in 20 mL (248.29 mmol) of pyridine. While
stirring, 10 g (18.92 mmol) of p-toluenesulfonyl chloride (23) were added in small
portions to obtain a white, completely opaque suspension. The reaction was stirred at
1,500 rpm for 8 h. at 60 C. Afterwards, the reaction crude was poured into a crystalliser
containing a mixture of water (130 mL), methanol (250 mL) and HCI 1 M (100mL) at
0C and left for 20 minutes for crystals to form. The white crystals of 2,2-
bis((tosyloxy)methyl)malonate (17) were filtered with the help of a vacuum pump and
washed 3 times with 50 mL of water. Further purification with flash chromatography
(CH2Cl2, Rf = 0.50) afforded a pure compound in the form of a fine, white, crystalline
powder (3.341 g, 69% yield). 'TH-NMR (300 MHz, CDCl3) §7.73 (d, 4H, C2-H), 7.35 (d,
J=8.0Hz, 4H, C3-H), 4.42 (s, 4H, -SO2-O-CH2), 4.11 (q, J = 7.1 Hz, 2H, -CO-0O-CH>),
2.46 (s, 3H, C4-CHzs), 1.17 (t, = 7.1 Hz, 3H, -CH2-CHzs). '*C-NMR (400 MHz, CDCl3)
3 165.05 (2C, C=0), 145.32 (2C, -C1-S0s3-), 132.01 (2C, C4), 130.01 (4C, C3), 128.02

(4C, C2), 66.18 (2C, -O-CH2-CHs), 62.72 (2C, -SO,-O-CHj-), 57.40 (1C, -C-(C=0),),
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21.69 (2C, -C4-CHs), 13.76 (2C, -O-CH-CHz). MS (ESI+), m/z (%); C,3H,50,,S,.

calculated: 528.11 ( [M]"); found: 551.1 ( [M + Na]*, 100%), 588.2 ( [M + IsoProp]*,

37%), 546.2 ( [M + NH4]*, 27%). XRD Data shown in Figure 5.6, Table 4.1 and Table

4.2.
Table 4.1. XRD crystal data and structure refinement for diethyl-2,2-
bis(tosyloxy)methyl)malonate (17).
Empirical formula C23H2801052
Formula weight 528.57
Temperature/K 100.00(10)
Crystal system orthorhombic
Space group P2:2:2,
a/A 8.4065(2)
b/A 8.7660(3)
c/A 34.0762(12)
o/° 90
B/ 920
v/° 90
Volume/A3 2511.12(14)
z 4
Pealcg/cm3 1.398
u/mm-? 0.266
F(000) 1112.0
Crystal size/mm?3 0.273 x0.227 x 0.163
Radiation MoKa (A = 0.71073)
20 range for data collection/® 6.67 to 52.722
Index ranges -10sh<5,-10<k<10,-34<1<42
Reflections collected 14741
Independent reflections 5005 [Rint = 0.0402, Rsigma = 0.0471]
Data/restraints/parameters 5005/0/320
Goodness-of-fit on F? 1.034
Final R indexes [I>=20 (1)] R1=0.0361, wR; =0.0791
Final R indexes [all data] R1=0.0412, wR; =0.0824
Largest diff. peak/hole / e A3 0.33/-0.36
Flack parameter -0.05(4)
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Table 4.2. Fractional atomic coordinates (x10%) and
equivalent isotropic displacement parameters (A2x10%) for
diethyl-2,2-bis(tosyloxy)methyl)malonate  (17).  Ueqis
defined as 1/3 of of the trace of the orthogonalised
Uy tensor.

atom X Y Z U (eq)

c1 9424(3)  4798(3) 3715.9(8)  13.5(6)
c2 8769(3)  3181(3) 3659.3(8)  14.3(6)
c3 7798(4)  1000(3) 3992.4(9) 17.7(6)
ca4 7344(4)  583(4)  4405.009) 26.9(8)
5 8164(3)  5823(3) 3904.8(8)  14.4(6)
6 5700(3)  7052(4) 3793.4(9)  20.4(6)
c7 4392(3)  7041(4) 3493.6(9)  23.8(7)
c8 9854(3)  5433(3) 3314.0(8)  14.3(6)
c9 8887(3)  8293(3) 2762.1(8)  13.0(6)
C10  8589(3)  7458(3) 2423.9(8) 17.4(6)
C11  7153(3)  7664(3) 2231.3(8) 18.6(7)
C12  6014(3) 8679(3) 2374.4(8) 17.6(6)
C13  6356(4)  9492(3) 2714.9(9) 19.9(7)
Cl4  7783(3)  9322(3) 2908.4(9) 18.2(6)
C15  4436(4)  8879(4) 2171.1(9) 24.8(7)
C16  10856(3) 4742(3) 3992.6(8)  16.2(6)
C17  12637(3) 1643(3) 4325.6(8) 17.3(6)
C18  12039(4)  387(3)  4127.1(9) 21.5(7)
C19  11413(4) -807(4) 4340.6(9) 25.1(7)
C20  11366(4) -769(4) 47483(9) 24.6(7)
C21  11983(4)  498(4) 4938.4(10) 29.0(8)
C22  12609(4) 1706(4) 4732.6(9) 24.1(7)
C23  10667(5) -2079(4) 4978.6(11) 40.4(10)
01 8641(2)  2559(2) 3347.1(6)  20.0(5)
02 8390(2)  2571(2) 4007.1(6)  17.3(4)
03 8322(2)  6446(2) 4215.9(6)  19.9(5)
04  6916(2) 5971(2) 3667.2(6) 16.4(4)
05  10220(2) 7036(2) 3384.5(5) 15.7(4)
06  11759(2) 7183(2) 2775.6(6) 21.7(5)
07  11175(2) 9451(2) 3185.1(6) 21.7(5)
08  11996(2) 3747(2) 3800.7(6)  18.0(5)
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09  14522(3) 2571(3) 3770.7(7)  33.9(6)
010  13939(3) 4329(3) 4318.1(7)  30.2(6)
S1  10690.4(8) 8047.7(9) 3011.6(2) 15.26(17)
S2  13452.4(8) 3151.3(9) 4055.0(2) 21.46(19)

(18) Diethyl 2,2-bis((acetylthio)methyl)malonate
00 le) o O

O%O )LSH "o o’
%0 s & ——
/©/ All conditions O§<S 8\740

in Table 4.3

Scheme 4.3. Reaction scheme for the synthesis of diethyl 2,2-
bis((acetylthio)methyl)malonate (18), second step of the synthetic route to afford
asparagusic acid (22). All attempts under different reaction conditions (Table 4.3)
failed to produce 18.

In a small vial, 500 mg (0.95 mmol) of 2,2-bis((tosyloxy)methyl)malonate (17)
were suspended in 2.78 mL of water in ice-bath conditions with magnetic stirring (1,500
rpom). A solution of Na-CO3 (207 mg, 1.95 mmol) in water (0.83 mL) was added to
guarantee a strong basic medium (pH>10). The suspension was set under Ar
atmosphere and 148.24 mg (1.95 mmol) of thioacetic acid (24) were added in small
portions with a syringe. The reaction was left to proceed until TLC evidenced that 17
had disappeared from the reaction medium. Afterwards, the suspension was acidified
with 0.5 mL of HCI (1M) to obtain a white precipitate. The precipitate was extracted
with EtOAc (3 x 25 mL) and the organic layer (EtOAc) was dried with Na2SO4. The
rotary evaporator was used to remove the EtOAc to obtain a yellowish oil expected to
be 2,2-bis((acetylthio)methyl)malonate (18). The oily crude product was purified with

flash column chromatography (SiO2) with eluent hexane/EtOAc 3:1 followed by
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hexane/EtOAc 2:1. Characterisation of the oil showed that the synthesis was
unsuccessful under the abovementioned conditions; therefore, new ones were

attempted and are reported in Table 4.3.

Table 4.3. Reaction conditions attempted to synthesise diethyl 2,2-
bis((acetylthio)methyl)malonate (18). Despite trying different solvents,
temperature and atmosphere conditions, compound 18 could not be finally
obtained. In entries with superscript ‘a’, T was left to reach room T after 8
h.; in those with superscript ‘b’, no Na,COs (ag.) was used.

Entry Solvent T(°C) Atmosphere Time (h.) Yield (%)

12 water 0 air 24 0
20 Py 0 air 24 0
32 THF 0 air 24 0
42 Py 0 Ar 24 0
5 THF rt Ar 24 0
6 AcCN rt Ar 24 0
7° Py rt Ar 24 0
8 DMF rt Ar 24 0
gb Py rt Ar 24 0

B. Preparation of 3,3'-Disulfanediyldi(propanehydrazide)

Following the unsuccessful efforts to synthesise asparagusic acid, the
organodisulfur 28, 3,3’-disulfanediyldi(propanehydrazide) (DPA-HD), was considered
as a new linker for the project. The synthetic route drawn for this compound is shown

in Scheme 4.4.
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Scheme 4.4. Synthetic route for the preparation of DPA-HD (28) in 2 steps: first,
the coupling agent EDC was used to introduce the amide group into diacid 25 with
tert-butyl carbazate (26), obtaining di-tert-butyl 2,2'-(3,3’-
disulfanediylbis(propanoyl))bis(hydrazine-1-carboxylate) (27); second, the
deprotection of the tert-butoxycarbonyl (Boc) groups of 27 was achieved under
acidic conditions (TFA or HCI).
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(27) Di-tert-butyl 2,2’-(3,3’-disulfanediylbis(propanoyl))bis(hydrazine-1-
-carboxylate)

o) 25
HO)J\/\S/S\/\[C])/OH EDC . . /L)<
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Scheme 4.5. Reaction conditions for the synthesis of di-tert-butyl 2,2’-(3,3’-
disulfanediylbis(propanoyl))bis(hydrazine-1-carboxylate) (27), the first step to
obtain 28 according to the synthetic route described in Scheme 4.4.

14.17 g (111.23 mmol) of tert-butyl carbazate (26) charged in a 500 mL RBF were
dissolved in 200 mL of tap water with the help of stirring. 10.13 g (48.2 mmol) of 3,3’-
dithiodipropionic acid (DPA, 25) were also dissolved in 100 mL of THF in a 250 mL
RBF with stirring. Then, both solutions were mixed and 21.16 g (110.15 mmol) of EDC
were slowly added. The mixture, a perfect dissolution, was left reacting for 5 h. at room
temperature. The product formed a white suspension that was filtered with vacuum
and washed abundantly with water in the Buchner funnel to remove impurities. The
pure di-tert-butyl 2,2’-(3,3’-disulfanediylbis(propanoyl))bis(hydrazine-1-carboxylate
(27) obtained (7.47 g, 83% yield) was a white crystalline powder. 'TH-NMR (400 MHz,
CDCl3) 6 8.89 (b, 2H, -O-CO-NH-NH), 6.66 (b, 2H, -O-CO-NH-NH-), 3.03 (t, J = 6.7 Hz,
4H, -CH2-CH2-S-), 2.68 (t, J = 6.7 Hz, 4H, -CH2-CH2-S-), 1.48 (s, 18H, -O-C-(CHa)3).
13C-NMR (400 MHz, CDCl3) § 235.56 (2C, -NH-CO-CH>- ), 170.86 (2C, -O-CO-NH-),
82.23 (2C, -O-C-(CHs3)s, 34.24 (2C, -NH-CO-CH>-), 33.20 (2C, -CH2-CH-S), 28.17

(6C, -O-C-(CHa)s). MS (ESI+), m/z (%); C.sH,N,0,S,, calculated: 438.16 ( [M]* );
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found: 461.15 ( [M + NaJ*, 100%), 216.04 ( [M + 2AcN + 2HJ?*, 8%). FTIR (ATR), v
(cm) 3282 (b), 1747 (w, overtone, O-C=0), 1725 (s, O-C=0), 1660 (s, C-C=0), 1549

(w, N-H), 1502, 1365, 1236, 1157.

(28) 3,3-disulfanediyldi(propanehydrazide), DPA-HD

/k o]
le} O
0 N\N S/ \/\[( \N 0] % - H
H o H Conditions a and b 0
o)

X 27 28

Scheme 4.6. Synthesis of DPA-HD (28) from di-tert-butyl 2,2’-(3,3'-
disulfanediylbis(propanoyl))bis(hydrazine-1-carboxylate) (27). The removal of Boc
groups from 27 was tried with two different acids: TFA (conditions a) and HCI
(conditions b).

The synthesis of DPA-HD was attempted under two different acidic conditions:

Conditions a: in a 50 mL RBF containing 1.00 g (2.28 mmol) of 27 were added
2.5 mL (32.67 mmol) of TFA. The reaction was left stirring at room temperature for 3
h. Next, the excess of TFA in the crude was removed by bubbling Ar until the liquid
product started to become viscous. Then, the crude was purified by precipitation
(dropwise) into ca. 150 mL of Et20. Finally, the ether was removed with vacuum to
afford 0.52 g (48.9% yield) of 28a, a hygroscopic, fluffy, white solid that within minutes
of being exposed to the atmosphere became very sticky (Figure 4.1). TH-NMR (400
MHz, D20) 6 2.94 (t, J = 6.7 Hz, 4H, -CH2-CH2-S-), 2.73 (t, J = 6.7 Hz, 4H, -CH2-CH>-

S-) (Figure 5.7). *C-NMR (400 MHz, D,0) §172.16 (2C, -CO-), 32.48 (2C, -S-CHy-
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CHy-), 32.05 (2C, -S-CHo-CHy). MS (ESI+), m/z (%); C,H,,N,0,S,, calculated: 238.06
([M*); found: 261.02 ([M + Na]*, 100%), 239.04 ( [M + HJ*, 58%). FTIR-ATR, v (cm’
1) 1672 (s, C=0), 1531 (w, N-H), 1432 (w), 1196 (s), 1140 (s) (Figure 5.13). FTIR-
transmission, v (cm'') 1745 (w, C=0), 1677 (s, C=0), 1640 (s, C=0), 1432 (w), 1200

(s, C-F), 1149 (s) (Figure 5.13).

(@)
(0]
F72\\ °e 0 H \/
F
H o) 28a
0]

Figure 4.1. TFA salt of DPA-HD (28a). The salt was obtained after deprotecting the
Boc groups of 27 with TFA.

Conditions b: a 1 L RBF containing 8.03 g (18.31 mmol) of 27 was charged with
395 mL of HCI (1M); the suspension formed was left stirring vigorously overnight at 40
°C. The colourless crude obtained was lyophilised and purified with reversed phase
preparative HPLC (eluent from AcCN/H20 1:19 to 20:0 in 20 min., 10 mL-min"). 0.95
g (3.99 mmol, 21.8%) of pure 28 (Figure 4.2) were obtained. "H-NMR (400 MHz,
D20) 6 2.96 (t, J = 6.8 Hz, 4H, -CH2-CH2-S-), 2.63 (t, J = 6.8 Hz, 4H, -CH2-CH2-S-)
(Figure 5.18). '*C-NMR (400 MHz, D-0) §173.05 (2C, -CO-), 33.02 (2C, -S-CH,-CH>-
), 32.96 (2C, -S-CH2-CHz2). MS (ESI+), m/z (%); C¢H,,N,O,S,, calculated neutral DPA-
HD: 238.06 ( [M]"); found: 261.05 ( [M + Na]*, 100%), 239.06 ( [M + H]*, 48%). FTIR
(ATR), v (cm™) 1682 (s, C=0), 1577 (w, N-H), 1525 (w), 1475 (s), 1410 (s), 1361 (w),

1248 (w), 1165 (s). HPLC (Kinetex 5 um, C18, 100A, Axia packed; A = 210.4 nm)
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Rt1 = 5.91 min., area = 6.3%; Rt2 = 8.75 min., area = 57.9%; Rz = 10.42 min., area =

31.3%; and Ry = 12.82 min., area = 3.63% (Figure 4.2).

28
o H
H2N )‘k/\ S N\
5 SN 57 \/\n/ NH,

au 3 H

U 28 's,z, 5 O
1750 s s
1500
1250 A
1000
750 1 ©
500 o - o
250 g 3 s\ 2 A =210.4
0 < A\~

0 5 10 15 20 25 min.

" % AcCN

80

60
40
20

0 5 10 15 20 25 min.

Figure 4.2. Prepartive HPLC chromatography of compound 28 in reverse phase.
The retention time of pure 28 (red arrow) was 8.75 min. with an eluent ramp
(bottom) from AcCN/H>0 1:19 to 20:0 in 20 min. at 10 mL-min. Retention times
recorded with a UV detector at A = 210.4 nm.=

C. Coupling of 3,3’-Disulfanediyldi(propanehydrazide) with
Galactose

The coupling of DPA-HD with Gal to obtain 3-((3-oxo0-3-(2-((3R,4S,5R,6R)-3,4,5-
trihnydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)hydrazineyl)propyl)disulfaneyl-
-N'-((3S,4R,5S,6S)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)pro-
panehydrazide (galactose 3,3’-disulfanediyldi(propanehydrazone), DPA-HD-Gal, 29)

is shown in Scheme 4.7.
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Scheme 4.7. Condensation reaction to covalently couple DPH-HD (28) with Gal (3)
for the obtainment of galactose 3,3’-disulfanediyldi(propanehydrazone) (29)
where the monosaccharide was incorporated into a molecule prone to adsorb on
Au electrodes through S atoms. The reaction was an equilibrium displaced towards
the formation of hydrazones (29) under mildly acidic conditions. In aqueous media,
due to the mutarotation of the sugar moieties, conformations with amines (29b
and 29c) were expected to be predominant.
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(29) Galactose 3,3’-disulfanediyldi(propanehydrazone), DPA-HD-Gal

Acetate buffer 0.1 M,
(pH 5.4), 60 °C

Scheme 4.8. Reaction conditions for the glycosylation of 3,3'-
disulfanediyldi(propanehydrazide) (28a or 28) with Gal (3). A slightly acidic
medium of reaction and a mild temperature allowed the coupling of the di-
hydrazide with the monosaccharide to obtain galactose 3,3'-
disulfanediyldi(propanehydrazone) (29).

For a synthesis with the TFA salt of DPA-HD (28a) as starting material, 14.31 mg
(0.060 mmol) of disulphide and 78.67 mg (0.44 mmol) of Gal were dissolved in acetate
buffer (0.1 M, pH 5.5) prepared in D2O and the mixture was left to react at 60 °C. The
evolution of the reaction was followed by "H-NMR to determine its completion, although
the formation of a thick suspension made it already impossible after 3 h. In fact, given
the difficulties of dissolving the product with any mixture of solvents, no purification
was conducted and only a tentative characterisation of the lyophilised crude (MS) was
performed. MS (ESI+), m/z (%); C1sH34N40O12S2, calculated = 562.16 ( [M™] ); found:

423.10 (100%), 585.15 ( [M + NaJ*, 38%) (Figure 5.15).
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D. Synthesis of Poly(acryloyl) Hydrazide

The synthesis of poly(acryloyl) hydrazide (pAHn) was accomplished in three steps
(Scheme 4.9).

30

Initiator

_—> /\H/N\Hj\()k

i

j\o J< 4 ii

26 Acidic
conditions

il
J><*f”
HO
n
H O

Scheme 4.9. General procedure for the preparation of poly(acryloyl) hydrazide
(pAH,, 33). First, monomer 31 was obtained by coupling acrylic acid (30) with tert-
butyl carbazate (26); second, 31 was polymerised with the help of an initiator and
the degree of polymerisation (DP) was controlled with  2-
((ethylthio)carbonothioyl)thio-2-methylpropanoic acid (34); finally, the hydrazide
group of the pendant groups of the polymer obtained (Boc-pAH,, 32) was
deprotected under acidic conditions to obtain 33.
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and dissolved in 240 mL of water. Once dissolved with stirring, 120 mL of THF were
added. Finally, the RBF was also charged with 7.5 mL (109.91 mmol) of acrylic acid
(30) to obtain an off-yellow dissolution that was stirred overnight. Product 31 was
purified with a separation funnel: 5 x 50 mL of EtOAc, 2 x 50 mL of NaHCOs3 (sat.) and
1 x 50 mL of brine. The solid in the organic phase was dried with anhydrous Na>SO4
and then recrystalised from CH2Cl2 to afford 8.36 g (41.07% yield) of white crystalline
monomer. "TH-NMR (400 MHz, DMSO-ds) § 9.78 (s, 1H, -O-CO-NH-), 8.82 (s, 1H, =CH-

CO-NH-), 6.24-6.14 (m, 2H, -CO-CH=CHy), 5.71-5.68 (m, 1H, -CO-CH=CHy), 1.40 (s,
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(15) Tert-butyl 2-acryloylhydrazinecarboxylate

/\H/OH
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EDC /\n/ J\J<
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. AN 31
N“ o
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Scheme 4.10. Preparation of tert-butyl 2-acryloylhydrazinecarboxylate (31), the
monomer of poly(tert-butyl-2-acryloylhydrazine-1-carboxylate) (32). The
synthesis, first step of Scheme 4.9, required reacting acrylic acid (30) with tert-
butyl carbazate (26) using EDC as a coupling agent.

12.02 g (90.95 mmol) of tert-butyl carbazate (26) were charged in a 500 mL RBF

9H, -O-C~(CHa)s (Figure 4.3).
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Figure 4.3. H-NMR spectrum (400 MHz) of tert-butyl 2-
acryloylhydrazinecarboxylate (31), the monomer used to produce pAH,, in DMSO-

ds. The integration of the signals was normalised with the Boc group peak (blue
dot) integral.

(17) Poly(tert-butyl-2-acryloylhydrazine-1-carboxylate), Boc-pAHp
(0]
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(0] ° HO S S\/
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Scheme 4.11. Polymerisation conditions of tert-butyl 2-
acryloylhydrazinecarboxylate (31) to afford poly(tert-butyl-2-acryloylhydrazine-1-
carboxylate) (Boc-pAHn, 32). The synthesis, step ii of Scheme 4.9, employed the
initiator VA-044 and 2-((ethylthio)carbonothioyl)thio-2-methylpropanoic acid as
the chain transfer agent to control the DP of the polymer.
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A test tube was charged with 2.012 g (10.8 mmol) of 31 (monomer) and 13.94
mg (0.043 mmol) of VA-044 (initiator); to obtain 32 with an approximate DP of 50
(DP50, Boc-pAHso, 32a), 48.21 mg (0.21 mmol) of 2-((ethylthio)carbonothioyl)thio-2-
methylpropanoic acid (34, RAFT agent) were also added to the tube. Then, 2 mL of
DMSO and a magnetic stirrer were also introduced before the tube was sealed with a
septum and deaerated with Ar for 30 min. Next, the polymerisation was started by
submerging the test tube in an oil bath at 65 °C for exactly 3 h.; the reaction was
stopped opening the septum. The crude was left to cool down becoming a very
viscous, yellow solid; then it was diluted in 4 mL of acetone and dropwise precipitated
into 250 mL of EtOAc through a 0.45 pum filter. The supernatant was removed with
centrifugation, grinded down with a mortar and the off-yellow fine powder obtained
dried inside a desiccator. Finally, the dry product, 1.7213 g (83.49% monomer
conversion for a Boc-pAH, polymer with DP50, 32a) was characterised. 'TH-NMR (400
MHz, DMSO-ds) 6 9.17 (b, s, -O-CO-NH-), 8.57 (b, s, -HN-CO-CH-), 2.05 (b, -SH ),
1.64 - 1.02 (b, 1H in -CO-CH-, 2H in -CH2-CH- and 9H in C(CHz)s3) (Figure 4.4). GPC
(eluent: 0.05 M of LiBr in DMF; 60 °C, flow rate of 1 mL/min) elution time 15.679 min
(Figure 4.5). FTIR (ATR), v (cm™) 1717 (s, C=0), 1680 (s, C=0), 1481 (w, N-H), 1456

(w, N-H), 1393 (w), 1368 (w), 1246 (s), 1157 (s).

The procedure to synthesise the DP20 polymer (Boc-pAH2o, 32b) was exactly the

same but with the following quantities of chemicals: 2.000 g (10.74 mmol) of 31, 120.49

mg (0.53 mmol) of RAFT agent 34 and 17.36 mg (0.053) of initiator VA-044.
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Figure 4.4. *H-NMR spectrum (300 MHz) of Boc-pAHso (32a) in DMSO-ds. The
broadness of the peaks confirmed the polymeric character of the sample. At low
field (ca. 9 ppm) appeared the two signals of the protons on the N atoms.
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Figure 4.5. GPC of polymer 32a (eluent: 0.05 M of LiBr in DMF; column at 60 °C,
flow rate of 1 mL/min). The elution time according to the reflexion index detector
occurred after 15.679 min. of the injection of the polymer sample.
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(18) Poly(acryloyl hydrazide), pAHn
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Scheme 4.12. Synthesis of pAH, (33), step iii of Scheme 4.9. The deprotection in
acidic conditions (TFA) of the Boc group of the pendant groups of 32 produced 33.

The deprotection of Boc-pAH, requires its perfect dissolution in TFA and stirring
at room temperature overnight followed by the removal of the excess of acid and a
stage of purification. For example, 1.4480 g of Boc-pAHso were put in a 25 mL RBF
with 9.05 mL of TFA; within 5 to 10 min. of stirring, the initial yellow suspension became
a solution. After ca. 12 h., the excess of TFA (around 2/3 of the original volume) was
removed bubbling Ar through the crude. Then, the crude was neutralised with
saturated Na2COs3, dissolved in Milli-Q water, introduced in a dialysis membranes and
dialysed for at least 3 days. Finally the polymer was lyophilised and left in a desiccator
because of its high hygroscopicity. Once dry, the 0.5375 g of pAHso (33a) obtained
(79.98% vyield) were characterised. TH-NMR (400 MHz, D,0) 6 2.53 - 1.19 (b, 1H in -
CO-CH-, 2H in -CH2-CH-), 0.99 (s, 3H, C-(CHa)2), 0.94 (s, 3H, C-(CHz)2) (Figure 4.6).
GPC (eluent: DPBS 0.0095 M without Ca?* nor Mg?*; flow rate 1 mL/min., column
temperature 35 °C) elution time 15.458 min. (Figure 4.7). FTIR (ATR), v (cm™") 1603,

1515, 1445, 1390.
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Figure 4.6. *H-NMR spectrum (300 MHz) of pAHso (33a) in D,O obtained after
deprotection of Boc-pAHso (32a) with TFA and dialysis.
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Figure 4.7. GPC of pAHso (33a) (eluent: DPBS 0.0095 M without Ca?* nor Mg?*; flow
rate 1 mL/min., column temperature 35 °C). The pure polymer eluted the
chromatographic column at 15.458 min. according to the reflexion index detector.
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E. Post-polymerisation Glycosylation of Poly(acryloyl) Hydrazide
with Galactose in Heterogeneous Phase (Au-pAH2-Gal)

After the immobilisation of pAH2o on a Au electrode, the polymer was glycosylated

with Gal (Scheme 4.13).

O : Q .
: ~J
~J
HO 00 § Gal HO 20
: - N
HN o | ~ HN O
| : Acetate buffer 0.1 M (pH5.5) lllH
NH, y 60 °C, 24 h. o)
33b ? OH
‘ HO V—0oH
Au(poly) 35b Au(poly)

Scheme 4.13. Post-polymerisation glycosylation of pAHyo (33b) with Gal in
heterogeneous phase. Following the immobilisation of pAH,o on a Au(poly)
electrode, the immersion of the modified electrode in a 1.5 M Gal solution
prepared in phosphate buffer 0.1 M allowed the coupling of the saccharide with
the hydrazide pendant groups of the polymer.

A Au(poly) electrode modified (section 4.2.3-D) with pAH2 (Au-pAH20) was
incubated in an acetate buffered solution (0.1 M, pH 5.5) with 1.5 M of Gal during 24
h. at 60 °C. The electrode surface was rinsed with Milli-Q water and electrochemically

characterised (Figure 6.6).
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F. Post-polymerisation Glycosylation of Poly(acryloyl) Hydrazide
with Galactose in Homogeneous Phase (pAHso-Gal)

The Scheme 4.14 shows the glycosylation in solution of pAHso with Gal.

0]
0
Gal HO 50
HO 50 ~ HN 0]
Acetate buffer 0.1 M (pH 5.5) HO I
H'}l O room T, 24 h. NH
NH, O
33a OH

Ho Vg, 35b

Scheme 4.14. Post-polymerisation glycosylation of pAHso (33a) with Gal in
homogeneous phase. To incorporate Gal into the hydrazide groups of pAHso, the
polymer was reacted with the sugar (pendant group/Gal, 1: 2.1) in a mildly acidic
medium at room temperature.

In a vial charged with 0.5 mL of acetate buffer (0.1 M, pH 5.5) prepared with D-O
were dissolved 22.3 mg of pAHso and 100.4 mg (0.55 mmol) of Gal (hydrazide pendant
group/Gal, 1 : 2.1) and left to react for 24 h. According to '"H-NMR, ca. 66% of polymer
loading with sugar (pAHso-Galss) was achieved (Figure 6.7). The crude product was
employed for the modification of a Au(poly) electrode (section 4.2.3-D) that was then
electrochemically characterised (Figures 6.8). To reduce the loading of pAHso, a
synthesis with a smaller number of Gal equivalents (0.2) was carried out: in 0.5 mL of
deuterated acetate buffer, 22.16 mg of pAHso and 9.7 mg of Gal (0.054 mmol) were
dissolved and the mixture was left to react at room temperature for 24 h. "H-NMR
analysis (Figure 6.10) determined a saccharide loading of approximately 16% (pAHso-
Galg). The crude product was used to modify and characterise a Au(poly) electrode

with CV (Figure 6.11).
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G. Glycosylation of Acetohydrazide with Lactose and Reduction
(AcHD-RO-Gal)

AcHD was used to test the coupling of Lac with the hydrazide group and the
reduction of the resulting hydrazone. Scheme 4.15 shows the two steps of this

synthetic route:

0 HO
H 0
/U\ N, i, OH
7
HaC N “4 o
HO oH O
HO  OH

36a/b

o %fm

N
HsC H Acetate buffer H ‘WY\ oH 36

1 (pH 5.5)
i ii
Conditions a, b, ¢

0
H HO
LA HO% >
H3C N o
H HO oH ©O

o/ OH 37

Scheme 4.15. Synthesis of N'-(2,3,5,6-tetrahydroxy-4-
-((galactopyranosyl)oxy)hexyl)acetohydrazide (AcHD-RO-Gal, 37). After coupling
acetohydrizide (12) with lactose (Lac, 11) in a mild acidic medium to obtain N’-
(lactosyl)acetohydrazide (36), different chemicals (conditions a, b and c) were
used to reduce it into compound 37.
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(36a) N’-(lactosyl)acetohydrazide, AcHD-Lac

o] Lac o} OH HO
N HO o OH
NH2 -~ SN
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N Acetate buffer 0.1 M, H :’(;7\ on0”Ho o 36

12 (pH 5.5), room T, 24 h.

Scheme 4.16. Reaction conditions to synthesising N’-(lactosyl)acetohydrazide
(AcHD-Lac, 36), the first step of Scheme 4.15. The coupling of AcHD with Lac
proceeded in mildly acidic conditions at room temperature. The above scheme
shows only the potential linear isomers (36) of the product.

First, 928.8 mg (2.58 mmoL) of Lac were weighed in a 10 mL RBF and mixed
with 5 mL of acetate buffer (0.1 M, pH 5.5) prepared with D2O; the mixture was mildly
heated and stirred to obtain a perfect dissolution. Next, 93.53 mg (1.26 mmol) of AcHD
were added to the Lac solution and left to react for 24 h. at room temperature.
According to "H-NMR analysis of the crude product a yield of ca. 50% was afforded
after 24 h. and 84% after 7 days (Figure 6.12). The crude was directly employed for

the synthesis of 37.

(22) N'-(2,3,5,6-tetrahydroxy-4-
-((galactopyranosyl)oxy)hexyl)acetohydrazide, AcHD-RO-Gal

37
0 OH HO 0 OH HO
HO 0 OH /u\ H HO 0 OH
N N
Ao G T NN RS
H HO on© HO on Conditions a, b, ¢ H HO on© HO OH
36

Scheme 4.17. Reduction of the linear tautomers of AcHD-Lac (36) to afford AcHD-
RO-Gal (37), second step in the Scheme 4.15. The reduction of the hydrazones 36
was attempted using three different reaction conditions (a, b and c).
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The reduction of AcHD-Lac (36) into AcHD-RO-Gal (37) was attempted using

three different chemicals: pyBH3, NaBH4 and NaBH3CN.

Conditions a:
For NaBH4, 49 mg (1.30 mmol) of the salt were added to 1 mL of the crude
obtained in the first step of Scheme 4.15. The reaction was left to react for 3 h. at 0°C,

and for another 12 h. at room temperature.

Conditions b:

In the case of pyBH3, 63 uL (3.49 mmol) of the complex were added to 1 mL of
the crude product from the first step of the synthesis described in Scheme 4.15. Then,
23 uL of HCI (36%) were slowly added and the solution was stirred overnight at room

temperature.

Conditions c:

Finally, when NaBH3CN was used, 35 mg (0.56 mmol) of borohydride were added
to 1 mL of the crude afforded in the first step of Scheme 4.15. Afterwards, 15 uL of
HCI (36%) were added dropwise and the mixture was left to react for 3 h. at 0°C, and

for 12 h. more at room temperature.
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H. Post-polymerisation Glycosylation of Poly(acryloyl) Hydrazide
with Lactose and Reduction

An alternative glycosylation of pAH, with Gal was achieved in two steps using

Lac (Scheme 4.18):

HO OH
l/ 38a/b
0
SH
0 HO
50 ~ & HO_ HO oH
HNT S0 Acetate buffer N \O/V% 38
NH, 0.1 M o o P
33a ) HO OH
i .
ii
) PyBH;

SH
HO
50
HNT S0 HO
0
HN HO%\ H OH
— 0
HO oH ©O 39
HO OH

Scheme 4.18. Synthetic route for the production of N'-(2,3,5,6-tetrahydroxy-4-
((galactopyranosyl)oxy)hexyl) poly(acryloyl) hydrazide (pAHso-RO-Gal,, 39). After
the condensation of 33a with Lac, isomers 38 were reduced with pyBHs in acidic
conditions to obtain compound 39.
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(38a) N’-(lactosyl) poly(acryloyl) hydrazide, pAHso-Lac

0
0 38
o Lac Ho s
HO —_— 50
50 ~ HN O HO
N Yo  Acetate buffer 0.1 M (pH 5.5) Ny HO HO, o
33a ' room T, 24 h. \
HO OH

Scheme 4.19. Coupling of Lac with pAHso in mildly acidic conditions at room
temperature. The condensation reaction between disacharide and polymer was
the first step (Scheme 4.18) to synthesise a glycopolymer (39) with Gal. The
scheme shows a Lac molecule in its linear form linked to a pendant group of pAHso.

First, 870.9 mg (4.42 mmol) of Lac were dissolved in 4.4 mL of acetate buffer
(0.1 M, pH 5.5) prepared in D20O; the mixture was heated and stirred moderately to
accelerate the formation of a dissolution. Then, the dissolution was added to a RBF
charged with 100.1 mg of pAHso (22.73 mg/mL) and left to react for 24 h. at room
temperature. According to 'H-NMR (vid. Figure 6.16), an approximate 30% loading

was afforded (pAHs0-RO-Galis).

(39) N-(2,3,5,6-tetrahydroxy-4-((galactopyranosyl)oxy)hexyl) poly(acryloyl)
hydrazide, pAHso-Lac1s

0

o)
SH
HOWO o SH 39
HNT o HO PyBH3 >0

& HO HO, wy > HNT S0 HO o
AN \oﬁ room T, 24 h. HN HO\% @OH
HO oH O H\ 0
38 v’ on HO oH O o

OH

Scheme 4.20. Chemical reduction of the pendant groups of pAHso-Lacis (38) with
PyBHs. The reduction of the hydrazone bond between Lac and polymer with PyBH3
afforded a robust glycopolymer (pAHso-RO-Galis, 39) carrying Gal (red moiety).
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0.29 mL (3.49 mmol) of pyBH3 were added slowly to the crude product obtained
in the first step of the synthesis shown in Scheme 4.18 and that contained pAHso-Lac1s
(38); the mixture was left to react for 24 h. at room temperature. Afterwards, the new
crude product was poured into a dialysis membrane and purified for 5 days, changing
the water of the dialysis container (5 L) at least twice a day. Finally, the content of the
membrane was lyophilised to obtain 0.353 g of pure, white polymer pAHs0-RO-Gal1s
(39). 'TH-NMR (400 MHz, D20) § 4.43 (b, -R3-CH(OR2)-OR-), 3.91 (b), 3.83 (b), 3.68
(b), 3.58 (b), 3.55 (b), 3.46 (b), 2.98 (b), 2.84 (b) 1.89 (b, -CO-CH(R1)-CH2-R>), 1.62
(b, -CO-CH(R4)-CH2-Rz2), 1.19 and 0.97 (b, HO-CO-C(CHz3).-CH2-) (Figure 6.17). GPC
(eluent: DPBS 0.0095 M without Ca?* nor Mg?*; 1 mL/min. flow rate, 35 "‘C column

temperature) elution time 14.862 min. (Figure 4.8).
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Figure 4.8. GPC of polymer 39 (eluent: DPBS 0.0095 M without Ca?* nor Mg?*; flow
rate 1 mL/min., column temperature 35 °C). The reflexion index detector found
the pure polymer leaving the chromatographic column after 14.862 min.
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4.2 Electrochemistry

Herein are described the chemicals, instruments, materials, and procedures to

perform the electrochemical experiments of the thesis.

4.2.1 Chemicals and Materials

All water used to carry out electrochemical experiments was Milli-Q® water (18.2
MQ - cm, 1 ppb total organic carbon). To clean the glassware, aqueous acidic
permanganate suspensions [H2804 from VWR® and KMnO4 from Sigma-Aldrich® or
E. Merck AG® (min. 99%)] and diluted piranha (H202 from Merck®, H2804) were
employed. All reagents used were of chemical grade. Polymer solutions were filtered
with Millex®-LCR filters (13 mm, 0.45 um, low protein hydrophilic PTFE membrane)

purchased from Millipore®.

A. Commercial Chemicals

Different phosphate buffer solutions were used as electrolyte to reproduce
physiological pH (7.4): DPBS, both commercial (Lonza®) and in-house preparations;
and 0.1 M phosphate buffer solution. For the preparation of the in-house DPBS the
following salts were used: KCI (99.999%), NaCl (99.99%) and KH2PO4 (99.995%) from
Merck®; and NazHPO4 (99.95%) from Sigma Aldrich®. The 0.1 M phosphate buffer
solutions were obtained with KH2PO4 from Sigma Aldrich® (= 99.0%) or Riedel-de
Haén; K2HPO4 (> 98%) from Acrdos Organics®; and K2HPO4 - 3 H20 (98 — 100.5%)

from Panreac®.
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Two different redox probes were used in the electrochemical experiments:
ferrocenemethanol (FcMeOH, > 95.0%) purchased from TCI-Tokyo Chemical
Industry®; and the redox couple [Fe(CN)s]** obtained from different salts: potassium

ferricyanide [KsFe(CNe)] from Merck’ s Reagenzien® or Acros Organics® (>99%);
and potassium ferrocyanide trinydrate [KaFe(CNse) - 3H20] purchased from Fluka® (>

99.5%) or Alfa Aesar® (98.5-102.0%). Bovine serum albumin (BSA) was used to

modify a Au(poly) electrode.

4.2.2 Instruments

The electrical potential applied during the measurements was controlled with
several instruments: AutoLab potentiats (Metrohm®) managed by GPES and Nova
2.1.3 software (Metrohm®); e-DAQ® potentiostats coupled to waveform generators
(Model 175 Universal Programmer, EG&G Princeton Applied Research®) and data
recording and analysis systems (e-corder 401, e-DAQ®); and an IVIUM CompactStat

analyser (lvium Technologies®) controlled by IviumSoft software (lviumSoft®).

4.2.3 Experimental Procedures

A. Cleaning of the Electrochemical Cell and Glassware

Previous to any electrochemical experiment, to assure cleanness, the glassware
was dipped in a slightly acidic potassium permanganate suspension (3 L water, 3 g
KMnO4 and 1 mL of pure H2SO4) overnight; then, rinsed with diluted piranha solution
(1 L water, 3 mL H202 and 1 mL of pure H2SO4) to remove any traces of permanganate;

and finally boiled in water 5 times to eliminate remnants of sulphates*8".
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B. Cleaning of Au(poly) Electrodes

All electrochemical experiments reported in this text were carried out with high
purity Au(poly) disk electrodes (Au > 99.999%) after producing a hanging meniscus
on the surface of the electrolyte. The surface of the electrode was cleaned after each
experiment under a flame (flame-annealing) and cooled down for ca. 1 min. in an Ar
atmosphere before further use or modification. In case of surface contamination,
electrodes were polished with sandpaper, sonicated for 3 min. in water and flame-

annealed.

C. Electrochemical Measurements

An electrochemical cell with a three-electrode configuration was used in all
experiments. A big surface area of Au(poly) was employed as CE whilst saturated
calomel electrodes (SCE), reversible hydrogen electrodes (RHE) and Ag/AgCI (sat.)
electrodes were used, indistinctively, as a RE. All electrochemical results presented
throughout the thesis have been converted into the Ag/AgCI (sat.) scale for the sake
of consistency. As stated before, the electrolyte used in the experiments was DPBS or
0.1 M phosphate (pH 7.4). Unless otherwise reported, the scan rate of all CV was 50
mV-s™'. In the case of SWV, a frequency of 5 Hz, a step E of 5 mV and an amplitude
of 25 mV were employed. Finally, in EIS experiments, a range of frequencies between
65,535 and 1 Hz was used with the E set at 148 mV and the amplitude at 10 mV. Two
electrochemical mediators dissolved in the electrolyte were employed in the thesis:
FcMeOH (0.5 mM) or [Fe(CN)e]®-# (0.5 mM). Before starting the experiments, the cell
was deaerated bubbling an inert gas (Ar or N2) through the electrolyte for at least 20

minutes to prevent the reaction of O2 with the Au surface; this way, all measurements
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were conducted under an inert atmosphere. All experiments were carried out at room

temperature (15-30+ 1 °C).

D. Modification of Electrodes

Au(poly) electrodes were modified with SAM forming compounds and polymers
(PAHn, pAHN-Gal, pAHs-Lac, pAHK-RO-Gal) by dipping them in aqueous solutions of
the referred chemicals at several concentrations for different periods of time and at
room temperature. Before each modification, electrodes were cleaned with flame-
annealing and cooled down under Ar atmosphere for 1 min. After surface modification,
before electrochemical characterisation or measurement, the electrodes were

abundantly rinsed with water.

E. Dynamic in situ SEIRAS under ATR Conditions

For dynamic in situ SEIRAS under ATR conditions (SEIRAS-ATR) experiments,
a spectroelectrochemical cell equipped with a Si window (Pastec Ltd., Japan) bevelled
at 60° was placed at the top of a VeeMAX (PIKE Tech.) reflectance accessory of a
Nicolet 8700 spectrometer (Thermo Scientific). Previously, Au (99.999%, Kurt J.
Lesker Ltd.) thin films (ca. 25 nm) had been thermally evaporated and deposited on
one of the faces of the low-oxygen content Si prism. The physical vapour deposition
through sputtering was carried out in a vacuum chamber of a PVD75 (Kurt J. Lesker
Ltd.) coating system at a base pressure of ca. 6-10 Torr; a quartz microbalance (QCM)
was used to control the growth of the film. After setting the Au thin-film-modified prism
in the cell, in-house DPBS (electrolyte) was added and a CV blank of the metal surface

was obtained to assure its cleanness. The FTIR measurements in ATR configuration
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were conducted in the already mentioned spectrometer, equipped with a liquidN2-
cooled MCT-A detector and a wire grid ZnSe polariser (Pike Tech.), and controlled by
OMNIC software. The spectra were collected with a 4 cm™ resolution and are
presented in absorbance units (a.u.). For the study of the formation of SAMs of DPA-
HD on Au sputtered films, a concentrated solution of the disulphide was added to the
cell containing the electrolyte for a final concentration of ca. 10 mM. For FTIR
transmission experiments in the same cell, a final concentrations of ca. 50 mM was

used instead.
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Synthesis of Small Molecular Linkers
and Functionalisation of
Polycrystalline Au Electrodes

5.1 Introduction

The cell membrane is the organelle that defines the boundaries of a cell,
separating its interior from the environment. A physical barrier, it protects the cell and
regulates the exchange of substances with the exterior. The scaffold of the cell
membrane is a lipidic bilayer made of glycerophospholipids; its composition includes
other lipids (e.g. cholesterol) and proteins whose function depends in many cases on
sugars attached to them. The outward projection of these glycosylated
macromolecules from the bilayer determines much of the composition and functions of
the outer cell surface. One of these functions is the interrelation between cell and
environment, including the communication with other cells and interactions with
organisms. These saccharide structures constitute the glycocalyx of the cell*3? (Figure.

5.1).
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Figure 5.1. Cellular membrane with the glycocalyx on its outer face. The glycocalyx
is a layer of saccharides attached to the lipidic bilayer through lipids and proteins
(glycolipids and glycoproteins). Amongst the glycocalyx functions are structural -
barrier between cell and environment-, cell-to-cell interaction and cell
communication.

Many bacterial infections start when the pathogens or their toxins*83-48 recognise
the glycocalyx of the host, like in the case of V. cholerae (section 1.6.4); hence the
enormous interest in studying cell-surface interactions. However, the task, both in vivo
and in vitro, finds enormous difficulties, if only because of the structural complexity of
sugars*®’. Amongst the strategies used to immobilise saccharides on surfaces#8-4%0
and make it possible are SAMs. SAMs allow the selective immobilisation of molecules
and cells on surfaces*®'4% to investigate their layout and interactions*%4 495, This same
scheme is widely applied in sensing where the BRE of a biosensor is attached on

different types of supports*96-502,
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Biosensors with saccharides are known as glycosensors or glycobiosensors®3,
The recurrent interaction in nature between a pathogen and the glycocalyx of its host
is an excellent opportunity to use sugars to detect bacteria. However, few cases of
glycosensors of pathogens are reported in the literature, most of them
electrochemical®® %04 505 This thesis aims at the electrochemical detection of the
presence of the V. cholerae bacterium through its toxin; to avoid the manipulation of
the hazardous toxin, CTB (commercial and innocuous) is used in the first stages of
development of the sensor, as it is also regularly done in the literature. This chapter
describes the efforts made to complete the first step for developing the new
glycosensor: the immobilisation of Gal, the BRE, on a Au(poly) disk electrode, the

transducer.

5.1.1 Galactose as Biorecognition Element

Because of the enormous impact of cholera disease on human populations, CT’s
toxicity mechanism has been deeply studied (section 1.6.4-C-D). The infection starts
with the binding of the toxin to the cell membrane of the intestinal epithelium cells. The
attachment mainly relies on the interaction between CTB and the glycan part of
GM1383.506 |t has been described as a two-finger grip®®' and is based on weak forces
(hydrogen bonds) between monosaccharides of GM1 and the CTB binding site
reinforced by a structural fit (Figure 5.2). The affinity of the toxin towards the cell
membrane is augmented because it can bind it simultaneously through several of the

5 pentamers of its CTB. A secondary binding site has also been recently described®”.
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Intestinal Lipid Bilayer

CTB of Intestinal Cell

Lumen

. -Glu 1

Figure 5.2. Schematic representation of the interaction between the saccharide
units of GM1 and the amino acids of one of the pentamers of CTB according to
Merritt et al.3®! Dotted lines represent hydrogen-bond interactions, with
molecules of water (small light blue dots) acting in some instances as mediators.

GM1 has been utilised in many biosensors as BRE®: 5%8-511: put its complexity
and partial lipidic nature make it very unstable and difficult to integrate into electrodes.
Due to its preeminent role in the interaction GM1-toxin®0 512. 513 Gal, one of the

monosaccharides of GM1, is a good alternative.

The use of Gal is also favoured for being a relatively simple, robust, and
inexpensive molecule. The primary constraint in electrochemical biosensors is how to
bind the BRE to what are, in most cases, carbonaceous or metallic electrodes.

Because direct immobilisation is either impossible or too unstable, linkers become the
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best option for their integration®3. The coupling of a linker with Gal must secure the
attachment of the sugar onto the electrode and guarantee that its 3D structure,
essential for the recognition of CTB, remains unaltered. The terminal Gal
monosaccharide of GM1, key in the interaction with CTB, presents a cyclic form. Gal
in biological (aqueous) media is in equilibria between open and closed forms.
Therefore, whatever the linker employed, it is critical that its coupling with Gal

preserves the monosaccharide’s cyclic conformation.

5.1.2 Immobilisation of Galactose on Electrodes

The linker used to immobilise Gal onto the electrode must secure strong and
stable interactions with the sugar and the transducer. Linkers with a hydrazide group
are very convenient because this group smoothly reacts with Gal thanks to the high
reactivity of a-heteroatom nucleophiles towards the carbonyl group of reducing
sugars®'* (Scheme 5.1, step iii). Hydrazides can be easily synthesised from organic
acids*®8; for example, reacting the carboxylic group with tert-butyl carbazate, followed

by an acidic deprotection of the Boc protecting group*’? (Scheme 5.1, steps i and ii).
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Scheme 5.1. Chemistry to transform organic acids into linkers of saccharides: (i)
coupling of carboxylic acids with tert-butyl carbazate using the coupling agent EDC;
(ii) deprotection of the Boc group under acidic conditions for the obtainment of

hydrazides; (iii) glycosylation of hydrazides with aldehyde saccharides in mild
acidic media.
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During biosensor construction, the BRE coupling with a linker must preserve the
physical and chemical properties that allow the BRE to interact with the analyte. In
solution, reducing monosaccharides are found in equilibria between different
isomers®'S (tautomers). Gal in aqueous media mainly presents an open (acyclic) form
(3), with an aldehyde group occupying one end of a 6-carbon backbone chain; and four
cyclic isomers, two of them rings of four C atoms (furanosides) and two other rings of
five C (pyranosides)®'6-5® (Scheme 5.2). At room temperature, over 98% of Gal

molecules are either the a-galactopyranoside or the B-galactopyranoside tautomer.

OH
OH oH OH
» AV @v\(
HO OHH HO OHOH 3a
B-Galactopyranose \ / a-Galactopyranose
H HO HO
; OH
O)\H\_/\/ 3
OH 6H
7 A N\
3d 5 OH o M
OH OH OH
OH H OH
HO i HO : " o OH 3¢
OH OH H
3¢ OH OH OH ©

B-Galactofuranose a-Galactofuranose

Scheme 5.2. Interconversion equilibria between the different tautomers of Gal in
aqueous media, according to Wertz et al.>*® The intramolecular nucleophilic attack
in the linear Gal (3) of the hydroxyl group of C5 or C4 on the aldehyde group allows
the formation of more stable, cyclic isomers in aqueous media. Nevertheless,
hydrolysis makes these condensation reactions reversible. The reversible
incorporation of a hydroxyl group into the carbonyl of 3 can produce the hydrate
of Gal (3e), the least stable of all tautomers.
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The constant and fast interconversion between the ring isomers of Gal via the
linear aldehyde tautomer allows the interaction of hydrazides with this carbohydrate to
form hydrazones. Notably, the bond formed still permits the equilibrium between the
open and cyclic forms of the saccharide®'®. This is essential for the functioning of the
biosensor since CTB only interacts with the pyranosides of Gal. However, the reaction
is reversible and the hydrazone is hydrolysed, with an equilibrium being eventually

reached (Scheme 5.1, step iii).

Au(poly) electrodes were chosen as transducers for this work because of the
easiness of preparing SAMs on this metal (Figure 5.3) and their flexibility. The strategy
of using SAMs of organic molecules that contain atoms of S as linkers abounds in the
literature329-522; several types of organosulfur compounds (thiols, aromatic thiols,
dithiols, disulphides, and sulphonates) can be employed, although linear thiols are the

most popular.

BRE \)
<«— Linker
Au(pOIY) S atom of the linker
eleCtrOde *\w wwwwww* 299> @

Figure 5.3. Integration of the transducer (electrode) and the BRE (Gal) of a
glycosensor via chemical linkers with S. Molecules containing atoms of S adsorb
easily and fast from solution on Au surfaces due to stable S-Au covalent bonds.
The possibility of having different functional groups that can be connected to a
BRE confers these molecules great potential as linkers.
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For this project, two carboxylic acid disulphides were identified as starting
materials of linkers (Figure 5.4): asparagusic acid®?® (1,2-dithiolane-4-carboxylic acid);
and 3,3’-dithiodipropionic acid (DPA). These molecules can strongly adsorb on
Au(poly) via Au-S covalent bonds. Besides, they contain a carboxylic group that can
be easily chemically transformed into a hydrazide group. Given the high reactivity
between hydrazides and aldehydes, and being Gal an aldehyde, disulphide acids are

very convenient starting materials to obtain linkers for this project.

22 HOo_O ¢
S OH
5-S o) 25
Asparagusic acid 3,3’-Dithiodipropionic acid

(DPA)

Figure 5.4. Starting materials used in Chapter 5 for the synthesis of chemical
linkers for Gal. The presence in these molecules of the carboxylic acid group and S
atoms permitted, on the one hand, their transformation into hydrazides for the
coupling with the sugar; on the other, their attachment to Au(poly) disk electrodes
for the final construction of the glycosensor.

Surface coverage and stability are fundamental for the performance of
biosensors. The stability can affect the analytical signal of the sensor and the
robustness and durability of the device. The degree of coverage is of utmost
importance: any area of the transducer not covered by the SAM could interact with any
species of the sample other than the analyte (non-specific interactions) and generate
noise. Several strategies can be used to block the uncovered surface, e.g. the

adsorption of other thiols®?* or BSA%S.

School of Chemistry 131



Development of a New Electrochemical Glycosensor
for the Detection of the Vibrio cholerae Toxin

5.1.3 Self-assembled Monolayers Preparation

The main factors that determine the quality of a SAM were described in Chapter
1, like the preparation procedure. SAMs were obtained in this project from solution
because it is simpler than producing them from gas phase or drop-casting. Therefore,
the solvent employed was very relevant. For a start, it is highly recommendable that
the organosulfur be perfectly dissolved to favour the mechanisms of self-assembly.
Besides, it must be considered that solvent molecules can affect the process by
interacting themselves with the electrode’s surface. When possible, aqueous solutions
of disulphides were used throughout this chapter to avoid the more volatile and
polluting organic solvents. Another critical factor is the concentration of organic
molecules in the solution, which must be high enough to guarantee a complete surface
coverage in a reasonable period of time®?¢: 527, Concentrations in the range of 1 mM to
100 mM were studied following the experience accumulated in the group?°® and in the
literature®?8. Finally, the time of immobilisation, the period during which the electrode
surface is in contact with the organosulfur solution, is also of great importance. As a
starting point, similar times of those early used in Dr. Rodriguez’s group?®® were

considered and ATR-SEIRAS experiments confirmed them as optimal.
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5.1.4 Electrode Conditioning

The modification of Au electrodes with organosulfurs with sensing purposes
requires the close examination of aspects like cleanness, roughness, and the presence
of impurities in the surface of the metal. Conditioning is relevant, not only for electrode
modification, but also for sensing features like reusability and the increase of the
commercial potential of a device. The inertness of Au, and the possibility of easy and
fast regeneration of its surfaces, made of Au(poly) disks an advantageous election as

transducers for the development of this sensor.

5.1.5 Electrochemical Characterisation

CV was employed for the characterisation of the SAMs produced on Au(poly) disk
electrodes. The technique offered a simple means to confirm the modification of the
surface and permitted the obtainment of essential information about the films,
particularly their stability in potential windows where the detection of CTB is feasible.
Although a disulphide dihydrazone was obtained as a linker (DPA-HD, 28), according
to electrochemical characterisation, difficulties arose when trying to obtain SAMs of the
compound from solution (Scheme 5.3-A), preventing the glycosylation of its SAMs.
Therefore, experiments to explore the possibility of first glycosylating DPA-HD (DPA-

HD-Gal, 29) before preparing SAMs were carried out (Scheme 5.3-B).
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Scheme 5.3. Two different strategies to attach Gal, the BRE of the glycosensor, to
a Au(poly) disk electrode. (A) Formation of a SAM of hydrazides on an electrode,
followed by the coupling with Gal. (B) Coupling a hydrazide linker with Gal, then
preparing a SAM on a Au disk.

134 University of Birmingham



Chapter 5 — Small Molecular Linkers

5.2 Results and Discussion

5.2.1 Asparagusic Acid as a Chemical Linker

The first disulphide identified as a potential suitable linker for the project was LA
because it contained a hydroxylic group that could be easily transformed into a
hydrazide. When a redox probe, KsFe(CN)s, was used to characterise an electrode
modified with a SAM of LA and test the extended charge transfer through it (Figure
5.5-A), a substantial signal attenuation (solid red curve, Scan 1) was observed. After
opening the potential window (Figure 5.5-B), the characteristic reductive stripping of
molecules appeared at ca. -0.70 V (solid blue curve, Scan 2). The fact that, after
molecule desorption, there still was a significant attenuation of the redox probe in the
following scan (dashed blue curve, Scan 3) indicated a fast re-adsorption of LA,

confirmed by a smaller reduction peak in this same scan at ca. -0.75 V.
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Figure 5.5. CV study with the redox complex KsFe(CN)s at 0.5 mM of the electron
transfer through a SAM of LA formed on a Au(poly) electrode. (Dotted black line)
CV on a bare Au(poly) electrode with phosphate buffer (pH 7.4 ) as electrolyte
(blank); (solid gold line) CV scan on the electrode after KsFe(CN)s had been added
to the electrolyte. (A) (Solid red line, Scan 1) After a SAM of LA had formed on the
electrode surface, the CV response of KsFe(CN)s between -0.30 V and +0.45 V was
attenuated. (B) (Solid blue line, Scan 2) When lower potentials were reached
(-0.85 V), the reductive stripping of the SAM molecules was observed at ca. -0.75
V. A further scan (dotted blue line, Scan 3) evidenced a partial readsorption of LA
molecules with a smaller reduction peak at ca. -0.75 V. (e) Start of the blank; (A)
start of an experiment with the electrode surface modified. The scan rate of the

sweeps was 50 mV-s™,

The result demonstrated the formation of a SAM of LA on the electrode surface

and pointed towards an inner-sphere electron exchange with a severe cancellation of

the redox probe signal. This blockage could increase if LA were transformed into a

hydrazide (LA-HD) and then coupled with Gal. CTB is not electroactive, so an

electrochemical mediator was necessary to detect CTB (Chapter 7). Therefore,

considering that SAMs of glycosylated LA could even block outer-sphere mediators,
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asparagusic acid, a molecule with a shorter backbone, was chosen as an alternative

(Scheme 4.1).

A. Synthesis of 1,2-Dithiolane-4-carboxylic Acid
(Asparagusic Acid)

A synthetic route for asparagusic acid (Scheme 4.1) was designed according to
the literature4’6. 478 529534 Djethyl 2,2-bis(hydroxymethyl)malonate (16) has been
regularly utilised in organic chemistry as a starting material for synthesising different
types of heterocycles®35-5%7 thanks to the reactivity of its two hydroxyl groups. To
produce rings containing S atoms, the goal was to substitute them with the sulphur
equivalent, the thiol group. On step i of the scheme mentioned above, compound 16
reacted with p-toluenesulphonyl chloride (23) under mild conditions to produce
compound 17, a crystalline, white solid (yield 69%) (Section 4.1.3-A). This is a popular
strategy to transform alcohols (poor leaving groups due to the strong basicity of the
hydroxyl anion, HO-H pKa ~ 14 in aqueous media®3) into good leaving groups like the
tosylate group (p-toluene sulphonic acid pKa ~ -3 in aqueous media®3°) to get them
engaged in Sn2 processes®?. Other good alternatives are methanesulfonyl chloride

(mesylate group, Oms)**' and trifluoromethanesulfonyl chloride (triflate group, Tf)%42.

Step ii was designed to introduce S atoms in species 17 through an Sn2
nucleophilic substitution. Thioacetic acid was used as the sulphur-baring
nucleophile®3® 534 and, to forward the reaction, basic conditions -aqueous Na>COs-
were employed. The first attempt (entry 1, Table 4.3), based on work done by Roy et

al.533, was unsuccessful. Thus, other relevant parameters in the reactivity of Sn2
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reactions were changed: solvent®*3, temperature and the use of an inert atmosphere

to prevent any potential oxidation of thioacetate3*4.

Any of the conditions described by the entries of Table 4.3 did work, so the K salt
of thioctic acid was employed to enhance the nucleophilicity, although without positive
results. The explanation could be the neopentyl effect?*>%47. According to the Sn2
reaction mechanism on saturated carbons®*® (Scheme 5.4), a big substituent (R) in
the reaction centre (a-carbon) can block the backside attack of the nucleophile (Nu-),
hindering the substitution of the leaving group (X). If the steric hindrance is due to a
tertiary B-carbon in the electrophile, then the phenomenon is known as the neopentyl

effect.

Scheme 5.4. Representation of the Sny2 reaction mechanism, with the backside
approach of a nucleophile Nu" to the reaction centre (a-carbon) of an electrophile
and the ensuing substitution of a leaving group X. A big R group can hinder, and
ultimately block, the nucleophile’s access to the reaction centre. When the
branching of a tertiary B-carbon causes the steric hindrance that stops the
approach of the nucleophile, the phenomenon is called the neopentyl effect.

The single-crystal XRD spectrum of compound 17 shown in Figure 5.6 hints at

this possibility: the branching (green area) of C1 (B-carbon) would make difficult the
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access of the nucleophile to the reaction centre (C8, red area) to induce the departure

of the leaving group (blue area).

Figure 5.6. XRD spectrum of a monocrystal of compound 17. Although the p-
toluenesulphonyl group (blue area) is an excellent leaving group, the presence of
a tertiary B-carbon (purple area, C1) with its substituents (green area) generated
a high steric hindrance that blocked any nucleophile from reaching the reaction
centre (C8, red area) and prompting an Sy2 reaction.

At this point, after different attempts to complete step ii of the synthetic route of
asparagusic acid and deeming the neopentyl effect as the determinant factor for the

negative outcome, it was decided the synthesis of a new linker from DPA.
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5.2.2 3,3’-Disulfanediyldi(propanehydrazide) as a Chemical Linker

3,3’-Disulfanediyldi(propanehydrazide) (DPA-HD, 28) was selected as a linker
because it presented a short backbone and its synthesis had been previously done in

one of the groups where this project was being carried out.

A. Synthesis of 3,3’-Disulfanediyldi(propanehydrazide)

The transformation of DPA (25) into DPA-HD was attempted in two steps
described in (Scheme 4.4): first, DPA was coupled with tert-butyl carbazate (26) using
a carbodiimide, EDC, as coupling agent>*, to obtain compound 27 (Boc-DPA)
(Scheme 4.5); second, the Boc group was removed with TFA (Scheme 4.6,
conditions a). 'H-NMR characterisation (Figure 5.7) suggested that there was no

need for product purification with two very well resolved and expected triplets.
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Figure 5.7. 'H-NMR spectrum (300 MHz, D,0) of DPA-HD. The figure shows the
expected triplets of the methylenes of 28 whilst the hydrazides’ protons are not
observable at low-field due to chemical exchange with the solvent of the sample.
The triplet at about 2.95 ppm (deep blue spot) was used to normalise the integrals.

B. Modification of Au(poly) Electrodes with Self-assembled
monolayers of 3,3’-Disulfanediyldi(propanehydrazide)

With DPA-HD synthesised, the next step was to analyse the capacity of the
species to adsorb on Au(poly) electrodes and form SAMs. To produce SAMs from
solution it is crucial to obtain good dissolutions of the molecules to be used. EtOH was
the initial choice for various reasons: it had already brought good results when used
with another disulphide, LA; it had been successfully employed in the preparation of

SAMs of thiols in the electrochemistry group?®® where the thesis was being done; and,
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although several solvents could be utilised, EtOH is the preferred in the literature'®

186, 549

However, because DPA-HD was not soluble in absolute EtOH, water had to be
used instead. CV was employed to characterise SAMs of DPA-HD, albeit no
reproducible results could be attained in the region corresponding to the stripping of
adsorbed molecules?® 217. 527 Since DPA-HD has two functional groups capable of
interacting with Au, ie. the disulphide and the hydrazide group, there was the
possibility that the assembly of molecules was being affected by the competition
between them. Indeed, the interaction between Au and the amine group has been
reported®? %51 Consequently, a chemical equivalent of DPA-HD, AcHD, was used to
investigate if the disulphide could also attach to the electrodes through the hydrazide
group. CV on a Au(poly) electrode functionalised in a 5 mM solution of AcHD for 20
min. produced a reproducible reductive stripping peak at ca. -0.4 V vs Ag/AgCl (Figure

5.8), confirming the adsorption of this species.
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Figure 5.8. CV scans between -0.75 and +0.45 V to study the adsorption of
hydrazides on Au surfaces; scan rate 50 mV-s, in-house DPBS electrolyte. (Dotted
black line) CV on a Au(poly) electrode in phosphate buffer previous modification;
(solid red line) first CV scan on a Au(poly) electrode modified in an AcHD solution
(5 mM, 20 min., room temperature); (blue dashed line) second CV scan on the
functionalised electrode. (o) Start of the blank; (A) start of the experiment with the
modified surface. The red arrow indicates the desorption of molecules of AcHD
from the Au(poly) electrode during Scan 1.

The results also showed the weak adsorption of this molecule on Au(poly), since
habitually the desorption of organosulfides under these electrochemical conditions
takes place at lower potentials, from -0.70 V. In the second scan (dashed blue curve),
the original profile of a clean, bare electrode was recovered. This indicated that a single

cycle was enough to remove all the AcHD molecules from the electrode surface.
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Furthermore, unlike with LA (Scan 3, Figure 5.5-B), the total absence of a stripping
process in the second scan evidenced the inexistence of a fast readsorption of the

hydrazide.

C. Investigation of the Adsorption of
3,3’-Disulfanediyldi(propanehydrazide) on Au(poly)

The lack of reproducibility of the desorption of SAMs of DPA-HD from Au(poly)
electrodes was investigated during a research visit of 2 months to the Universitat
d'Alacant. In situ ATR-SEIRAS was utilised to unveil some aspects of the SAMs’
formation mechanism and the molecules’ final arrangement on the surface, trying to
establish which groups of the molecule interact and how with a Au surface. First, the
kinetics of SAM formation were examined: the changes of FTIR absorbance on a
sputtered Au surface after setting it into contact with a 10 mM aqueous dissolution of
DPA-HD proved that, within approximately 20 min., the adsorption process had been

practically completed (Figure 5.9).
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Figure 5.9. Kinetics curve of the DPA-HD adsorption on a sputtered Au surface
obtained with in situ SEIRAS-ATR. The face of a Si prism was sputtered with Au, put
into contact with an aqueous solution of DPA-HD (10 mM) for ca. 25 min., and
then the SEIRAS-ATR signal was recorded. The black arrow indicates the moment
when the disulphide dissolution started to be in contact with the Au surface.

This outcome ruled out that the period of functionalisation of the electrode
employed in previous experiments, 30 min., was the cause behind the poor
reproducibility obtained in the reductive stripping of DPA-HD SAMs. The analysis of
the in situ and in operando absorption spectra at different wavelengths of the SAM
formation (Figure 5.10) revealed the characteristic vibrational bands of the hydrazide
group, as expected if DPA-HD had adsorbed on the Au surface through S atoms: a

very intense peak at 1,677 cm', known as ‘band I’ of amides, corresponding to C=0
stretching [v;(CO)]; the signal at 1,542 cm™ resulting from the N-H bending [S(NH)],
the ‘band Il of amides’ in the literature; and the band at 1,261 cm™ caused by the C-N

stretching [ug(CN)]. Other bands related to the rest of the backbone of the molecule

could be seen: peak at 1,369 cm™ linked to bending of CH [8(CH)], and a peak at
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1,407 cm™ perhaps produced by other vibrational modes of CH from the ethylene
group®%2. Most of these resonances in the region between 1,000 cm™" and 2,000 cm™',
the fingerprint of a molecule, found a correspondent in the ATR-FTIR spectrum of
AcHD (Figure 5.11), chemical equivalent of the head group of DPA-HD. The shift
differences, though, might be explained because the hydrazide group was part of a
larger molecule in DPA-HD and was also adsorbed on a Au surface. Moreover, the
ATR-SEIRA spectra of Figure 5.10 also revealed the presence of bands of the

trifluoroacetate anion (annotated in red) when adsorbed on Au®®3: the symmetric mode
of C-F stretching [v4(CF3)] at 1,203 cm'; the broad band at 1,677 cm™' most probably
contained the v (CO) of the anion overlapped with the amide | band>%* of DPA-HD;
and the weak 1,407 cm™" peak, earlier assigned to ethylene groups of the disulphide,
could instead arise from the asymmetric stretching of O-C-O [v,(OCO)]. Besides, the

tiny resonance at 1.739 cm™ could be ascribed to the unidentate adsorption to a
specific phase of Au, according to Delgado et al.%%% At the pH of the DPA-HD solution
(pH 2.7 at 24 °C) it had to be expected that TFA was dissociated (pKa 0.52 at 25 °C)>%,

favouring the presence of the trifluoroacetate anion and allowing its adsorption on Au.
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Figure 5.10. ATR-SEIRAS spectra obtained during the formation of a SAM of DPA-
HD from an aqueous solution on a sputtered Au surface. Characteristic modes of
vibration expected from the di-hydrazide can be seen annotated in black, like the
‘amide | band’ at 1,677 cm™ and the ‘amid Il band’ at 1,542 cm™. Peaks related to
the adsorption of trifluoroacetate appearin red. The band’s intensity increase over
time confirmed the adsorption of molecules of DPA-HD and TFA anion.
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Figure 5.11. ATR-FTIR spectrum of AcHD with some of its most characteristic
vibrational bands annotated. The close correspondence of some of these
vibrations, like ‘band | of amides’ (1,620 cm™) and ‘band Il of amides’ (1,525 cm™),
with those present in Figure 5.10 confirmed the adsorption of DPA-HD on the
sputtered Au surface. The small vibrational shifts observed between both spectra
may be associated with structural differences between the two species analysed
and also the adsorption of DPA-HD.

After finishing the ATR-SEIRAS measurement, the Au surface was used as an
electrode to conduct CV (Figure 5.12) and prove that the spectra in Figure 5.10
originated from adsorbed disulphide molecules and not just in solution near the
surface. Two reduction processes (purple arrow) at between -0.3 and -0.6 V vs

Ag/AgCI (sat.), characteristic of disulphide or thiol stripping from Au, confirmed it.
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Figure 5.12. CV on a face of a Si prism sputtered with Au before and after
modification with DPA-HD. (Black, dotted curve) Scan between -0.75 and +0.45 V
on the Au surface before modification (blank); (solid red curve) first scan (between
-0.20 and +0.45 V) after surface functionalisation with DPA-HD; (solid purple
curve) second scan after surface modification with a new low limit potential of
-0.80V; (solid deep blue line) third scan after Au modification; (solid light blue line)
fourth scan after surface functionalisation. () Beginning of the blank; (4) start of
scans on the modified surface. All sweeps were run at a scan rate of 50 mV-s?in
an in-house DPBS electrolyte. The purple arrow points at the 2 reductive peaks
resulting from the electrochemical desorption of molecules from the electrode in
Scan 2.

Transmission FTIR (Figure 5.13) of the stock solution used to prepare the SAM
of DPA-HD investigated in Figure 5.10 confirmed the presence of TFA, or the

trifluoroacetate anion acting as counterion of the disulphide®%? 5%6. 557: peak at 1,674
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cm™' resulting from v4(CO); band at 1,639 cm™' from v, (CF3COOQ"); signal at 1,203 cm

! originating from v4(CF3); and the vibration at 1,149 cm corresponding to v,(CO) and

U4(CC)5%.
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©
> /
S~
Q
(@)
[
©
% 1,674 1,542 Transmission FTIR
vs(CO) B (NH)
é 1,739 ~ \ 1,261 1,203
r | v.(CFC00) ﬂ(CN)\ i/ vs(CF3)
ATR-SEIRAS
2000 1800 1600 1400 1200 1000

150

Wavenumber / cm’!

Figure 5.13. FTIR transmission spectrum (top, blue) of a 50 mM aqueous solution
of DPA-HD; and ATR-SEIRAS spectrum (bottom, black) of a SAM formed from a 10
mM aqueous solution of DPA-HD on a sputtered Au surface; the absorbances of

the two spectra were normalised; bands from TFA are annotated in red and those

from DPA-HD in black. The presence of TFA adsorbed on the Au surface besides

DPA-HD molecules, suggested by the presence of some characteristic bands of the
anion in ATR-SEIRAS (i.e. at 1,739 cm™ and 1,203 cm), was supported by the
transmission FTIR analysis of the DPA-HD stock solution used to prepare the SAM

studied in Figure 5.10, which presented very intense TFA peaks.

University of Birmingham



Chapter 5 — Small Molecular Linkers

Some of the characteristic bands of the hydrazide, like band Il at 1540 cm™ or
the one at 1260 cm™', were difficult to observe in transmission FTIR. This may indicate
the high quantities of trifluoroacetate in the sample; or perhaps, the interaction of DPA-
HD with the TFA anion and the formation of a salt, cancelled these vibrations. "°F-NMR
confirmed the presence of the trifluoroacetate anion in the sample used to prepare

SAMs of DPA-HD (Figure 5.14).

—_75.54

190 160 130 100 70 40 10 -20 50 -80 -110 -140 -170

Figure 5.14. °F-NMR spectrum (400 MHz, D,0) of the DPA-HD sample used for the
ATR-SEIRAS and transmission FTIR experiments. The presence of a singlet at ca.
-76 ppm evidenced the existence of trifluoroacetate>>°.
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In summary, the use of TFA for the deprotection of the Boc group of 27 to obtain
DPA-HD resulted problematic since trifluoroacetate cannot be easily removed from

organic samples®®° and it could affect the formation of DPA-HA SAMs.

To bypass this problem, the next step was to couple DPA-HD with Gal (DPA-HD-
Gal) and then form SAMs of DPA-HD-Gal on a Au(poly) electrode (Scheme 5.3-B).
This way, DPA-HD-Gal would incorporate the BRE on the position of the hydrazide
group, averting its interaction with Au and allowing the formation of sound SAMs.
Furthermore, it would facilitate the removal of TFA by breaking up the TFA salt of DPA-

HD.

D. Coupling of 3,3’-Disulfanediyldi(propanehydrazide) with
Galactose

The procedure followed to link Gal with DPA-HD to obtain Galactose 3,3'-
disulfanediyldi(propanehydrazide) (DPA-HD-Gal, 29) was based on the results
published by Godula et al.®’® and work previously done by Creese®®" in the Fernandez-
Trillo Group. The condensation reaction (Scheme 4.8) efficiently proceeded under
slightly acidic conditions (phosphate buffer 0.1 M, pH 5.4) and mild temperature (60
°C). The starting material, the TFA salt of DPA-HD (28a), was not soluble in the buffer
at room temperature. After adding ca. 4 equivalents of Gal and stirring, the initial cloudy
suspension became an even more opaque crude within a few hours, hinting at a
successful coupling. The white, sticky solid recovered after lyophilisation proved to be
insoluble in water, organic solvents, and mixtures thereof, including MeOH, EtOH,

isopropanol, DMF, CHCI3, THF, hexane, acetone, EtOAc, DCM, Et2O, AcCN, toluene;
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this made its characterisation difficult. Nonetheless, MS of a sample without purification

(Figure 5.15) seemed to confirm the linkage between DPA-HD and Gal. Still, due to

the lack of solubility of the product, "TH-NMR could not be used to determine the degree

of coupling achieved by calculating the intensity reduction of the peaks of the anomeric

carbon proton (red proton in Scheme 5.2) in the pyranoside forms®62,

OH

OH ESI+, TOF
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Figure 5.15. MS spectrum of the crude product of the condensation reaction
between DPA-HD (TFA salt) and Gal. The presence of a Na adduct (585.15 m/z) of
the molecular ion (M*) appeared to confirm the coupling of the 2 hydrazide groups
of DPA-HD with the sugar. Nevertheless, the base peak (423.10 m/z) might have
also pointed towards the presence of monosubstituted molecules.

To accomplish NMR analysis, the sample had to be dissolved in DMSO at high

temperature (80 "C). Nevertheless, the use of DMSO introduced other issues beyond

chemical identification, like making this compound purification very challenging (e.g.
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HPLC and extractions); or raising questions about the feasibility of preparing SAMs

from dissolutions because DMSO adsorbs on Au surfaces®®® (Figure 5.16).

..... Au (blank)

Au-DMSO -Scan 1
Au-DMSO - Scan 2

e Start of blank
A Start of experiment

08 -06 -04 -02 00 02 04
E /V vs Ag/AgCl sat.

Figure 5.16. CV characterisation of a Au(poly) electrode modified in DMSO:
electrode dipped in pure DMSO-ds for 30 min. at room temperature; a 0.1 M
phosphate buffer (pH 7.4) electrolyte and a scan rate of 50 mV-s* were used. The
sweep of the clean Au electrode surface (blank) between +0.45 and -0.9 V (dotted
black line) presented the characteristic electrochemical profile of Au in phosphate
buffer electrolyte at pH 7.4. Following electrode modification with DMSO, the first
scan (solid red curve, from +0.45 to -0.25 V) showed the loss of the clean Au profile
and a reduction of the EDL, attesting the blockage of the surface by DMSO
molecules. The second scan (solid blue line, from +0.45 to -0.90 V) confirmed the
adsorption of the sulfoxide with a reductive stripping peak occurring at -0.53 V
(blue arrow). (e) Start of the blank; (A) start of CV scans on the modified electrode.
At low potentials, sweeps are shown only till -0.80 V to omit the hydrogen
evolution reaction signal.
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At this stage, it seemed that the possibility of using DPA-HD as a linker in the
project had reached a dead end. On the one hand, the impracticality of forming good
SAM of DPA-HD on the electrodes ruled out the possibility of first having SAMs of
DPA-HD and then chemically reacting them with Gal (Scheme 5.3-A). On the other,
the condensation of DPA-HD with Gal produced an insoluble species (DPA-HD-Gal)
that made impractical to pursue the modification of electrodes from solution (Scheme

5.3-B). However, one last attempt was made synthesising the HCI salt of DPA-HD.

E. 3,3’-Disulfanediyldi(propanehydrazide) Deprotected with HCI

Since the deprotection of the Boc group can be accomplished under several
acidic conditions®®*, HCIl was chosen (Scheme 4.6, conditions b) as an alternative to
TFAS55, Although the formation of the HCI salt of DPA-HD was expected, removing the
counterion during purification (HPLC) was more feasible. Besides, CI" is a much
smaller counterion than trifluoroacetate and it was assumed that it would be less
problematic to form SAMs if still present. All of it opened the possibility of immobilising

DPA-HD on Au first and then coupling Gal.

The initial conditions tried to deprotect 27 (HCI 1 M, room temperature overnight)
did not work. The same acid concentration at 100 "C proved to be too harsh: it did not
only cleavage the Boc group but also hydrolysed the hydrazide group back into
dicarboxylic acid 25. Eventually, HCI 1 M at 40 °C overnight yielded dihydrazide 28.
Unlike when TFA was used, "H-NMR (Figure 5.17) and HPLC (Figure 4.2) showed
the presence of byproducts. This was probably caused by the severe acidic conditions,

which removed the Boc group but also transformed some hydrazide groups into acids.
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Figure 5.17. *H-NMR spectrum (400 MHz, D,0) of DPA-HD synthesised with HCI
before purification. According to its chemical structure, the pure disulphide should
produce 2 neat triplets at high field in *H-NMR. Therefore, the sample required
purification.

The HCI salt was purified with HPLC in a preparative column (Figure 4.2) and

characterised with "H-NMR (Figure 5.18), "*C-NMR, and MS.
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Figure 5.18. *H-NMR spectrum (400 MHz, D,0) of pure DPA-HD with the expected
2 triplets (inset) at high-field from the aliphatic region of the disulphide. The
protons of the hydrazide group were not observable at low-field due to the fast
exchange with the solvent. The purification of 28 probably also meant the remova
of the chloride counterion. The normalisation of the integrals (bottom, blue digits)
was done taking the triplet at about 3.00 ppm as a reference.

The use of HCI to deprotect DPA-HD did not improve the reproducibility of the
desorption of the DPA-HD SAMs. Perhaps due to the adsorption of the DPA-HD salt
counterion, CI, onto Au®%® 57 gas it had happened with trifluoroacetate; but most
probably, as previously shown (Figure 5.8), by the hydrazide group interacting with
the electrode. This latter case may be especially true since CI- had probably been

removed during the purification with HPLC. Whatever the reason, it dismissed the
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possibility of modifying electrodes with the linker and then attaching Gal (Scheme 5.3-
A). The last option to use this molecule, coupling DPA-DH (or its CI- salt) with Gal and

then immobilising DPA-HD-Gal on the electrodes (Scheme 5.3-B), was thus tried.

DPA-DH was completely soluble in the reaction conditions (Scheme 4.8), unlike
its TFA salt, with 4 equivalents of Gal being employed. "H-NMR was used to track the
reaction and the changes observed in the spectral region between 3.40 and 4.20 ppm
(Figure 5.19) seemed to confirm the coupling of monosaccharide and disulphide (no
variations in this region were observed in the blank containing only Gal). "H-NMR

determined that after 6 h. at 60 °C the condensation reaction had reached completion.
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Figure 5.19. 'H-NMR (400 MHz, D,0) spectra of the crude of the reaction of DPA-

DH with Gal (4 equivalents) at ca. 0 h. and 6 h. Green and yellow dots correspond

to signals produced by the proton of the anomeric carbon of the

galactopyranoside isomers. Due to the mutarotation of Gal, this proton can occupy

the equatorial position (*H, a-Gal) or the axial position (°H, B-Gal). The electron-

withdrawing effect of the 2 atoms of O next to the anomeric C explains the

reduction of electron density around its proton and its resonance at a lower

radiofrequencies (lower field, higher chemical shift) than the rest of the Gal

protons (resonance between 3.40 and 4.20 ppm®®8). The coupling of Gal with DPA-

HD after 6 h. induced changes in this same region (e.g., red arrows and red dot) by

modifying the chemical environment of the protons and how they interact with

the readiofrequencies applied by the NMR spectrometer.
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In the low-field region (Figure 5.20), at ca. 7.66 ppm, the doublet of the hydrazone
proton (black star) could also be seen. Its intensity was small because the equilibrium
was displaced towards the formation of isomers where the saccharide part of DPA-
HD-Gal was cycled. This signal was also duplicated (another small doublet at 7.51
ppm, red star) due to the presence of linear stereoisomers of DPA-HD-Gal. In principle,
this duplication could be attributed to E/Z geometric isomers or to syn/antiperiplanar
conformational isomers®®® (rotamers) (top of Figure 5.20). However, because of the
molecule’s structure, it was assumed a small rotational barrier in the N-N bond, making
it less likely to observe the syn and antiperiraplanar rotamers in the spectra. Therefore,
the peak at 7.66 ppm was associated with the formation of the E isomer during Gal
cyclisation (more stable and, thus, intense); and the signal at 7.51 with the Z isomer.
The tiny singlet at 9.70 ppm (yellow triangle) could pertain to the proton on the N atom

of the linear isomers.
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Figure 5.20. 'H-NMR spectra (400 MHz, D20O) from the crude of the condensation
between DPA-DH and Gal at ca. O h. and after 6 h.; the insets show the low-field
region of the spectra. The doublet at 7.65 ppm (black star) signalled the formation
of the hydrazone (E isomers) and the success of the reaction. A weaker doublet at
7.50 ppm (red star) was identified with less thermodynamically favoured Z
isomers. The small singlet (yellow triangle) at 9.70 ppm probably pertained to the
NH group of the hydrazone.
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At high-field, the complexity of the multiplicity of the spectra after 6 h. (Figure
5.21), in the region of the DPA-HD-Gal methylenes (between 2.50 and 3.10 ppm, inset
B), could be explained by the aforementioned isomers; but also by the highly probable

formation of the mono and di-substituted DPA-HD-Gal.
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Figure 5.21. *H-NMR spectra (400 MHz, D,0) of the reaction crude of the coupling
of DPA-DH with Gal; the insets show the high-field region. The multiplicity change
of the methylene peaks after 6 h. (chequered dots) evidenced the formation of

DPA-HD-Gal. Their new complexity probably also implied the presence of isomers,
including the mono and disubstituted products.
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The integration of the anomeric proton signals of free Gal allowed an approximate
calculation of the yield of the condensation reaction (Figure 5.22). All the peaks from
free Gal were integrated (bottom, blue digits) for 7 (Gal has 7 protons) in the spectrum
recorded soon after the reaction started (ca. 0 h). As expected, the integration of the
peaks of the anomeric proton at that time was approximately 1 (0.36 + 0.58). However,
after 6 h., this sum was only 0.59 (0.20 + 0.39) indicating that 41% of the free
saccharide had disappeared from the reaction medium by coupling with the
dihydrazide. Because the equivalents of Gal used in this synthesis were double what
was needed for a complete reaction with the hydrazide groups of DPA-HD, the

estimated yield was 82%, per previous work of Creese®’® and the literature®'.
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Figure 5.22. Calculation of the yield of the condensation reaction between DPA-
HD and Gal (4 equivalents) with H-NMR (400 MHz, D,0). The signals in the sugar
region (from 3.40 to 5.40 ppm) were integrated (blue digits) for 7, the total
number of protons of Gal. The sum of the integrals of the anomeric carbon proton
(yellow and green dots) was around 1 (0.36 + 0.58) at ca. 0 h., since almost no Gal
molecule could have reacted by then. After 6 h. it was only 0.59 (0.20 + 0.39),
illustrating that 41% of the free Gal had coupled to the disulphide. Considering
that 4 equivalents of Gal were used in this synthesis, double what was needed for
the full reaction of the 2 hydrazide groups of DPA-HD, the yield was estimated at
82%.
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Different times of reaction and concentrations of Gal were used to optimise the
synthesis by forcing the equilibrium towards the hydrazone. With all equivalents tested,
the maximum conversion of DPA-HD had been reached after approximately 20 min.
When 6 or 8 equivalents of monosaccharide were employed, the calculated conversion
was over 100% according to 'H-NMR. This could be explained by the formation of a
precipitate, an emulsion, already observable in condensations with only 1 equivalent
of Gal. As happened with the DPA-HD-Gal obtained from the TFA salt of the
dihydrazide, the product was insoluble in all solvents tried, except for hot (80 "C)
DMSO. The same occurred when Glc and Man were linked to DPA-HD. The
explanation to this phenomenon was found in the literature: a type of molecule called

bolaamphiphile had formed®”" 572,

Bolaamphiphiles (Figure 5.23) are characterised by a hydrophobic skeleton -
typically an alkane chain- with two hydrophilic groups attached to its ends. These
species can self-assemble, giving rise to complex structures in aqueous media like
vesicles®’3, fibres®74 or gels®’5. The presence of a hydrophilic and a hydrophobic region

would also explain the difficulties to dissolve these species.
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Figure 5.23. TEM images (a and b) of the structures produced by two
bolaamphiphiles through self-assembling (Fuhrhop et al.°’?); the molecular
structures of both bolaamphiphiles are on top of the pictures. Image a shows the
bundles of needles formed after the crystallisation of an a,w-bis-1-
aminoglucoside, with a connecting chain (CH)s. Picture b presents the chain
twisted ribbons generated by another o, m-bis-1-aminoglucoside but with a slightly
longer connecting chain, (CH2)1o0.

At this point, a possibility was reducing the disulphide bridge of the DPA-HD-Gal
bolaamphiphile: the splitting of the S-S bond would halve the molecule’s hydrophobic
chain, reducing the amphiphilic nature that makes it so insoluble. The reduction of this
bond through different methods is commonly found in the literature®”6-578 given the
importance of studying the composition, structure and functionality of proteins57®: 580,
The effectiveness of TCEP as reducer was tested by adding 0.14 mg (0.055 mmol) of
the phosphine to a white, opaque suspension of DPA-HD-Gal (20 mg, 0.036 mmol) in
acetate buffer (20 mM, pH 4.6). The appearance of the crude did not change when the
suspension was stirred overnight at room temperature. However, when the reaction

temperature was increased up to 50 °C (Scheme 5.5), the suspension transformed

166 University of Birmingham



Chapter 5 — Small Molecular Linkers

into a colourless dissolution within 10 h. This probably indicated the splitting of DPA-

HD-Gal and the formation of 3-mercapto-N’-galactopropanehydrazide (41).
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Scheme 5.5. Reaction scheme for the reduction of the disulphide bridge of DPA-
HD-Gal with TCEP to produce 3-mercapto-N’-galactopropanehydrazide (41a/b), a
more soluble molecule. The change of the crude apearance after 10 h. at 50 °C,
passing from an opaque suspension to a dissolution, seemed to confirm an
increase of the solubility of its molecules and, thus, the splitting of the disulphide
DPA-HD-Gal to afford 41a/b.

These promising results were backed by 'H-NMR analysis of the crude, which
still corroborated the presence of a galactohydrazone (Figure 5.24) through a doublet
at ca. 7.50 ppm (magenta star). However, unlike in the '"H-NMR spectra of DPA-HD-

Gal (Figure 5.19), there was a doublet at ca. 4.62 (chequered grey dot) that could
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pertain to the o isomer (anomer) of 41, 41a. Instead, the doublet at 4.08 ppm
(chequered red dot), which would relate to the p anomer (41b), was also present in the
DPA-HD-Gal spectrum (red dot, Figure 5.19). If confirmed by further investigations, it
would mean that during the formation of DPA-HD-Gal the anomeric effect is quite
significant and only one of the two possible isomers is formed. All in all, because little
is known about the anomeric effect in hydrazides and how its two contributions -
electrostatic and stereoelectronic effects- affect them%8', a case by case study would

be necessary to determine the predominant isomers.
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Figure 5.24. *H-NMR spectrum (400 MHz, D,0) of the lyophilised crude product
obtained after reducing DPA-HD-Gal into 3-mercapto-N’-
galactopropanehydrazide (41) with TCEP in acetate buffer (pH 4.7) at 50 °C. At
high-field were observed (orange key) the signals of the methylenes of 41, 41a and
41b, rests of TCEP and the byproduct TCEPO; further downfield (inset), resonated
the peaks of the anomeric proton of the non-reacted free Gal (yellow and green
dots) and of the products 41a (o anomer, chequered grey dot) and 41b (3 anomer,
chequered red dot). The proton of the hydrazone isomers (41) was detected at
around 7.66 ppm (magenta star).
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Because of the prospect of a complex and time-consuming purification of 41 due
to the presence of TCEP and 3,3',3"-(ox0-A°-phosphanetriyl)tripropionic acid (TCEPO),
oxidised TCEP, it was decided to try another type of linker to immobilise Gal on
Au(poly) electrodes: polymers. The Fernandez-Trillo Group, one of the research
groups where the project was being done, were dedicated to the synthesis and
application of polymers. One of the macromolecules produced and available in the
group was recognised as a potentially suitable linker: it contained a thiol group in one

of its ends and many hydrazide groups to link with Gal.

5.3 Conclusions

The attempt to synthesise asparagusic acid as a potential linker of Gal for
developing an electrochemical glycosensor to detect the cholera toxin failed. The
different conditions tried in the second step of the synthesis to forward an Sn2 reaction
did not work, most probably because of the neopentyl effect. Indeed, the x-ray
spectrum of the starting material of this step showed how a high steric hindrance

around the reaction centre could have been blocking the nucleophile.

A linear dihydrazide disulphide (DPA-HD) was synthesised as an alternative.
However, according to CV characterisation, difficulties emerged to obtain good-quality
SAMs on Au(poly) electrodes from where Gal could be linked. CV experiments with
AcHD demonstrated that the hydrazide group adsorbs on Au. Therefore, the formation
of poor DPA-HD SAMs may had been caused by this molecule’s interaction with Au

through two different regions (hydrazide groups and S atoms), producing a disordered
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orientation and assembling of molecules on the electrode. Nevertheless, since
different FTIR spectroscopic techniques laid bare the presence of trifluoroacetate in
the DPA-HD sample used to generate SAMs, and since this anion also adsorbs on Au,
it could have been that the true source of disruption of self-assembling was the anion.
To avoid this impurity, a different synthetic route to afford pure DPA-HD using HCI was
undertaken. But SAM formation issues continued, so their most probable origin was

indeed the hydrazide group adsorption.

To circumvent this situation, DPA-HD was coupled with Gal previous adsorption
on the electrode. However, in this case, the bolaamphiphile DPA-HD-Gal was
synthesised. Bolaamphiphiles have very poor solubility in most solvents, precluding

the obtainment of monolayers from solution.

In summary, the efforts to synthesise or use a small molecule as a linker to adsorb
Gal on Au(poly) electrodes were unsuccessful, despite logical approaches to bypass

the problems.

5.4 Future work

The synthesis of asparagusic acid with the synthetic route proposed in Scheme
4.1 may be still possible using in step ii some of the conditions described by Tuber et
al.*"® for a similar Sn2 reaction with the same starting material: DMSO as a solvent and
6 days of reaction at room temperature (60% yield). An alternative would be a new

synthetic route. The best choice considered (Scheme 5.6) would transform 16 into 44
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in step i, converting the  carbon of the reaction centre of the starting material of step
ii (16) from a tertiary to a secondary carbon in (44). This would reduce the steric
hindrance faced by nucleophile 24 in step iii when attempting to substitute the tosylate

group of electrophile 45.

0, Os_ OH
ng 45
O, OH
0Q /— HC
(0] 0] 0O
/\O%OH -——— -===> NN
HO A Pyridine A )i
OH OH 0 o)
16 i ii

44

(0]
AcCN, room T
24 )LSH I

|
A 4
HO o)
Os_ _OH A Ox-OH 1 N NaOH
<---- €------
DMSO, EtOH (degassed) S S

0
5—s N s su O0°Clh ﬁ/ \f
v

22 21 iv 46

iii

Scheme 5.6. Alternative synthetic route to afford asparagusic acid (22): (i)
hydrolysis and decarboxylation of dihydroxymethyl malonate (16); (ii) nucleophilic
substitution of CI" from 23 by 3-hydroxy-2-(hydroxymethyl)propanoic acid (44);
(iii) Sn2 substitution of the tosylate groups of 44 by thioacetic acid (24); (iv)
nucleophilic acyl substitution in 46 for obtaining dithiol 21; (v) intramolecular
cyclisation to afford 22.

Regarding the use of DPA-HD as a linker, work should be done to purify
compound 41 obtained from the reduction of DPA-HD-Gal with TCEP (Figure 5.24)

and study the formation of SAMs on Au(poly) electrodes.
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Synthesis of Polymer Linkers and
Functionalisation of Polycrystalline Au
Electrodes with Galactose

6.1 Introduction

Integrating the BRE and the transducer of an electrochemical biosensor
constitutes one of the most essential and challenging stages for its development.
Examples of SAMs of small molecules as integrating platforms are ubiquitous in
literature but in biosensing have a fundamental caveat: their bi-dimensional character.
In chemical and biological systems, recognition processes greatly depend on 3D
structures. The recognition of an analyte, typically in a liquid, by a BRE fixed on a SAM
can be limited in various ways. For example, the orientation of the BRE can be
constrained, making it more difficult to interact effectively with the analyte (Figure 6.1-
A). Closely packed SAMs can also restrict the movements of the BRE, preventing it
from reaching an optimal position for analyte identification (Figure 6.1-B). With only
part of the molecules holding BREs%®?, heterogeneous SAMs can address this issue
by generating room around the BRE to move and interact with the analyte.
Nevertheless, they lower the BRE density on the sensing surface and the signal/noise
ratio of the device. Besides, controlling the molecular distribution in heterogeneous
SAMs is de facto impossible, complicating an adequate surface modification. If the
analyte engaged in a beyond one-to-one interaction with the BRE, these limitations are

aggravated. Polymers can contribute to solving some of these issues.
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Figure 6.1. Constraints of using SAMs of small molecules to integrate BRE and

transducer in an electrochemical sensor. (A) Example of the immobilisation of a
BRE (enzyme) on a SAM where the BRE active region is hindered by the orientation
and rigidity of the platform. (B) Too closely arranged molecules in a SAM can
produce an agglomeration of the BRE that limits the interaction with the analyte,
for instance the recognition of an antigen by the paratope of an antibody.

6.1.1 Polymers in Sensing

Polymers are of great use in sensing because they can mimic well natural
systems. The glycosensor developed in this project is based on imitating the infection
mechanism of V. cholerae, which significantly depends on the identification of the
host’s intestinal cells by the pentamer CTB of the bacterium’s toxin (Figure 6.2). The
recognition is based on a one-to-one interaction between a pocket of each subunit of
the CTB pentamer and the sugary end of GM1 molecules present in the cell membrane
(Figure 5.2). The binding, significantly strong®3, is enhanced by the simultaneous
attachment of several subunits (up to 5) to different GM1 molecules on the cell®®* and

a cooperative process®%® %85 The phenomenon of cooperativity, common in nature,
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occurs when a system constituted by several identical units sees a change in its avidity
towards another system as more of its units bind it%®. It plays a fundamental role in
the interaction of many proteins®’ and increases the CTB affinity towards GM1 by a

factor of between 1.7 and 2.9585,

GM1 cr1B

|

:

Figure 6.2. Recognition of a human intestinal cell by CT. The toxin recognition is
based on the interaction of the pentamers of its CTB subunit with the sugary end
of GM1 molecules anchored in the cell membrane. In this figure, 3 out of 5
pentamers of the CTB of a CT molecule interact with the ending of 3 different GM1
molecules.

Polymeric linkers can facilitate the multivalent interactions that define many
recognition processes in nature by producing 3D architectures, increasing the BRE
surface density on the electrode, and providing greater freedom of movement for the
BRE. If one of the main difficulties in developing electrochemical sensors is achieving
good selectivity, polymers’ antifouling properties are advantageous. Indeed, many
biosensors incorporate a spacer in the linker, like poly(ethylene glycol)®®® (PEG), to

avoid fouling, the blocking of the electrode surface by unspecific interactions with
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species other than the analyte. Some polymers are good antifouling agents thanks to
their structure, surface grafting (how they adsorb on the electrode) and pendant
groups’ chemical composition®®®. Hydrophilic polymers, like pAH,, are particularly
effective against protein fouling given their reduced number of electrostatic interactions

with the charged domains of these biomolecules®®.

6.1.2 Glycopolymers

Glycopolymers are synthetic macromolecules whose pendant groups, at least
some, are saccharides®®'. Given the importance of sugars in many biological
functions%9: %92, 593 glycopolymers are used to mimic biological systems. The
functionality of saccharides depends on most occasions upon weak forces like
hydrogen bonds, van der Waals forces or hydrophilic/hydrophobic forces®®*. Therefore,
their effectiveness is actually based on a multivalent interaction. Several features of
glycopolymers make them very convenient to replicate the mode of action of sugars:
first, the possibility of synthesising biocompatible, soluble, and polar glycopolymers
permits their biomedical and biotechnological use®% 5% Second, because the
backbone of a polymer can carry many saccharide pendant groups, they can replicate
the multivalency character of many saccharides interactions®’. Sometimes this
multivalency depends not only on the number of carbohydrates but also on the space
between them®%; polymerisation can also control this. Furthermore, when more than
one saccharide is responsible for the biological activity, they can be accommodated in

a polymer to produce better analogs®®°.
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6.1.3 Synthesis of Glycopolymers

Most polymers are synthesised with living polymerisation methods because it
allows high structural control. Although they generally only require a monomer and an
initiator, they can have important drawbacks®% 601602 yse of organic solvents to
dissolve the initiator or difficulties to remove a catalyst or having to protect the sugary
monomer to avoid side-reactions. Reversible addition-fragmentation chain transfer
polymerisation, RAFT polymerisation®®3: 8%4 g living polymerisation method, has
become very popular for glycopolymers synthesis thanks to the possibility of employing
a wide range of functionalities, solvents and reaction conditions whilst maintaining a
great polydispersity®?3. Besides an initiator, it also requires a chain transfer agent®%-
608 a species to control the growth of the macromolecules. An advantage of RAFT
polymerisation is the possibility of chemically transforming one of the ends of the
polymers (the ® end) to endow them with more capacities through selective chain
extension, labelling (e.g. fluorescent labelling) or incorporation of other functional
groups. The scientific literature informs of glycopolymers of Gal obtained with this

method?809. 610,

The effectiveness of glycopolymers to bind a target depends on the nature of the
sugar moiety and other structural factors: length, saccharide density, arm length of the
pendant group, and others®. Two main strategies are employed to prepare well-
defined glycopolymers: polymerisation of monomers containing sugars
(glycomonomers) (Scheme 6.1-A); and post-polymerisation modification where

sugars are added to a polymer a posteriori®’’-6'3 (Scheme 6.1-B). Glycomonomer
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polymerisation guarantees a high degree of functionalisation. If a complete
functionalisation is not necessary, though, post-polymerisation glycosylation®®' offers
some advantages: avoidance of complex reactions (e.g. synthesis of monomer),
elimination or simplification of purification (e.g. no catalysts used), obtainment of
difficult architectures®®’, greater control of glycans loading. The chemistry used in post-
polymerisation glycosylation is very rich8%. €01. for example, amino saccharides
coupled with pendant groups containing acyl chlorides®'* or the amino functionality of

pendant groups coupled to the aldehyde group of carbohydrates®'s.

A - Glycomonomer Polymerisation

Y+ &~ ¢ —a3l?

Molecule Saccharide Glycopolymer
Glycomonomer

B - Post-polymerisation Glycosylation

I_,;)—L(t+0_>'5m

Monomer Polymer Saccharide Glycopolymer

Scheme 6.1. Different strategies for the synthesis of glycopolymers. (A)
Glycomonomer polymerisation consists of synthesising monomers containing
sugars and then polymerising them. (B) In post-polymerisation glycosylation,
saccharides are incorporated into the pendant groups of already synthesised
macromolecules.

6.1.4 Glycopolymers with Galactose and Lactose

Due to the interaction between CTB and Gal, the sugar has been incorporated
into glycopolymers to mimic this interplay®3; and different configurations, e.g.

monosaccharide loading, have been tried to optimise it. Lac, composed of Glc and Gal,
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has also been linked to polymers through Glc, leaving Gal free to interact with CTB.
This may even be more effective since the sugar is further apart from the polymer
backbone and may help the pentamer approximation. Using Lac also offers the
possibility of reducing the hydrazone formed for a more stable linkage (Scheme 6.2).
Although Gal was initially used in this chapter, the prospect of having to do a research
visit to Portugal resulted in employing Lac to obtain more stable glycopolymers less

problematic to transport.
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Scheme 6.2. Two different strategies to link Gal to pAH. (A) Glycosylation of pAHsg
with Gal; an eventual reduction of the product 35 would prevent the cyclisation of
Gal (47), necessary for detecting CTB. (B) pAHso glycosylation with Lac (38)
followed by the reduction of the hydrazones formed; this second option permits
the generation of a more stable bond whilst preserving the cyclic form of Gal in
aqueous media (39), essential for its interaction with CTB.
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6.1.5 Modification of Au(poly) Electrodes with Galactose

In this chapter, pAH, (Figure 6.3) was synthesised as a chemical linker for the
immobilisation of Gal on Au(poly). The presence of a thiol group on one of its ends,
and the possibility of attaching Gal on this polymer through its hydrazide groups, made
it a good candidate as a linker of the glycosensor. Modified electrodes (Au-pAH:) were
characterised with CV to determine the platform’s potential window, stability, and

feasibility.

HO
n

HN (@)

|
NH, 33

Figure 6.3. General structure of poly(acryloyl) hydrazide polymers (pAH,) used as
chemical linkers for the immobilisation of Gal (BRE) onto Au(poly) electrodes. The
pendant groups (blue) of the polymers are hydrazide groups that can be coupled
to sugars; in green it appears the o end of the macromolecules, and in yellow the
o end, a thiol group that can adsorb the polymers on Au surfaces.

Next, two different strategies to immobilise Gal on a Au(poly) electrode through
pAH, were attempted: chemical coupling of Gal on the adsorbed pAH, (Scheme 6.3-
A); and chemical linkage of pAH, with the monosaccharide (pAHn-Gal) followed by
pAHh-Gal immobilisation onto the electrode (Scheme 6.3-B). Finally, pAH, was linked
to Lac and the ensuing hydrazones were reduced as a better, more stable way of
attaching the Gal monosaccharide onto the Au transducer. CV was employed to

determine the success of both electrode modifications.
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A pAH, B

<€— carboxylic
acid end (o)

A

pAH, thiol end () .
Hydrazide group

Scheme 6.3. Two different strategies to immobilise sugars (e.g. Gal) on a Au(poly)
electrode using pAHn as a linker. (A) Adsorption of pAH, on the electrode and then
coupling with saccharides. (B) Linkage of pAH, with saccharides followed by the
adsorption of the glycosylated polymer on an electrode.

School of Chemistry 181



Development of a New Electrochemical Glycosensor
for the Detection of the Vibrio cholerae Toxin

6.2 Results and Discussion

At this stage of the project, the main goal was still finding a stable linker to
immobilise Gal on a Au electrode and establish the best way to detect CTB. After the
difficulties encountered in Chapter 5 using small molecule linkers, the synthesis of the
macromolecule pAH, was successfully achieved following the procedure described by
Crisan et al.*’? (Scheme 4.9). After the production and purification of the monomer
tert-butyl-2-acryloylhydrazine-1-carboxyalte (31), RAFT polymerisation was performed
using an in-house CTA, 2-((ethylthio)carbonothioyl)thio-2-methylpropanoic acid (34),
to control the molecular weight of the macromolecules® 616. 817 Finally, pAH, was

afforded by removing the Boc group from the pendant groups under acidic conditions.

Because CTB is not an electrochemically active species, the initial strategy was
to use a redox mediator, a redox probe, to detect it (Chapter 7). Fearing that the
polymer adsorption could completely block the electrode surface, preventing any ET
with the mediator, moderately long macromolecules of pAH, with 20 pendant groups

(PAH20) were initially used for electrode modification.

6.2.1 Modification of Au(poly) Electrodes with Poly(acryloyl)
Hydrazide

The first step was to assess with CV if pAH2o adsorbed on Au(poly) electrodes
and its stability. Figure 6.4 shows the characteristic electrochemical features of a clean
(polished and flame-annealed) bare Au(poly) disk electrode in phosphate electrolyte
(0.1 M, pH 7.4) during a first (solid green) and a second (solid black) CV sweep. The

characteristic signals of the adsorption and desorption of the oxoanions of the
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phosphate buffer were seen as a reversible process at between -0.30 and +0.05 V%18
(red keys); whilst the lifting of the reconstruction®'® 620 could be observed in the form
of peaks in the forward sweeps, between +0.10 and +0.30 V (red arrow). During
electrode flame-annealing, at high temperatures, the Au atoms move and arrange in
determined packings to reach the most thermodynamically stable configuration. This
order was lost (lifting) when high potentials were applied to the electrode and recovered
(reconstruction) at low potentials. In the second scan, the lifting of the reconstruction
peaks were smaller because the rearrangement of atoms achieved while applying
negative potentials at the end of the first scan was not enough to match the high order
achieved with flame-annealing. The onset of the hydrogen evolution reaction (HER)

appeared at around -0.70 V (red star).
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Figure 6.4. CV between -0.85 and +0.45 V on a clean bare Au(poly) electrode in a
phosphate buffer solution (0.1 M, pH 7.4) at a 50 mV-s!scan rate. The sweeps
were registered after polishing and flame-annealing the electrode. Scan 1 (solid
green line) presented the reversible adsorption (forward) and desorption
(backward) of phosphate anions at between -0.30 and +0.05 V; also, during the
forward sweep, between +0.10 and +0.30 V, the intense peaks associated with the
lifting of the reconstruction were observed. Scan 2 (solid black line) revealed
weaker lifting of the reconstruction signals because, after the lifting of the flame-
annealed surface in Scan 1, a less-well reconstructed Au(poly) surface was attained
at lower potentials (between -0.40 and -0.80 V) at the end of Scan 1. (A) Start of
the CV experiment.

Because of the composition and structure of pAH,, it was expected that it would
mainly adsorb on a Au electrode through the thiol end, changing scans’ profile on bare
Au(poly) surfaces. So for electrode modification (section 4.2.3-D), the same procedure
used with the small molecules of Chapter 5 was employed. The concentration of the

thiol group in the aqueous polymer solutions used was 20 mM (40 mg/mL of pAH2o).
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According to CV, pAH2 adsorbed on the electrode because scans at high potentials

(Figure 6.5-A), between +0.45 and -0.30 V, showed the loss of the characteristic

electrochemical features of a Au(poly) bare surfaced displayed in Figure 6.4. Besides,

at lower potentials, down to -0.90 V, the characteristic reductive stripping of molecules

adsorbed through Au-S bonds?°® was visible at approximately -0.70 V (Figure 6.5-B).
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Figure 6.5. CV experiments in 0.1 M phosphate buffer electrolyte (pH 7.4) at a 50
mV-s'lsan rate to determine the adsorption and stability of pAH;0 on a Au(poly)
disk electrode. The black dotted line corresponds to a CV scan done on a clean
bare electrode (blank); meanwhile, each of the 3 coloured, solid lines pertains to
a CV repeat done on an electrode modified with the polymer (Au-pAHyo). In Figure
6.5-A are shown the scans at high potentials (between +0.45 and -0.30 V), whilst
Figure 6.5-B displays the opening of the potential window of the scans (below -

0.80 V) to observe the desorption of macromolecules (green arrow). (e) Beginning
of the blank; (A) start of the CV scans carried out on functionalised electrodes.

The above experiments proved that the desorption of pAH20 macromolecules

would start at not less than -0.40 V, so the system was stable in a wide potential range

in physiological media and could be used for sensing CT. However, there were
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significant differences between the 3 repeats regarding position and intensity of the
reduction peak. They could be explained due to the inherent complexity of the system.
On the one hand, the electrode employed was polycrystalline, meaning that its surface
was made of different faces with different adsorption energies®?'. That also meant that
grain boundaries could disturb the arrangement of macromolecules on each
functionalisation. Besides, in between repeats, the Au(poly) disk was flame-annealed
and cooled down to clean its surface. It is to be expected variations in the roughness
and surface atom arrangements (e.g. adatoms and terraces) due to this process that,
at atomic level, may prove determinant during polymer adsorption. Above all, pAH2g is
a very complex species. As a synthetic polymer, it presents a dispersity in the size of
its molecules®??. Furthermore, although its macromolecules adsorbed through the thiol
end, some interaction must be expected via the hydrazide pendant groups according
to the results from the previous chapter (Figure 5.8). Even though a higher
reproducibility was desirable, the issue could be addressed in later stages of the
development of the sensor; so the next step was to attach Gal onto the electrode via

pPAH20.

6.2.2 Polymer Adsorption and Glycosylation

As shown earlier, two possible alternatives could be utilised to immobilise Gal on
a Au(poly) electrode using pAH, as a linker: the adsorption of pAH, on the electrode
followed by its chemical coupling with the sugar (Scheme 6.3-A); or the coupling of
pAH, with the saccharide followed by their adsorption onto the electrode (Scheme 6.3-
B). Examples of modification of surfaces -including electrodes- through chemical

reactions involving functional groups on those surfaces abound in the scientific
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literature3°2 623625 |n many instances, this procedure has been employed in polymeric
surfaces or surfaces modified with polymers®26-628 | So after the adsorption of pAHn, on
a Au(poly) electrode, the goal was to link its hydrazide groups to Gal; this reaction had
already been successfully conducted in Chapter 4 in homogeneous conditions.
Therefore, a Au(poly) electrode modified with pAH20 (Au-pAH2o) was dippedina 1.4 M
buffered solution of Gal (acetate buffer 0.1 M, pH 5.6) for 24 h. at 60 ‘C to condensate
polymer and monosaccharide. Afterwards, the electrode was abundantly rinsed with

water and its surface was characterised with CV.

Displayed in Figure 6.6-A is the response obtained on the electrode at high
potentials (between -0.30 and +0.40 V) before Gal coupling (solid blue line, Au-pAH2o).
As expected for a modified Au surface, the reduction of the EDL and the loss of the
characteristic profile of a bare electrode are observed. After glycosylation of Au-pAH2o
with Gal (solid red line, Au-pAH20-Gal) there was still an evident attenuation of the EDL
and no sign of the lifting of the reconstruction, indicating that the polymer remained
adsorbed after the 24 h. of the condensation reaction. Nevertheless, the outline
differed with broad peaks in the forward (ca. 0.00 V) and backward (ca. +0.15 V)
sweeps. Although this could indicate a successful linkage of Gal to the polymer, it could
also be the result of adsorbed pAH, macromolecules rearranging on the surface
through time; for example, due to the reaction conditions used (acidic) or just because
of the partial desorption of some of them. When scanning at more negative potentials
(below -0.40 V), on Au-pAH20 and Au-pAH2o-Gal a reduction peak appeared at around
-0.70 V (Figure 6.6-B); this was the anticipated response if polymer molecules were

adsorbed through the thiol group. Unlike at high potentials, both looked very similar in
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terms of peak position and intensity, not allowing the confirmation of the sugar

coupling.
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Figure 6.6. CV on a Au(poly) electrode modified with pAHxo (solid blue line, Au-
pAH20) or pAHzo-Gal (solid red line, Au-pAH2-Gal); 0.1 M phosphate buffer
electrolyte (pH 7.4) and 50 mV-s! scan rate. The black dotted line corresponds to
a CV on a clean electrode previous modification (blank). (A) At high potentials
(between -0.30 and +0.40 V), both functionalisations (Au-pAH20 and Au-pAH3o-Gal)
produced a reduction of the EDL and the disappearance of the characteristic
features of a clean Au(poly) electrode, confirmation of polymer adsorption. For
Au-pAH0-Gal, a quasi-reversible peak may prove the presence of Gal and, thus,
the successful coupling of the sugar after 24 h. of reaction. (B) After opening the
potential window below -0.40V, in both modifications, it appeared a stripping
reduction peak at ca. -0.70 V (green arrow), characteristic of molecules adsorbed
via a Au-S bond. No significant differences for the Au-pAHzo and Au-pAHo-Gal
peaks were observable in this potential range. (e) Start of the blank; (A) start of
sweeps on functionalised electrodes.

CV demonstrated that pAH2o did not desorb under the glycosylation conditions.

Nevertheless, the variations seen in CV after 24 h. of reaction, both at high and low

potentials, did not permit to assure that Gal had been successfully coupled to pAH2o.

Furthermore, it would be difficult to assess with this technique the percentage of sugar
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linked. Given the difficulties in establishing the extent of modification of the electrode
surface with Gal, an alternative functionalisation method was tried: the post-
polymerisation glycosylation of pAH, with Gal (pAHh-Gal) followed by the adsorption

of the resulting glycopolymer.

6.2.3 Post-polymerisation Glycosylation and Adsorption

Polymer glycosylation previous adsorption on an electrode has various
advantages. First and foremost, it allows a much easier characterisation of the
glycosylated pAH, to determine saccharide loading. Studying surfaces at the micro or
nanometric scale is, in most cases, a very complex task that often requires various
techniques; so studying pAH»-Gal once adsorbed would be very challenging. On the
other hand, instead of pAH2o, a longer polymer with a DP of 50 (pAHs0) was chosen to
optimise the use of the CTA, the RAFT agent. The preparation of very small
macromolecules, like pAH2o, requires large quantities of RAFT agent 34, a very toxic
compound whose synthesis is very time-consuming. Longer polymers could also have
advantages, like better anti-fouling properties and an increased number of Gal

molecules attached to the electrodes to interact with CTB.

For coupling polymer and sugar (section 4.1.3-F), 2.1 equivalents of Gal were
employed (calculated with respect to the pendant groups of pAHso) and the reaction
was monitored with "H-NMR (Figure 6.7). A few minutes after adding Gal to pAHso
(ca. 0 h, bottom spectrum) some features of the condensation product were already

observed: a couple of peaks at around 7.50 ppm (purple star) related to hydrazone
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formation; the reduction of the intensity of the o (yellow dot) and 3 (green dot) peaks
(0.34 + 0.53 = 0.87), whose sum should have integrated for a total of 1 if there had
been only free Gal; and the integration increase of the region of the rest of the sugary
protons (light green hexagon, 6.11) that with only free monosaccharide should have
integrated for 6. After 24 h. (top spectrum) the percentage of Gal linked to the polymer
had increased with the anomeric signals of free Gal only integrating for 0.67 (0.25 +
0.42). From this intensity drop, a loading of ca. 66% was inferred (pAHs0-Galzz). The
hydrazone peak (purple star) appeared in duplicate, probably due to the presence of
the E and Z hydrazones. The small doublet at around 7.30 ppm (grey dot) may have
corresponded to a new hydrazone resulting from the hydrolysis of hydrazone groups

of the glycosylated polymer, per the mechanism proposed by Crisan et al.*"2.
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Figure 6.7. *H-NMR spectra (400 MHz, D,0) of the crude of the reaction between
pAHso and Gal (polymer hydrazide group/Gal, 1:2.1) after ca. 0 h. (bottom) and 24
h. (top). Due to Gal coupling to pAHso, there was a reduction of the integration of
the free-Gal anomeric proton peaks (yellow and green dots) over time which
signaled a sugar loading of approximately 66% (pAHso-Galss) after 24 h. The most
relevant parts of the spectra for analysis are amplified in the insets.
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The standard method for the purification of glycosylated pAH, is dialysis in water.
However, the bond between Gal and pAH,, a hydrazone bond, is prone to hydrolysis
as the pH increases®?°. Although hydrazones are relatively stable at physiological pH,
to avoid any risk of losing part of the saccharide loaded onto the macromolecules, no
purification was done. Therefore, the crude product containing pAHso-Galzz and an
excess of Gal was directly used to modify a Au(poly) electrode with dips of 30 min. at

room temperature.

In (Figure 6.8), CV was employed to characterise the electrode functionalised
with the glycosylated polymer (Au-pAHso-Galss) and compare its response when
modified with just the polymer (Au-pAHso). At potentials between +0.45 and -0.15 V
(Figure 6.8-A), the CV signals of both systems looked the same: reduction of the EDL
and the absence of the lifting of the reconstruction features at ca. +0.15 V. This was a
clear indication of the blockage of the surface by polymeric molecules. However, when
the potential window was opened and the scans were run between +0.45 and -0.9 V
(Figure 6.8-B), the reductive stripping was significantly different. In Au-pAHso (solid
blue line) a single, very intense (near -2 uA) peak was registered at about -0.70 V (blue
arrow). Instead, 2 broad peaks were recorded in Au-pAHso-Galss (solid red line): one
at -0.45 V (red arrow) and the other, less well defined, at -0.70 V (purple arrow). The
first peak may have been related to the desorption of less well-arranged pAHs0o-Galzz
molecules on the surface, perhaps caused by the presence of the big Gal molecule in
many of their pendant groups; or to the desorption of other functional groups other than
the polymers’ thiol end. The second process, at -0.70 V, had to be associated with the

Au-S bond reduction.
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Figure 6.8. CV scans on Au-pAHso (solid blue line) and Au-pAHso-Galss (solid red line) in
phosphate buffer electrolyte (pH 7.4) at a 50 mV-s scan rate. (A) CV sweeps looked very
similar at high potentials (between +0.45 V and -0.15 V) in both modified surfaces. (B)
At lower potentials (from +0.45 to -0.90 V), Au-pAHso produced a single, prominent
stripping reduction peak (-0.73 V, blue arrow) due to the Au-S bond reduction; whilst
Au-pAHso-Galss presented two peaks: a broad peak at -0.45 V (red arrow), probably from
the desorption of less-stable adsorbed glycosylated polymers; and also an almost
imperceptible peak at around -0.73 V (purple arrow). (¢) Beginning of the blank; (A)
beginning of experiments on modified electrodes.

As mentioned, the origin of the reduction event at -0.45 V on Au-pAHso-Galzz
could have been associated with chemical groups -other than the thiol group- adsorbed
on Au(poly): i.e. Gal from the pendant groups of pAHso-Galssz or its free hydrazide
groups. Although Figure 5.8 showed that hydrazides could adsorb on Au, there was
no clear evidence of their desorption from Au-pAHso (blue scan of Figure 6.8-B).
Therefore, hydrazides were rejected as the cause of the -0.45 V peak. When a clean
Au(poly) electrode was modified for 30 min. at room temperature. in a Gal solution
equivalent to that used for polymer glycosylation (1.4 M Gal in 0.1 M acetate buffer,

pH 5.4), CV scans between +0.45 and -0.25 V (Figure 6.9-A) registered a drastic
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reduction of the EDL (solid orange curve). The same submersion in 0.1 M acetate
buffer (pH 5.4) also produced a narrowing of the EDL (solid blue line), although more
attenuated. This was proof of the adsorption of both Gal and acetate anion on Au(poly),
despite the latter inducing a less significant blockage of the surface. In the sweeps at
more negative potentials (from +0.45 to -0.90 V) displayed in Figure 6.9-B, a slight
reductive stripping peak (orange arrow) was detected at -0.65 V after incubation in the
Gal dissolution; contrarywise, this feature did not appear when the dissolution used to
modify the electrode only contained the acetate anion (solid blue curve). This outcome
suggested that glycosylated polymers may also adsorbed to some extent through their
functionalised pendant groups; and that this circumstance could result in less well-
arranged layers of macromolecules on the surface and a lower stripping energy (-0.45

V), as observed in Figure 6.8-B (red arrow).

e Start of blank A B
A Start of experiment

O,
Hoié//%'(cm — Au-OAc - Scan 1 — Au-OAc - Scan 2
OH

H Au-Gal - Scan 1 Au-Gal - Scan 2
_1 T T T T T T T -1 T T T T T T T
08 -06 -04 -02 00 0.2 04 -0.8 -06 -04 -02 0.0 0.2 0.4
E /V vs Ag/AgCl sat. E /V vs Ag/AgCl sat.

Figure 6.9. CV scans on a Au(poly) electrode after immersion for 30 min at 60 °Cin
either a 1.4 M Gal dissolution prepared in acetate buffer 0.1 M, pH 5.4 (solid
orange curves); or only in the buffer (solid blue curves). (A) Scans between +0.45
and -0.25 V displayed a narrowing of the DLR, which was more acute when the
solution contained Gal. (B) In scans reaching more negative potentials (from +0.45
to below -0.80 V), a peak at ca. -0.65 V (orange arrow) was observed only when
the electrode was modified in the Gal-containing dissolution. () Start of the blank
sweep; (A) start of CVs on a modified Au(poly) electrode. All experiments were
carried out in phosphate buffer electrolyte (pH 7.4) with a 50 mV-sscan rate.
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To further explore interactions between pendant groups of pAHso-Gal and the
electrode, pAHso was glycosylated with only 0.2 equivalents of Gal (section 4.1.3-F),
instead of the 2.1 employed for the synthesis of the pAHso-Galss used in Figure 6.8.
To determine the degree of condensation of this reaction, the integrals of the "TH-NMR
signals of the monosaccharide (Figure 6.10) -green hexagon, yellow dot, green dot,
and purple star- were assigned a total value of 7. At ca. 0 h. (bottom spectrum in Figure
6.10) most Gal remained still unreacted and free, so the integration of the a (yellow
dot) and B (green dot) peaks stood close to 1 (0.41 + 0.45 = 0.86) as they pertained to
the anomeric proton. However, after 24 h. (top spectrum in Figure 6.10), the 2 peaks
were integrated only by 0.22 (0.08 + 0.14). Therefore, it was estimated that only 22%
of the monosaccharide in the crude remained free and the rest (78%) was loaded onto
the polymer. The broadening of the peaks after 24 h. in the range between 3.00 and
4.50 ppm (inset A), where the rest of the saccharide protons resonate, was further
proof of the condensation. In polymers, the repetition of functional groups in the same
molecule leads to a spatial closeness equivalent of a high concentration, producing
broad NMR signals. In this part of the spectra, this effect was evident after 24 h. when
compared to the sharp peaks at ca. 0 h. A tiny signal at about 7.60 ppm (inset B, purple
star) pertained to the hydrazone, the open form resulting from the coupling of Gal and
hydrazide pendant groups of pAHso. As already mentioned in this thesis, its duplicity
(there is also a tiny peak at ca. 7.55 ppm) was interpreted as the presence of the E
(more prominent signal) and Z isomers. Due to the number of equivalents of Gal used
(0.2), the 78% sugar conversion meant a polymer loading of approximately 16%
(pAHso-Gals), considering that with 0.2 equivalents of monosaccharide a maximum of

20% could have been achieved.
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Figure 6.10. 'H-NMR spectra (400 MHz, D,0) of the reaction crude of the
condensation between pAHso and Gal (polymer hydrazide group/Gal, 1:0.2) after
ca. 0 h. (bottom) and 24 h. (top). After 24 h., a substantial part (78%) of the
integration of the anomeric proton of free Gal (a plus B peaks, yellow and green
dots) had disappeared because of the coupling with the polymer, indicating an
approximate loading of 16% (pAHso-Gals). The broadening of the other sugar peaks
(between 3.00 and 4.50 ppm) confirmed the condensation. Insets are
amplifications of the most relevant parts of the spectra.
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A Au(poly) electrode was modified with pAHso-Galg (16% Gal loading) by
immersing it in the crude product (Figure 6.10, top spectrum) for 30 min. at room
temperature. Then, CV was used to characterise its surface (Figure 6.11). At high
potentials (Figure 6.11-A), from +0.45 to -0.15 V, the electrochemical response from
Au-pAHsp and Au-pAHso-Galg was almost identical and demonstrated the adsorption
of the polymers: EDL narrowing and disappearance of the lifting of the reconstruction
peaks. When the potential window was opened till -0.85 V (Figure 6.11-B), the
desorption of macromolecules from Au-pAHso-Gals (pink arrow) had an onset at about
-0.25 V (pink star), earlier than the desorption from Au-pAHso (blue arrow) that
commenced at ca. -0.60 V (blue star). This result coincided with that in Figure 6.8,
possibly indicating that polymers carrying saccharides adsorb weaklier since they
detached at lower energies, lower applied potentials. Also, as in Figure 6.8, the
reductive peak from the glycosylated polymer (Au-pAHso-Galss) at around -0.70 V
(magenta arrow) was smaller and less well-defined than the one from the non-
modified polymer (Au-pAHso, blue arrow). It probably meant that the previous broad
peak at ca. -0.45 V (pink arrow), not present in the desorption from Au-pAHsp, was
caused by the early desorption of pAHso-Galss macromolecules with a weaker
attachment to the Au surface than pAHso. Although SAMs formation critically depends
on the interaction between a surface and the head group of molecules, much of their
stability relies upon weak interactions between the molecules’ backbone. Therefore,
it is possible that the incorporation of bulky Gal molecules to pAHso disturbed the
chain-to-chain forces between macromolecules, driving the system towards a less

stable state.
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Figure 6.11. CV study of a Au(poly) electrode modified with pAHso (Au-pAHso, solid
blue scan) or glycosylated pAHso (Au-pAHso-Galss, solid pink scan). (A) At high
potentials (between +0.45 and -0.15 V) the adsorption of polymer and
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glycopolymer produced very similar electrochemical responses: reduction of the
EDL and disappearance of the lifting of the reconstruction signals. (B) In sweeps
till lower potentials (from +0.45 to -0.85 V), both modifications presented an
intense reductive stripping peak at ca. -0.70 V (magenta and blue arrows).
Nevertheless, the CV on Au-pAHso-Galss also registered a broad peak at around

-0.45 V (pink arrow). (e) Start of the scan on the bare electrode; (A) start of sweeps
on the modified electrode. The experiments were conducted in phosphate buffer

electrolyte (pH 7.4) with a 50 mV-s™ scan rate.

The previously presented CV experiments confirmed that Gal molecules, the

BRE of the glycosensor, had been immobilised on the transducer. Besides, they were

stable in a potential range where electrochemical detection of CT could be possible.

However, questions arose about the robustness of the bond between Gal and pAH,,

as the hydrazone bond is a reversible one. These misgivings led to an electrode

modification with non-purified glycopolymers, using the condensation reaction’s

crude product. Therefore, various factors could have negatively affected the process
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of macromolecule adsorption, like the acidic pH of the crude, the non-reacted

molecules of Gal or the presence of acetate anions.

Seeking to work with a more robust platform to immobilise Gal on Au electrodes,
the coupling of pAH, with Lac was considered. The decision was also driven by an
upcoming overseas research visit that required the transport of glycosylated

polymers.

6.2.4 Post-polymerisation Glycosylation with Lactose

The main advantage of coupling pAH, and Lac, instead of Gal, is the possibility
of reducing the resulting hydrazone bond to make it irreversible and more stable
(Scheme 6.2-B). Because the disaccharide reacts with the hydrazide of the polymer
through its Gal moiety, the cyclic conformation of Gal remains intact at all times, ready
to bind CTB. Another potential gain is the presence of a longer spacer between Gal
and the polymer’s backbone, giving the sugar more room to recognise CTB. The most
significant disadvantage would be extending the synthesis one step -reduction of the
hydrazone bond- and introducing a purification stage, augmenting the chemicals and

time spent.

A. Coupling of Acetohydrazide with Lactose

The synthesis of pAHs is quite costly in terms of laboratory time. Therefore, before
synthesising pAHns-Lac, a chemical equivalent of the pAH» pendant group, AcHD, was

used to test the best reaction conditions to couple it with Lac and the optimal chemical
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agent to reduce the hydrazone bond formed. Because the condensation of pAH, with
Lac is very similar to that with Gal, the same reaction conditions were used as starting
point: acetate buffer (0.1 M, pH 5.4), 2.1 equivalents of the sugar (with respect to
hydrazide pendant groups) and room temperature. The use of D>O to prepare the
buffer allowed an easy follow-up of the reaction with "H-NMR (Figure 6.12). Like in
previous coupling reactions of this chapter, variations of intensity of the anomeric
proton (oo and B peaks, yellow and green dots) permitted to estimate at 42% the
disappearance of free Lac from the reaction medium after 7 days (1 — 0.26 — 0.46 =
0.28). Hence, around 56% of the AcHD had been converted (AcHD/Lac, 1:2.1). Right
at the start of the reaction (ca. 0 h., bottom spectrum), at about 7.50 ppm (orange star),
already appeared a duplicated doublet associated with the open Z and E isomers of
the Lac hydrazone. The same feature was observed in this chapter when Gal was
linked to the hydrazides of pAHn (e.g. Figure 6.7, purple star). Further downfield and
after 7 days. (top spectrum), a new little duplicated peak emerged at 9.50 ppm
(magenta and violet triangles), identified as the proton on the N atom of the open
hydrazone (E and Z isomers). As per why it was not observable at the start of the
reaction (ca. 0 h) like the two doublets at around 7.60 ppm (orange star), it may have
to do with the complexity of this type of proton that can exchange with the solvent. At
4.44 ppm (light blue dot, bottom spectrum, Inset C) resonated the proton of the acetal
carbon of free Lac (a doublet); after 7 days, practically at the same position, appeared
another doublet (dark blue spot) corresponding to the same proton of Lac but when
the sugar was linked to AcHD. The best evidence of the successful condensation,
though, was the emergence after 7 days of a new doublet at ca. 4.10 ppm (violet dot).

According to its chemical shift and coupling constant (J = 9.1 Hz) it related to the proton
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of the anomeric carbon of the product in axial position (3 product, B-AcHD-Lac). There
is no evidence of an equivalent peak for the a product, which should appear further
down the lower-field according to the relative positions of the “H and PH signals in free
Lac. In principle, this would indicate the formation of only one product and the absence
of an anomeric effect. Nevertheless, the doublet from a-AcHD-Lac could had been
overlapped by the broad D-O peak at 4.79 ppm. This circumstance was not studied
using a different solvent, like DMSO-ds, because it was not essential for the project,
since the product had to be reduced. Finally, the decrease over time of the signal of
the acetyl group (bottom Inset A, brown dot, 1.92 ppm) and the appearance of a new
one at 1.96 ppm after 7 days (top Inset A, chequered, brown dot) further confirmed the

linkage between AcHD and Lac.

After 24 h. of reaction, "H-NMR had already shown a ca. 50% vyield. This
percentage was considered enough to test the reduction of the hydrazone bond in
AcHD-Lac. Therefore, to save time, a crude of the condensation reaction after 24 h.

was employed for this investigation.
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Figure 6.12. 'H-NMR spectra (400 MHz, D,0) of the reaction crude for linking AcHD
and Lac (AcHD/Lac, 1:2.1) after ca. 0 h. (bottom) and 7 days. (top). The emergence
of new signals, for example, at ca. 7.60 ppm (orange star) and 4.10 ppm (violet
dot), confirmed the successful linkage of the two species. The integration decrease
of the “H and PH peaks (yellow and green dots) of free Lac allowed estimating a
yield of 56%. Integrals were calculated assigning a value of 14 (Lac contains 14
protons) to the Lac signals (insets B and D).
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B. Reduction of Hydrazones of Lactose into a Galactose-
containing Acetohydrazide

The next step was to determine the best reducing agent for the hydrazone bond.
Three reagents available in the laboratory were considered as candidates: NaBHa,
PyBHs and NaBH3CN. The three species were added to the crude product of the
coupling between AcHD and Lac under the conditions specified in section 4.1.3-G;
"H-NMR was used to assess their effectiveness. In the case of NaHB4, the addition
produced foam, an indication of a vigorous reaction. The spectra in Figure 6.13
showed that the most characteristic signals of the unreacted Lac, the anomeric proton
(yellow and green dots, inset), had disappeared entirely after 3 h., confirming the
reduction of the disaccharide into an alcohol, lactitol. Fearing these conditions were
too harsh and could also break up the hydrazone bond or negatively affect the

glycosylated polymers, this reducer was ruled out.
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Figure 6.13. 'H-NMR spectra (400 MHz, D,0) of the reduction of lactose hydrazone
of acetohydrazide (AcHD-Lac, 36) with NaBHa. At the bottom, the spectrum of the
crude product of the condensation between AcHD and Lac. On top, the same crude
after 3 h. of adding the reducer NaBHa: the *H and PH peaks (yellow and green
dots) of free Lac completely disappeared after the disaccharide had converted into
an alcohol (48).
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When PyBH3; complex was used (Figure 6.14), the '"H-NMR peaks attributed to
the condensation product AcHD-Lac lost intensity after 4 h. For instance, the anomeric
proton in axial orientation (Inset A, violet dot, 4.13 ppm), the protons on the N (Inset B,
magenta triangle, 9.51 ppm), the hydrogen of the hydrazone bond (Inset B, orange
star, ca. 7.72 ppm) and the proton marked with a stripped violet dot (Inset A, 3.35 ppm).
The attenuation of the anomeric proton signal at 4.13 ppm is explained because, after
the reduction of the hydrazone bond, the Glc moiety of Lac lost the possibility of closing
up (Scheme 6.2-B) and the two cyclic isomers disappeared. Since the integrated
intensity of the anomeric proton of 3-AcHD-Lac fell ca. 50% (from 0.30 to 0.16) the
reduction efficiency with PyBH3 could be estimated at 50%. Contrary to when NaBH4
was employed, the signals of non-reacted Lac still present in the crude product (e.g.
yellow and green dots) did not change, suggesting a much less vigorous process.
Further tests proved that the reaction was very fast, almost instantaneous, and that the

yield remained the same when a higher pH (a smaller volume of HCI) was used.
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Figure 6.14. 'H-NMR spectra (400 MHz, D,0) to monitor the reduction of AcHD-
Lac with PyBHs. At the bottom, spectrum of the crude product used as starting
material containing AcHD-Lac and free Lac. On top, the same crude after 4 h. of
having added PyBHs: resonance signals correspondent to AcHD-Lac either lost
intensity (violet dot, stripped violet dot) or disappeared (orange star, magenta
triangle) as a result of the reduction of the hydrazone bond.
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Na(CN)BH3 was also employed to reduce AcHD-Lac (Figure 6.15). However, in
this case, nuclear magnetic resonance seemed to indicate that no reaction occurred,
with some of the characteristic peaks of AcHD-Lac mostly unchanged after 3 h.:
anomeric proton at 4.12 ppm (violet dot), proton at 3.36 ppm (stripped violet dot).
Therefore, after these results, PyBHs was considered the best of the 3 options to

reduce the hydrazones formed from coupling Lac and pAH..
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Figure 6.15. 'H-NMR spectra (400 MHz, D;0) of the reaction to reduce AcHD-Lac
with Na(CN)BHs. The spectrum at the bottom corresponds to the crude product of
AcHD-Lac (starting material) with also free Lac before adding the borane. On top,
the same crude 3 h. after Na(CN)BH3 was added. The small or null drop of the
intensity of the characteristic peaks of AcHD-Lac after adding Na(CN)BHs, e.g.
anomeric proton at 4.14 ppm (Inset A, violet dot, 4.13 ppm), suggests minimal or

no reduction of AcHD-Lac.

208

University of Birmingham



Chapter 6 — Polymer Linkers

C. Glycosylation of Poly(acryloyl) Hydrazide with Lactose and
Reduction

pAHso was glycosylated with 2.1 equivalents of Lac (calculated over the total
number of pendant groups) in acetate buffer (0.1 M, pH 5.4) at room temperature for
24 h., as explained in section 4.1.3-H. The presence of broad peaks -characteristic of
the resonance of polymers- in the saccharide region of the "H-NMR spectrum (top of
Figure 6.16, Inset B) confirmed the incorporation of the disaccharide into the polymer.
The signals of the anomeric carbon of free Lac (“H yellow dot and PH green dot) were
integrated (0.30 + 0.56) after 24 h., demonstrating a reduction of the quantity of free
sugar in the medium of reaction of ca. 14% (1 — 0.30 — 0.56). Since 2.1 equivalents of
Lac were used for this synthesis, approximately 30% of the hydrazide pendant groups
of pAHso were loaded with the saccharide (pAHso-Lac1s). The 30% binding, smaller
than that afforded with AcHD after 24 h. (56%), could be explained by some steric
hindrance caused by the backbone of the macromolecules and other pendant groups
nearby. After 24 h., no further loading was detected. As expected, in the reaction
control containing only Lac (bottom of Figure 6.16), the sum of the integrations of *H

and PH signals after 24 h. was ca. 1 (0.37 + 0.59) because there was no reaction.
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Figure 6.16. (Top) *H-NMR spectrum (400 MHz, D,0) of the crude product of the
condensation between pAHso and Lac after 24 h. Lac protons were integrated for
a total of 14 (number of H in Lac). In Inset A are seen the polymer’s backbone
signals. In Inset B, broad peaks in the saccharide region (red arrows) confirmed the
formation of a glycopolymer with an estimated 30% loading (pAHso-Lacis) per the
intensity drop of the anomeric proton peaks of free Lac (yellow and green dots).
(Bottom) In the reaction control, containing only Lac, a value of ca. 1 (0.37 + 0.59)
of the peaks of the anomeric proton of free Lac proved the lack of condensation.
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Next, the glycosylated pendant groups of pAHso were reduced with PyBHs (vid.
4.1.3-H). After purification with dialysis and lyophilisation, magnetic resonance analysis
confirmed the reduction of pAHse-Lacis into pAHs0-RO-Galss (Figure 6.17) with the
appearance of a new doublet (green oval, 2.92 and 3.06 ppm). Besides, the signal at
4.51 ppm (light blue oval) indicated that the glycosidic bond linking Gal and Glc in Lac
remained intact and part of the pendant group of the new polymer. The broadness of
all the compound’s signals suggested an excellent product purification with the

complete elimination of the acetate anion and the excess of Lac present in the reaction

crude.
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Figure 6.17. 'H-NMR spectrum (400 MHz, D,0) of the pure polymer pAHso-RO-Galss,
obtained after reducing pAHse-Lacis with PyBHs. The broadness of all peaks
demonstrated a successful dialysis purification of the polymer with the complete
elimination of the excess of Lac of the crude product (top Figure 6.16). The two peaks
at 2.92 and 3.06 ppm (green oval), a doublet, would confirm the reduction of the
hydrazone bond. The 4.51 ppm peak (light blue oval) indicated that the glycosidic bond
of the Lac moiety remained unaffected by the reduction.
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CV was utilised to probe the adsorption of pAHs0-RO-Galis on a Au(poly)
electrode (Figure 6.18) and compare it with that of pAHso. The electrode was modified
by immersing it in dissolutions of pAHs50-RO-Gals (31.20 mg of polymer in 0.3 mL of
water) or pAHso (13.63 mg of polymer in 0.3 mL of water) for 30 min. at room
temperature. As it happened with all previous pAH, macromolecules used in this
project (i.e. pAH20, pAHs0, pAHs0-Galss and pAHso-Galg), pAH50-RO-Gal1s adsorbed on
the Au(poly) electrode (solid red scan) according to the electrochemical response
obtained between +0.45 and -0.15 V (Figure 6.18-A): reduction of the EDL and
disappearance of the lifting of the reconstruction (peak at ca. +0.23 V in the blank,
dotted black arrow). When a more negative limit potential was set (-0.85 V), the
characteristic reductive stripping of sulphur-containing molecules appeared peaking at
ca. -0.70 V (Figure 6.18-B). Compared to the desorption of pAHso (solid blue curve)
two traits appeared different: the onset region of the desorption process and the
intensity of the peak. Although the intensities of the peaks were significantly different,
it is difficult to assign those disparities to the presence or not of Gal in the polymer’s
pendant group. Because, as shown in Figure 6.5-B, the peak intensity between
different experiments, even when the same polymer is used, can significantly differ.
Regarding the start of the stripping from Au-pAHs0-RO-Gal1s, as noticed when other
glycopolymers were desorbed (Figures 6.8-B and 6.11-B), there seemed to be an
early onset (violet star) at around -0.25 V, with a seemingly significant number of
molecules detaching from -0.40 V (violet arrow). At about -0.55 V (red star) the process
accelerated before peaking at-0.70 V (red arrow). This phenomenon was not observed
in the sweep on Au-pAHso, with a single reductive process starting at -0.55 V (blue

star) that reached its maximum at -0.67 V (blue arrow). The early desorption of pAHsoe-
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RO-Galis may have been associated with less-well adsorbed macromolecules: the
presence of a sugar, a big molecule, in their pendant groups would have interfered in
their attachment, leading to less-stable arrangements of molecules on the electrode
surface. It may also be related to the desorption of other functional groups other than

the thiol of the polymer (i.e. hydroxyls of the Gal), as studied in Figure 6.9.
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Figure 6.18. CV analysis in phosphate buffer electrolyte (0.1 M, pH 7.4) at a scan
rate of 50 mV-s™of a Au(poly) electrode modified with pAHso (Au-pAHso, solid blue
line) and pAHso-RO-Galis (Au-pAHso-RO-Galis, solid red line). (A) Scans at high
potentials (from +0.45 V till -0.15 V) looked very similar for both modified surfaces.
(B) In scans reaching more negative potentials (from +0.45 to -0.85 V), the CV
response of Au-pAHso was a single, prominent stripping reduction peak at ca. -0.68
V (blue arrow) with onset at approximately -0.55 V (blue star). Instead, for Au-
pAHso-RO-Galis, a reduction process seemed to start at -0.25 V (purple star) and
accentuate at -0.55 V (red star) to produce also a prominent reduction peak with
a maximum at around -0.72 V (red arrow). (e) Start of the blank sweep; (A) start of
CV scans on modified electrodes.

Despite CV proving to be helpful to determine the modification of Au(poly)

electrodes, and even differentiate when the polymers adsorbed contained a
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saccharide, it seemed unfeasible to detect CTB with this technique: it was difficult to
foresee how the adsorption of CTB on Au-pAH»-RO-Gal1s would sufficiently modify the
electrochemical signal, either at high or at low potential, to allow for its recognition.
Therefore, using an electrochemical mediator seemed to be necessary to achieve the

project’s main goal, the detection of CTB.

6.3 Conclusions

The results presented in Chapter 6 show that pAH, is a suitable linker to

immobilise Gal onto Au(poly) surfaces.

pAH macromolecules adsorbed fast on Au(poly) electrodes and demonstrated
excellent stability in a wide potential range, making them useful as immobilisation
platforms for electroanalysis. The outstanding solubility of pAH, in water facilitated the
modification of electrodes from solution and permitted the avoidance of more
expensive and environmentally hazardous organic solvents. Furthermore, RAFT
polymerisation conferred a high control of macromolecule synthesis, allowing the
obtainment of polymers with different sizes according to necessity. Moreover, the high
reactivity between the hydrazide group and aldehyde-containing molecules, like Gal

and Lac, permitted an easy post-polymerisation in mild conditions.

The results in Chapter 6 also illustrate that, although CV is a valuable technique

to determine the adsorption and stability of macromolecules on Au electrodes, it lacks

the accuracy to study other features that may be interesting when developing a sensor:
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degree of BRE coverage, macromolecular arrangement, differentiation between
species adsorbed. For example, it would be very challenging to distinguish between
adsorbed pAHso-OR-Galis (Figure 6.18-B) and pAHso-Galg (Figure 6.11-B). This

exposed something more critical, the lack of accuracy of CV to detect CT.

Finally, although hydrazones formed between Gal or Lac and hydrazides are
stable over pH 7%, reducing the bond between the linker and the sugar made it
irreversible and improved the chances of getting a more robust sensor. This work
contains an easy procedure for reducing the hydrazone bond between the pendant
groups of pAH, and Lac to obtain a Gal-baring glycopolymer. It must be highlighted
that the scaling up of the glycopolymer synthesis would be facilitated by its simple

dialysis purification.

In summary, the Gal monosaccharide was immobilised on a Au(poly) electrode

using pAHn as a linker. Due to its high chemical flexibility and good electrochemical

stability, the polymer is a good choice for its use in electroanalysis.
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Chapter 7

Electrochemical Detection
of the Subunit B of Cholera Toxin

7.1 Introduction

Following the results of Chapter 6, where the Gal moiety was successfully
immobilised on a Au(poly) electrode through a polymer, this section reports on the
efforts made to electrochemically detect CTB, the subunit of CT which recognises the
surface of human cells to start an infection. Although CV had proven to be a helpful
technique for determining the modification of electrodes with Gal, to improve the
sensitivity to detect CTB, and electrochemical mediator and other electrochemical

techniques (i.e. SWV, EIS) were used.

Most electrochemical techniques are based on the ET process, the exchange of
electrons between an electrode and some species in the bulk of the electrolyte. This
limits electrochemical sensing under certain circumstances: if the analyte is not
electroactive, so it cannot be directly oxidised or reduced by the electrode; if the
process is too slow, for which the signal is too weak; or if the required applied potential
to force the ET disturbs the system. Electroanalysis has found ways to bypass these
drawbacks using electrochemical mediators. Redox probes, species with reversible
states of oxidation and fast ET, are a common choice for a mediator (Figure 7.1). The
diversity of redox probes available regarding their nature -organic, inorganic,

biological-, redox potential, solubility, charge®3' 632 ET mechanism -inner/outer-
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sphere-, and other features, makes it relatively easy to find the most convenient for
each need. Although usually dissolved in the electrolyte, the possibility of attaching
electrochemical mediators to the electrode has become an increasingly popular

option®33 634 Their incorporation onto the BRE or the analyte can also be used®3% 636

S OH
N\ N7/
N=Fe!!'=N 3 K* N=Fe!'=N 4 K+

Figure 7.1. Electrochemical mediators utilised in this thesis. On top,
ferrocenemethanol, a neutral molecule. At the bottom, the redox couple
potassium ferro/ferricyanide (Ks[Fe(CN)s] / Ki[Fe(CN)s]), one of the most
popular redox mediators in electroanalysis.

Two main reasons made necessary the employment of a mediator in this project.
First, the electrochemical signals obtained with CV from electrodes modified with pAH,
and glycosylated pAH, were not distinctive or reproducible enough; so it would have
been complicated to obtain significant qualitative or quantitative data trying to detect
CTB. Second, CTB is a non-electroactive species. The selection of a redox probe must
consider many issues: nature of the electrode (can affect the kinetics and reversibility

of the probe), solubility in the electrolyte, concentration, ET rate and, of course,
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potential window. Moreover, once the electrode surface has been modified, another
essential question arises: how the chemical probe interacts with the new interface.
KsFe(CN)s, previously used in this project, was initially a good candidate: its redox
potential was within the potential window of stability of glycosylated pAH, adsorbed on
a Au electrode (Chapter 6); and its response was only relatively attenuated on those
modified electrodes (unlike on SAMs of LA, Figure 5.5). In this chapter, though, the

redox couple Fe(CN)s**-was used instead to increase the system’s stability,

Despite the widespread use of Fe(CN)s3/* in sensing, there were a series of
concerns about its behaviour on a Au-pAHs0-RO-Galss electrode. For a start, the
presence of hydrazide groups in the linker, a highly coordinating metal-ligand (Figure
7.2), raised questions about potential strong interactions between polymers and the
probe that may affect the analytical signal. Furthermore, using a charged molecule
could generate electrostatic forces with the electrode surface, again affecting
measurements. Finally, there is a debate®’ within the electrochemical community
about the effect that the adsorption of this redox couple and the cyanide group on Au

can have on electrochemical processes.

Fe

R § N
/g H2N/ \« THZ
"”,\‘ 0 o 0 NH
[ / Y
™~ Fe

A Fe B

Figure 7.2. Possible forms of coordination between the hydrazide groups of pAH,
and Fe nuclei of redox mediators®3® ©3°, The presence of several atoms with lone
pair of electrons in the hydrazide group (O and N) can prompt the formation of
coordination bonds between polymers and Fe nuclei (A bidentate coordination, B
and C monodentate coordination).
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To increase the chances of success, the behaviour of a second probe, FcMeOH,
with similar redox potential but different chemical features (Table 7.1), was also tested.
FcMeOH, a neutral molecule, would reduce potential ionic interactions with the
electrode and the glycosylated polymer. On the topic of interactions between free
hydrazide groups of pAHs0-RO-Galss and the probe, the very stable penta-coordination
of the FcMeOH ligands (2 ferrocene rings) would minimise the prospects of polymer

coordination that could affect the analytical signal.

Table 7.1. Physical and chemical properties of FcMeOH and

[Fe(CN)s>/*].

Feature [Fe(CN)&*'4] FcMeOH
Relative size Small Big
Charge Negative Neutral
Coordination Monodentate Chelate
Interaction with Au Good Poor
Ligand polarity High Low
Solubility Very good Good
ET Inner-sphere Outer-sphere

After assessing both redox probes on modified electrodes (Au-pAHso and Au-
pAHs0-RO-Galis) to ascertain their behaviour in measuring conditions, [Fe(CN)e]
was deemed the best to attempt the detection of CTB. The sensor’s analytical signal
would consist of the electrochemical response variation caused by CTB blocking the
electrode surface after interacting with the Gal immobilised on the electrode (Figure

7.3). The signal attenuation of a redox mediator is a standard procedure to characterise
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modified electrode surfaces®4? 64! and has also been extended to sense analytes,

including CT®% 642,

pAHs0-RO-Galis

Redox mediator

¢
ﬁ::vssv "

TIR IIIIEY

Au(poly) %

C

Figure 7.3. Diagram showing the different accessibility of the molecules of a redox
mediator (yellow dots) to an electrode’s surface to explain the attenuation of a
probe’s signal, which is the analytical signal of the biosensor of this thesis. (A) On
a bare Au(poly) electrode, the probe’s molecules have free access to the surface
of the electrode producing a maximum electrochemical response. (B) When the
electrode is modified with a polymer (e.g. pAHs0-RO-Galss), the surface is partially
blocked: the mediator’s signal is attenuated because the number of possible ET
episodes is smaller or slower. (C) The interaction between CTB and an electrode
modified with Gal further limits the ET between the mediator’s molecules and the
electrode, reducing the probe’s signal even more.

CV is the best-known and most popular electrochemical technique because it is
very simple and facilitates the study of the mechanism of chemical transformations.

Nevertheless, because the intensity of current obtained from a CV is the sum of
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faradaic and non-faradaic currents, it is significantly limited for quantitative analysis:
the contribution of non-faradaic phenomena alters the dependency between redox
species concentration and current intensity. Typically, the limits of detection of CV are

found at around 1 -10* to 1 -10°% M463,

Pulse (or impulse) voltammetry techniques, like SWV, entailed an advance
towards decoupling faradaic and non-faradaic currents. SWV occupies a prominent
place in electroanalysis due to its fastness, selectivity, and high sensitivity, which can

reach detection limits down to 1 -107 M.

EIS is an electrochemical technique employed to study the electrode/electrolyte
interface. In the two previous voltammetry techniques, CV and SWV, the application
of changing potentials on a system produces variations in intensity that are recorded.
Instead, in EIS, a sinusoidal voltage perturbation is applied to a system leading to a
current response whose amplitude and phase angle with respect to the perturbation
are measured. The role of EIS in sensing has increased in the last two decades thanks
to technological advances, e.g. the integration and miniaturisation of potentiostats and
frequency response analysers or the development of software to analyse the complex
EIS data®43. EIS can be used to detect the effect that the interaction between the BRE
of a sensor and an analyte can have on the current passing through the sensor’s
interface. The enormous sensitivity achievable with EIS, with limits of detection well
below 1 -108 M, is one of the most attractive features of this technique in quantitative
analysis. However, there are also caveats since its application requires careful control

of the measurement conditions to avoid disturbances. In this chapter, after using CV
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with two redox probes (FcMeOH and [Fe(CN)s]*#) to characterise modified Au(poly)

electrodes, SWV and EIS were employed with [Fe(CN)s]** to try the detection of CTB.

7.2 Results and Discussion

Before attempting the detection of CTB, the two candidates to be used as
electrochemical mediators were characterised: the redox couple [Fe(CN)g]®-* (Figure
7.4), an inner sphere redox probe and FcMeOH (Figure 7.5), an outer-sphere redox
probe®44-647 Because the electrochemical oxidation and reduction of the two species
occurred in a potential range rom -0.10 to +0.50 V, where glycosylated pAHs are stable
on Au(poly) electrodes, both probes were initially considered helpful for detecting CTB.
As expected in species with fast and reversible ET on metallic electrodes, the current
intensity increased with the scan rate according to the Randles-Sev¢ik Equation

(Chapter 3, equation 12).
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Figure 7.4. Electrochemical characterisation of the redox couple KsFe(CN)g /
KsFe(CN)s on a bare Au(poly) electrode in phosphate buffer electrolyte (0.1 M,
pH 7.4). CV at different scan rates (5, 10, 50, 100, 200 and 500 mV-s!) were
conducted in an electrolyte containing 0.5 mM of KsFe(CN)s / K2Fe(CN)s. In the
inset, the linear regressions of the peak intensities in the oxidation (red) and
reduction (blue) sweeps versus the square root of the scan rate demonstrated the
high reversibility of this redox mediator in these electrochemical conditions.
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Figure 7.5. Electrochemical characterisation of the redox mediator FcCMeOH on a

bare Au(poly) electrode in phosphate buffer electrolyte (0.1 M, pH 7.4). CV scans
at several rates (5, 10, 50, 100, 200 and 500 mV-s) were run in the electrolyte
containing 0.5 mM of FcMeOH. In the inset, the linear regressions of the peak

intensities of the oxidation (purple) and reduction (cyan) sweeps versus the square

root of the scan rates proved the reversible character of this probe in these

electrochemical conditions.

Next, CTB detection was attempted by comparing the electrochemical response

of these two mediators on a Gal-modified electrode (Au-pAHs,-RO-Gal1s) before and

after being incubated in a CTB solution.
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7.2.1 FcMeOH as Electrochemical Mediator

FcMeOH was used first as a mediator because it has some characteristics that,
a priori, made it the best option. The first consideration was the arrangement of
macromolecules on the surface of the electrode and how they may block the electrode
surface (Figure 7.6). As FcMeOH is an outer-sphere probe, there were better chances
of still obtaining a sensing signal in case of a significant blocking of the Au surface by
the polymer (Figure 7.6-B). In the opposite scenario, if the adsorbed polymer allowed
ferrocene molecules to easily access the surface of the electrode (Figure 7.6-A),
because FcMeOH is a neutral molecule, it would experience fewer electrostatic
interactions which, at least in the case of EIS, could affect the electrochemical
response. Besides, the hydrazide group is an excellent coordinating ligand (Figure
7.2) and pAHs50-RO-Galss, with many free hydrazide groups, could interact with Fe
nuclei of the probe. Therefore, it was thought that FcMeOH would be more stable since
displacing its ferrocene ligands (chelate) would be more difficult than displacing the

cyanide groups (monodentate) of [Fe(CN)es] 3.
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Figure 7.6. Representation of potential arrangements of adsorbed pAHs-RO-Galis
on a Au(poly) electrode and how they may affect the access of the redox mediator
molecules to the electrode surface and its electrochemical response. In an
ordered, stand-up arrangement of polymeric macromolecules (A) the mediator
molecules enjoy an easier approach to the electrode surface than if the polymer
presents a disordered, coiled configuration (B).

CV and SWV were initially used to study the effect of pAHs50-RO-Gal1s and CTB
adsorbed on a Au electrode on the ET of FcMeOH. The expectation was that the
species adsorbed would attenuate the probe signal (solid yellow curves). Moreover,
their attachment needed not to completely block the ET to have an analytical signal to
detect CTB. With both electrochemical techniques, the oxidation and reduction

currents of FcMeOH increased on an electrode modified in an aqueous dissolution of
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the polymer (Au-pAHso-RO-Gal1s, blue scans) during 30 min. (Figure 7.7). The same
happened after Au-pAHso-RO-Galss was incubated for 30 min. in a 4.33 -10°M CTB
aqueous dissolution (Au-pAHso-RO-Gal15-CTB, solid red curves); and also when an

unmodified, bare Au(poly) electrode was submerged for 1 h. in the just mentioned CTB

solution (dashed red curves).

Au === Au (no FcMeOH) A Au === Au (no FcMeOH) B
— Au-pAHs-RO-Galis 4] — Au-pAHs-RO-Gal;s

— Au-pAH;0-RO- — Au—pAHso-RO—Gahs-CTB
-Gal;5-CTB 3] - - Au-CTB
< €-|‘->/\0H
= o] A Start of Fe

experiment

OH
1 |
A Start of experiment = 0 A
00 01 02 03 04 0.1 0.2 0.3 0.4
E /V vs Ag/AgCl sat. E /V vs Ag/AgCl sat.

Figure 7.7. Electrochemical experiments (CV and SWV) studying the viability of
using modified electrodes Au-pAHso-RO-Galis and the redox probe FcMeOH (0.5
mM) to detect CTB. (A) In CV, there was an increment of the intensity of the
FcMeOH signal on modified electrodes, suggesting an interaction between the
redox probe and the functional groups of pAHso-OR-Galis or CTB. (B) The results
of the SWV sweeps were concordant with the equivalent CV experiments.
Electrochemical conditions: phosphate buffer (0.1 M, pH 7.4) electrolyte; CV
sweeps at 50 mV-s'; SWV scans done at a frequency of 5 Hz, a step E of 5mV and
an amplitude of 25 mV.

The above results did not match the expected reduction of the mediator’s signal
after electrode modification. This could be explained if FcMeOH molecules had
adsorbed on some pendant groups of pAHs0-RO-Galis or side chains of CTB,

something already reported by Zheng et al.*¢ (Figure 7.8).
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FcMeOH adsorbed FcMeOH in solution
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Hydrogen bond j
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Figure 7.8. Electrochemical effect of the interaction between FcMeOH molecules
and carboxylic groups of a SAM adsorbed on Au®*¢. When the molecules of a redox
probe (grey dots) like FcMeOH adsorb (red circles) on a SAM, the total registered
faradaic current can become the sum of contributions from bulk and adsorbed
molecules. Thus, an increment of current intensity, caused by the adsorbed
molecules of the mediator, may be observed.

The adsorption of electroactive species on electrodes is a significant
phenomenon that affects the ET and, thus, has a profound impact on the outcome of
electrochemical reactions®4°. For example, Wopschall et al.6%° described how the weak
adsorption of an electroactive reactant leads towards an increase of the intensity peak
during the forward scan. Because in our case the enhancement was also noted in the
backward sweep, the oxidation product [FcMeOH]* may have also adsorbed on Au-
pAHs0-RO-Galss. Beyond the interaction of FcMeOH with pAHs0-RO-Galis and CTB,
the experiments of Figure 7.7 hinted at an outer-sphere ET of the probe under the
experimental conditions employed: the presence of macromolecules on the interface
(Au-pAHs50-RO-Gal1s and Au-CTB) did not altogether cancel the probe’s signal. There

also was confirmation of the CTB adsorption on Au(poly) electrodes. This did not come
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as a surprise since protein adsorption on Au has been widely reported in the
literature®s'- 652 thiol and amine groups on the side chains of the peptides facilitate this
process. Indeed, a popular strategy to block the uncovered areas of a modified
electrode surface is using proteins®? 654 |ike BSA. Since the interactions between the
polymeric layer modifying the electrode and FcMeOH could complicate and make less
accurate the analytical signal to detect CTB, it was decided to try the alternative probe,

[Fe(CN)e] 3"

7.2.2 [Fe(CN)¢] ¥+ as Electrochemical Mediator

The behaviour of [Fe(CN)e]> in the presence of pAHso-RO-Gal1s or CTB on the
surface of a Au(poly) electrode (Figure 7.9) was also studied with CV and SWV.
According to CV (Figure 7.9-A), there was a small increment of current intensity after
a bare electrode (solid yellow scan) was functionalised (Au-pAHs0-RO-Galss, solid blue
scan). However, this variation was not confirmed by SWV (Figure 7.9-B), with which
an apparent attenuation occurred. The divergence could be explained because a CV
signal originates from faradaic and non-faradaic processes. Therefore, charge transfer
not related to the redox probe was probably registered and its contribution produced
the unexpected intensity augment. Instead, SWV permits the elimination of most non-
faradaic currents and, thus, is a much more reliable source when comparing current
intensities. In this case, there was an evident drop of the signal from Au(poly) bare
electrode (solid yellow curve) to Au-pAHs0-OR-Galis (solid blue curve). When Au-
pAHs50-RO-Galis was incubated for 1 h. at room temperature in a 4.33 -10° M CTB
dissolution, both techniques recorded a reduction of the maximum intensity. These

results suggested that the pentamer adsorbed on the electrode’s surface through the
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interaction with the glycosylated polymer, increasing the blockage of the ET. Finally,
the incubation of a bare electrode in the same CTB dissolution led to an almost
disappearance of the redox couple signal (dashed red scan), evidence that CTB had
adsorbed on Au and had almost completely blocked the interface. This circumstance
would also confirm the inner-sphere character of the ET of [Fe(CN)s]®* in this

particular electrochemical system, unlike FcMeOH (Figure 7.7).

5
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- Au 4 Au
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E /V vs Ag/AgCI sat. E/V vs Ag/AgCl sat.

Figure 7.9. Electrochemical experiments testing [Fe(CN)s]/** (0.5 mM) on a Au-
pAHso-RO-Galis electrode to detect CTB. (A) With CV, Au-pAHse-RO-Galis (solid
blue scan) slightly enhanced the probe’s signal (solid yellow curve); after its
incubation in CTB (Au-pAHs0-RO-Gal15-CTB, solid red scan), there was a significant
signal drop. Finally, the surface of the bare electrode was effectively blocked after
CTB incubation (Au-CTB, dashed red scan). (B) SWV experiments, run immediately
after the corresponding CV scans, showed that Au-pAHso-RO-Galis significantly
cancelled the probe. After CTB incubation, further reduction of the redox couple
response was observed. When an unmodified electrode was incubated in CTB, the
probe was totally blocked from its surface. Electrochemical conditions used:
phosphate buffer (0.1 M, pH 7.4) electrolyte; CV scans done at 50 mV-s; SWV

sweeps run at a frequency of 5 Hz, step E of 5 mV and an amplitude of 25 mV.
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After examining FcMeOH and [Fe(CN)g]*“ as redox mediators, it was decided
that the latter was the best option for the project since it appeared to interact exclusively

with the Gal of pAHs50-RO-Gal1s and not with its free hydrazide groups or CTB.

7.2.3 Optimisation of the Functionalisation of Au(poly) Electrodes
with Glycosylated Poly(acryloyl) Hydrazide (pAHs0-RO-Galis)
for the Detection of Cholera Toxin Subunit B

Before trying the detection of CTB, an optimisation of the process of modification
of electrodes with pAHs0-RO-Galss was performed. Up until now, in all the experiments
of this chapter, clean bare Au(poly) electrodes had been modified by dipping them in
a dissolution of the glycopolymer (thiol group end at a concentration of 10 mM) for 30
min. at room temperature. Now, Au-pAHs0-RO-Gal1s electrodes were characterised
with SWV and EIS after 5, 10, 15, 20, 30, 40 and 60 min. functionalisation (Figure
7.10). The attenuation of the SWV signal or the increase in the impedance (EIS) in all
cases confirmed the glycopolymer adsorption on the electrode. Nevertheless, there
was no correlation between the electrode’s immersion time and the probe’s
electrochemical response. Therefore, 5 min. appeared to be enough to obtain an

electrode modified with Gal and apt for sensing CTB.
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Figure 7.10. Study of the effect of the functionalisation time of a Au(poly)
electrode with pAHso-RO-Galis on the [Fe(CN)s]** (0.5 mM) response. (A)
According to SWV, there was no correlation between time of electrode
modification and the probe’s response. The reduction of the intensity in all cases
(dotted scans), though, confirmed the polymer’s adsorption. (B) EIS
measurements, performed immediately after the corresponding SWV scan,
verified the lack of correlation between modification time and electrochemical
signal. Electrochemical conditions: phosphate buffer (0.1 M, pH 7.4) electrolyte;
SWV scans done at a frequency of 5 Hz, a step E of 5 mV and an amplitude of 25
mV; EIS sweeps were conducted between 65,353 and 1 Hz with a set E of 148 mV
and an amplitude of 10 mV.

Although SWV and EIS could not establish any relation between time of
functionalisation and electrode response, to assess if this factor had any influence on
sensing CTB, the detection of the protein from a 4.33 -10-°M aqueous dissolution was
attempted after electrode modifications of 5, 15, 30, 45 and 60 min. The time of
incubation of Au-pAHs0-RO-Galss in the CTB solution was 5 min. in all instances. With

SWV, as shown in Figure 7.11, there was always a further decrease of the
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electrochemical signal after CTB incubation (solid lines), although no apparent
correlation with the functionalisation time (dotted lines). This was in correspondence
with a more significant blockage of the interface caused by the adsorption of the large

CTB protein onto Au-pAHs0-RO-Galss and confirmed the possibility of using this design

to detect CTB.
6
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Figure 7.11. SWV study of the capacity of a Au-pAH50-RO-Galis electrode to detect
CTB from a 4.33 -10° M dissolution (5 min. incubation) after several times of
functionalisation; the phosphate buffer electrolyte contained 0.5 mM
[Fe(CN)s]3/%. SWV showed no apparent correlation between electrode
modification time with the glycosylated polymer (dotted scans) and the detection
of CTB after 5 min. incubation (solid curves). In all instances, the electrode
incubation in CTB led to a drop of the probe's signal. SWV scans were done in
phosphate buffer (0.1 M, pH 7.4) electrolyte with a frequency of 5 Hz, a step E of
5 mV and an amplitude of 25 mV.
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All EIS scans (Figure 7.12), obtained immediately after running each of the
corresponding SWV sweeps of Figure 7.11, registered similar spectra of Au-pAHso-
RO-Galss notwithstanding functionalisation time (Figure 7.12-A). Nevertheless, the
ensuing attempts to detect CTB from a 4.33 -10-°> M aqueous dissolution (Figure 7.12-
B) after 5 min. of incubation seemed to find a correlation between modification time
and impedance. In this way, the most significant response change (Figure 7.12-B,
scan A) was observed after 5 min. electrode modification (Figure 7.12-A, scan A).

When the time of functionalisation increased, the EIS response appeared to decrease.
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Figure 7.12. EIS analysis of the modification at different times of a Au(poly)
electrode with the glycopolymer pAHso-RO-Galis and its performance detecting
CTB from a 4.33 -10> M aqueous dissolution (5 min. incubation) using 0.5 mM of
[Fe(CN)s]3/ as electrochemical mediator. (A) EIS investigation of the modification
of a Au(poly) electrode with pAHso-RO-Galis during various periods of time: 5, 10,
30, 45, and 60 min. (B) EIS spectra obtained after incubating the aforementioned
modified electrode (dotted curves) in a CTB aqueous dissolution (solid curves). EIS
experiments were performed in phosphate buffer (0.1 M, pH 7.4) electrolyte
between 65,353 and 1 Hz with a set E of 148 mV and an amplitude of 10 mV.
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After these experiments it was concluded that the best procedure to modify a
Au(poly) electrode with pAHs0-RO-Galis macromolecules for detecting CTB was

immersing it in an aqueous polymer dissolutions for 5 min. at room temperature.

7.2.4 Detection of Cholera Toxin Subunit B at Different
Concentrations

The previous results showed a distinguishable SWV and EIS electrochemical
signal when a modified electrode was incubated in a 4.33 -10° M CTB aqueous
dissolution. The next goal was detecting the presence of the pentamer at different
concentrations. When a freshly prepared CTB stock solution was used, the
electrochemical response obtained after the incubation of Au-pAHso-RO-Galis (Figure
7.13) was weaker than earlier. With SWV (Figure 7.13-A), the attenuation of the
probe’s signal observed from Au-pAHso-RO-Gal15-CTB was less significant than when
the previous CTB stock solution was used (Figure 7.11). Regarding EIS (Figure 7.13-
B), although there was an impedance increment after the electrode incubation in the
fresh CTB dissolution, the variation was much smaller than that observed in Figure

7.12-B.
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Figure 7.13. SWV and EIS responses of [Fe(CN)s]** (0.5 mM) on a Au(poly)
electrode modified with a glycosylated polymer (Au-pAHso-RO-Galis) before
(dotted blue scans) and after (solid blue scans) its incubation in a 4.33 -:10> M CTB
fresh dissolution. (A) SWV showed the reduction of the probe’s signal (solid yellow
curve) after polymer modification (dotted blue scan) and a further dampening
after 5 min. incubation in CTB (solid blue curve). (B) In the EIS experiments, done
immediately after the equivalent SWV scans, there was an impedance increment
after the modified electrode was incubated in the CTB dissolution. Electrochemical
conditions: phosphate buffer (0.1 M, pH 7.4) electrolyte; SWV sweeps run at 5 Hz
frequency, 5 mV step E and an amplitude of 25 mV; EIS scans were operated
between 65,353 and 1 Hz with a set E of 148 mV and an amplitude of 10 mV.

Despite the smaller analytical signal acquired with the newly-prepared CTB stock

solution, it was deemed still significant to attempt the detection of the protein at

concentrations below 4.3 -10° M. Dilutions of fresh CTB dissolution were made and

SWV and EIS were used to try to sense the protein at 4.3 -10° M, 7.2 -10° M,

3.6 -10° M, 3.6 -107 M and 3.6 -10® M (Figure 7.14).
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Figure 7.14. Detection with SWV (A) and EIS (B) of CTB in aqueous dissolutions at
different concentrations (4.3 -10°, 7.2 -10°®, 3.6 -10°%, 3.6 -:10”7 and 3.6 -10% M) using
[Fe(CN)s]*/** (0.5 mM) as a redox mediator. Before measuring each concentration, the
electrode was cleaned and modified with the pAHs0-RO-Galis glycopolymer. On both
panels, dotted curves pertain to the SWV and EIS experiments done to characterise the
modified electrode, which preceded the corresponding measurements of CTB
concentrations (solid lines). In all instances, a SWV scan was conducted first and was
immediately followed by its equivalent EIS sweep. Electrochemical conditions:
phosphate buffer (0.1 M, pH 7.4) electrolyte; SWV scans performed with a frequency of
5 Hz, a step E of 5 mV and an amplitude of 25 mV; EIS experiments run between 65,353
and 1 Hz with a set E of 148 mV and an amplitude of 10 mV.

Controls with water (Figure 7.15) were done to verify the results obtained with

different concentrations of CTB. First, the electrode was functionalised with the
glycopolymer (Au-pAHs0-RO-Gals) and characterised with SWV and EIS, in this order
as customary in this thesis. Then, the electrode was immersed in pure water for 5 min.
and SWV and EIS were again recorded (Au-pAHs0-RO-Galis + H20). Finally, the
electrode was incubated in two CTB dissolutions (4.3 -10°° M or 3.6 -10-% M) for another

5 minutes (Au-pAHso-RO-Gal15-CTB) before conducting SWV and EIS. As previously
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in this work, the electrode modification with the polymer reduced the mediator’s signal
in SWV (dotted red and blue scans, Figure 7.15-A) and increased the impedance in
EIS (dotted red and blue overlapping scans, Figure 7.15-B). The posterior dipping in
water (dashed red curves and dashed blue curves) provoked a further drop of current
intensity in SWV, while in EIS divergent results were observed: in one experiment
impedance increased (dashed red scan) and in the other not (dashed blue scan). The
intensity drop of the [Fe(CN)s]®** SWV signal after water immersion may have been
caused by a rearrangement of macromolecules on the electrode’s surface that
increased its blockage. But the results obtained in EIS could not fully support this
explanation given the mismatch of outcomes. After the water submersion
measurements, the electrode was dipped in a 4.3 -10° M or in a 3.6 -10% M CTB
aqueous dissolution and the electrochemical responses were recorded. When the
electrode was incubated in the most concentrated dissolution, the interaction of protein
molecules with the polymer further blocked the access of the probe to the electrode’s
surface, reducing the SWV intensity signal (solid red curve, Figure 7.15-A) and
increasing the impedance (solid red curve, Figure 7.15-B). However, these effects
were not observed when the concentration was 3.6 -10 M (solid blue scans). Perhaps,
in this case, CTB-glycopolymers interaction was not big enough to block the probe as
before and, instead, somehow, disturbed the arrangement of macromolecules

facilitating the access of the mediator to the electrode surface.
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Figure 7.15. Study with SWV (A) and EIS (B) of the effect of submerging in water
an electrode modified with pAHso-RO-Galis before attempting the detection of
CTB with the redox mediator [Fe(CN)s]3/** (0.5 mM). The outcome was examined
with two different concentrations of CTB: 4.3 -10° M (red scans) and 3.6 -108 M
(deep blue scans). In both cases, the electrode was first modified with the
glycosylated polymer (Au-pAHso-RO-Galis, dotted scans); then immersed in pure
water for 5 min. (Au-pAHso-RO-Galis + H,0, dashed scans); and finally incubated
in the CTB dissolution (Au-pAHso-RO-Gal1s-CTB, solid scans). Each SWV experiment
was immediately followed by the correspondent EIS sweep. Electrochemical
conditions: phosphate buffer (0.1 M, pH 7.4) electrolyte; SWV experiments
completed at a 5 Hz frequency with a step E of 5 mV and an amplitude of 25 mV;
EIS sweeps were carried out between 65,353 and 1 Hz, setting a E of 148 mV and

an amplitude of 10

mV.

When the incubation was performed after water immersion and with an even

lower concentration of CTB, 3.6 -10° M, SWV (Figure 7.16-A) was unable to detect

the presence of the protein: there was an almost perfect overlapping of the scans

carried out after water immersion (dashed, light blue curve) and CTB incubation (solid,

light blue curve). Contrary to SWV, where the dipping of Au-pAHs0-RO-Gal+s in water
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significantly attenuated the probe’s signal (dashed, light blue curve), the results of EIS

analysis (Figure 7.16-B) did not show a meaningful variation of signal, impedance.

And, as it happened with SWV, EIS was also unable to detect CTB after incubation in

the 3.6 -10"°° M CTB dissolution (solid, light blue scan). The results in Figure 7.15 and

Figure 7.16 suggested that the Au-pAHso-RO-Gal+s platform for detecting CTB had a

detection limit, after water immersion, of between 4.3 -10® and 3.6 -10® M with SWV

and EIS.
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Figure 7.16. SWV (A) and EIS (B) electrochemical investigation with [Fe(CN)s]¥/-*
0.5 mM of the effect caused by the submerging a modified electrode (Au-pAHso-
RO-Galis) in water before using it for detecting CTB in a 3.6 -10° M aqueous
dissolution. First, the electrode was modified with the glycosylated polymer (Au-
pAHs50-RO-Galss, dotted light blue scans) and electrochemically analysed. Then, the
functionalised transducer was dipped in pure water for 5 min. (Au-pAHso-RO-Galis
+ H,0, dashed light blue outlines) and characterised again. Lastly, the electrode
was incubated for a further 5 min. in a 3.6 -10° M CTB dissolution (Au-pAHso-RO-
Gal15-CTB, solid light blue curves) and electrochemically examined. Each SWV
sweep was immediately followed by its corresponding EIS scan. Electrochemical
conditions: phosphate buffer (0.1 M, pH 7.4) electrolyte; SWV sweep run witha 5
Hz frequency, step E of 5 mV and amplitude of 25 mV; EIS was operated between
65,353 and 1 Hz with a set E of 148 mV and an amplitude of 10 mV.
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Thinking of a commercial impedimetric device based on this design, data were
plotted to visualise the possibility of applying a single or a shorter range of frequencies
to detect CT with simpler measurements. Figure 7.17 displays the imaginary part of
impedance versus applied frequency. In all measurements done with an electrode
modified with the polymer pAHs0-RO-Gal+s, including some to detect CTB, emerged a
peak between 10 and 20 Hz that could be used for sensing purposes and opened the

possibility of shortening the frequency range applied to reduce the analysis time.
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Figure 7.17. Bode plot (from 1 to 65,535 Hz) of the imaginary part (-Z"’) of several
EIS experiments where [Fe(CN)s]** 0.5 mM was used as an electrochemical
mediator. In scans obtained with an electrode modified with pAHso-RO-Galss,
including experiments for the detection of CTB, a peak appeared at approximately
20 Hz. Therefore, a short frequency range may be used to impedimetrically detect
CTB. Electrochemical conditions: phosphate buffer (0.1 M, pH 7.4) electrolyte; EIS
experiments performed in a 65,353 to 1 Hz frequency range with a 148 mV set E
and 10 mV amplitude.
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7.3 Conclusions

The results presented in Chapter 7 suggest the possibility of electrochemically
detecting CTB in aqueous solutions with Au(poly) electrodes functionalised with

glycosylated polymers (pAH,-OR-Gal+s).

SWYV and EIS were selected to study the modification of Au(poly) electrodes and
attempt the detection of CTB in aqueous dissolutions given their better sensitivity than
CV. Of the two electrochemical mediators employed to enhance the analytical signal,
[Fe(CN)g]® appeared to be best suited owing to lesser interactions with the modified
electrodes. Throughout the experiments of this chapter, SWV and EIS results

appeared to agree.

When SWV was used to scan Au-pAHso-RO-Gal1s, a noticeable decrease of the
[Fe(CN)e]® signal was detected compared to a bare electrode; in EIS, an increment
of the impedance was seen. Nevertheless, neither response seemed to be correlated
with the time of modification of the electrode (Figure 7.10). However, it appeared that
with shorter electrode modification times (e.g. 5 min.), the electrochemical signal after
CTB incubation was higher. This effect was observed in EIS (Figure 7.12-B) and, to a

minor extent, in SWV (Figure 7.11).

Regarding the detection of CTB, the incubation of Au-pAHs,-RO-Galis in
4.3 -10° M concentrations of the protein for 5 min. produced a change in the analytical

signals: attenuation of the current intensity peak in SWV and a rise of a semi-circle
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resistance in EIS. However, when lower concentrations were used, the SWV response
seemed not to change according to Figure 7.14-A, whilst the EIS data may allow
quantitative analysis per Figure 7.14-B. Besides, water incubation of the modified
electrode previous CTB measurements may have a negative effect on the analytical
signal (Figure 7.15). Lastly, EIS detection at different concentrations should be further
explored just in a frequency range between 5 and 30 Hz, where the appearance of a

characteristic peak (Figure 7.17) may help to simplify the measurements.

To conclude, the glycosensor presented in this thesis appeared to be capable of
detecting CTB in aqueous dissolutions at concentrations of at least 3.6 -10® M with
SWYV and EIS (Figure 7.14), although further work is necessary to determine the effect
of water in the impedimetric response (Figure 7.15). Besides, it is still indispensable
to assess the sensing capacities of the system in the presence of potential interferents,

such as other proteins.
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Chapter 8

Main Conclusions and Perspectives

This thesis summarises the efforts to develop a new electrochemical sensor to
detect CT, the toxin of the bacterium V. cholerae. Cholera, the disease caused by this
microorganism’s toxin, is still endemic in many countries and affects tens of millions of
people. Unfortunately, current methods for detecting V. cholerae are not particularly
suitable or effective in those regions most affected by the disease due to their cost,
complexity, or time of analysis. Many biosensors have been proposed as substitutes
but they all present significant shortcomings, such as complex layouts that make their

use in these areas difficult.

Consequently, this work has described the first stages of the construction of an
electrochemical glycosensor as a better alternative. The device tries to mimic the
mechanism through which CT recognises human cells of the intestine to infect a host.
One of the main advantages of the proposed design is using simple and inexpensive
saccharides, i.e. Gal and Lac, as BRE. In addition, the employment of polymers as

linkers of the BRE endows more flexibility for constructing the biosensor.
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8.1 Main Conclusions

Herein are the main findings of this thesis.

Chapter 5 was devoted to using small molecules as linkers between the BRE
(Gal) and the transducer (a Au(poly) disk electrode) of the new electrochemical
glycosensor for detecting CTB. The first molecule utilised was DPA-HD. Although
attempts were made to form SAMs of DPA-HD on a Au(poly) electrode to link Gal on
them afterwards, the adsorption of hydrazide groups on Au per CV (Figure 5.8) made
infeasible the obtainment of homogeneous SAMs on this metal. Furthermore, it could
compromise the linkage between the hydrazide groups and sugars. An alternative
could have been chemically linking DPA-HD with Gal and then producing SAMs of
DPA-HD-Gal. But the coupling produced amphiphilic molecules (Scheme 4.7 and
Figure 5.15) very difficult to dissolve. Therefore, it made the modification of a Au
electrode from solution very challenging, if not impossible. Finally, the endeavours to
employ DPA-HD as a linker uncovered the importance of considering the formation of
salts during the synthesis of hydrazides. The presence of a counter-anion can

profoundly affect their chemical properties and electrochemical behaviour.

Experiments in Chapter 6 demonstrated that pAH» polymers adsorb fast and
efficiently on Au(poly) electrodes from aqueous dissolution. The polymeric layers
obtained were electrochemically stable in a wide potential window, from -0.20 to +0.50
V vs Ag/AgCl (e.g. Figure 6.5-A), which allows their use as sensing platforms. The

macromolecules still maintained that same stability after pAH, glycosylation with Gal
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and Lac, e.g. Figure 6.8-A and Figure 6.18-A. Cyclic voltammograms hinted that pAH,
macromolecules -glycosylated or not- adsorbed on a Au electrode through the thiol
group of one of their ends, according to the position of the reductive stripping in several
plots (e.g. Figure 6.18-B). Nevertheless, it could not be ruled out the possibility of
further interactions through hydrazide groups (Figure 5.8) or even sugar groups
(Figure 6.9). Throughout Chapter 6, it was also evidenced that CV is not an ideal
characterisation technique to study adsorbed polymeric layers. Beyond some
information about surface blockage and electrochemical potential stability, it did not
explain the arrangement of macromolecules, the surface coverage of the electrode or

the quantity of BRE (Gal) chemically attached to it.

In Chapter 7, SWV and EIS were employed to detect CTB from aqueous
dissolutions given their higher sensitivity. Throughout this chapter the results obtained
with both techniques were almost always in good agreement. It was demonstrated that
the redox probe FcMeOH significantly interacted with the glycosylated polymer pAHso-
OR-Galis adsorbed on Au (Figure 7.7), compromising its use as an electrochemical
mediator for the detection of CTB. Contrariwise, this did not seem to occur with the

redox couple [Fe(CN)s]®* (Figure 7.9).

The best analytical signal for the detection of CTB with [Fe(CN)s]®* as redox
mediator was obtained when Au(poly) electrodes were modified with pAHso-OR-Galis
for a short period of time (5 min.), especially when EIS was utilised (Figure 7.12). The
incubation of Au-pAHso-Galisin CTB dissolutions for 5 min. produced a SWV response

that allowed the detection of CTB at concentrations of at least 3.6 108 M
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(Figure 7.14-A). But these results also appeared to indicate that this technique would
not allow quantitative analysis. Instead, EIS may enable it= at an even lower

concentration (Figure 7.14-B).

There also seemed to be an effect in dipping a modified electrode (Au-pAHse-RO-
Gal1s) in water before attempting CTB detection. It probably produced a rearrangement
of the adsorbed polymers, which further blocked the electrode surface. This was
observed in current intensity drops in SWV experiments and impedance increases
(Figures 7.15 and 7.16) and appeared to affect the sensor’s sensitivity. Lastly, the
impedimetric detection of CTB looked to be feasible applying a single or a small range
of frequencies around 20 Hz (Figure 7.17), which would help to reduce the time of

analysis substantially.

8.2 Perspectives

Despite SAMs of small molecules being the most common platform to immobilise
BRE on Au(poly) electrodes, this work has shown that polymers containing a thiol end
group can be an excellent alternative. Nevertheless, several experiments revealed a
notable lack of reproducibility that should be addressed. For example, in scans related
to electrode modification with polymers, like the reductive stripping of Au-pAH, (e.g.
Figure 6.5-B), the SWV current intensity decrease of [Fe(CN)6]* (e.g. Figure 7.10-
A) or the EIS Nyquist plots (e.g. Figure 7.12-A). Easy steps to improve this issue could
be using monocrystals to eliminate the inhomogeneities produced by grain boundaries

and the presence of different faces of Au on the electrode surface. Or the employment
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of sheathed electrodes to reduce the inaccuracies of a surface area dependent on the
formation of a hanging meniscus. Besides, it would be helpful to use techniques such
as AFM, ATR-SEIRAS or scanning electrochemical microscopy (SECM) to
characterise the adsorption of the polymers adequately. This may help understand the
final arrangement of the macromolecules on the electrode, unveil some of the sources
of irreproducibility, and better comprehend the electrochemical response of the

platform.

Once it has been demonstrated that pAH, can be employed to immobilise Gal on
Au electrodes, work could be done to optimise the glycosylation of the polymer, for
example, establishing any dependence between polymer sugar loading and CTB
detection. Tests could also be performed with different sizes of polymer. Another
significant step aiming to enhance the sensitivity of the sensor could be incorporating
other sugars to pAHn, like N-acetylneuraminic acid, to improve the mimicry of the GM1

structure.

Although SWV and EIS have demonstrated that Au-pAHs -Galis can detect CTB
in aqueous dissolutions of at least 3.6 -10® M, it is essential to study the effect of

interferents on the selectivity of the sensor, for example with other proteins like BSA.

Finally, micro or macroelectrodes with AuNP functionalised with pAH,-Gal

polymers could be tried to increase the device’s sensitivity.
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