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Abstract

Electrochemical sensors have the capability to sensitively and reliably detect tar-
get molecules in complex media. Aptamers are single stranded nucleotide sequences
capable of specifically and selectively bind a large variety of target molecules. The
purpose of this project, comprising three main parts, was to establish an aptamer-
based electrochemical platform as a new analytical method for the real-time continu-
ous monitoring of small molecules released in the brain.

In the first part, the protocol for the production of an aptamer-based electro-
chemical sensing platform capable of continuous monitoring was established and op-
timised using the ATP/adenosine aptamer as a model. The redox-decorated aptamer
was immobilised on a gold surface and the signal generated by the displacement of
the electron donor upon binding of the target molecule with the DNA strand. The
fabrication and its properties were assessed via cyclic voltammetry (CV) and the sen-
sor response recorded via square wave voltammetry (SWV). Three aptamers for AT-
P/Adenosine were employed and their performance on the platform was evaluated
both against the target and the downstream molecules.

In the second part, the characterised platform was employed to record a bio-
logical event: the in vitro release of adenosine from a hypoxic brain slice. Prior to
performing the measurement that required tissue, all the control measurements were
performed to evaluate influence of different environmental factors e.g. pH, tempera-
ture, buffer composition. Another preliminary measurement aimed to verify whether
the sensor could be inserted in the tissue, by recording the sensor response whilst in-
serted in an agar block. Lastly the recording of adenosine release from hypoxic brain
tissue was performed simultaneously with electrophysiology recordings.

In the third and last part capture-SELEX was employed to select two novel
structure-switching aptamers against UTP and UDP-glucose, two neurochemicals con-
nected to pathological conditions such as epilepsy, dry eye disease and metastatic can-
cer. The sequenced libraries were then analysed and the emerged candidates were at
tirst screened with SYBRGreen assay, a high throughput fluorescence assay, and the
results confirmed via microscale thermophoresis (MST). The final selected aptamer,
for each target molecule, underwent the first truncation round. Finally, the binding
affinity of the two obtained sequences were characterised via MST.

XX



Chapter 1

Introduction

1.1 Biosensors

With a world population that gets older, cheaper and faster diagnostics are necessary
for governments to contain the costs of healthcare. Biosensors with their fast response
and low cost are emerging as an alternative to clinical analysis methods. In his 30"
anniversary of biotechnology issue, Anthony Turner, one of the developers of the first
glucose sensor, reflected on the fast progression that the biosensor field has experi-
enced in the last three decades. In terms of publication statistics the number of pub-
lished papers on biosensors went from a yearly average of just above 300 papers, to
almost 5500 publications in the last decade [18]. At the same time commercial mar-
ket share for biosensors went from nil to 25 billions USD [267, 19]. This exponential
growth was made possible by advent of advanced miniaturisation technologies and
nanomaterials, which improved the sensitivity and the response times of the sensors,
whilst the discovery of novel biorecognition molecules broadened the spectrum of de-
tectable analytes [16].

Biosensors are devices which make use of a biomolecular recognition layer to
capture a specific target molecule from a sample and transform that detection event
into an easy-to-interpret signal (Figure 1.1.a). The molecule detected is often called a
biomarker, a chemical which is correlated to the occurrence of an event, e.g. patho-

logical condition, and, as such, can be used as an indicator to diagnose a condition or
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Figure 1.1. Structural elements of a biosensor. a) Illustration of the different compo-
nents of the sensor. b) Illustration of the possible biorecognition elements and trans-
duction mechanism.

monitor its progression. Thanks to their capability to deliver real-time qualitative and
quantitative information from minimally processed samples, and the vast design pos-
sibilities, biosensors are transforming disease diagnosis and monitoring [243]. How-
ever, their applications are not limited to the medical field, as also the food indus-
try, environmental monitoring, biodefence, and academic research, have invested in
biosensor development to reduce production costs, speed up production processes,
create new analytical tools and safeguard people’s and the environment’s health and

safety [166].



1.1.1 Structure and Categorisation

Biosensor designs consist of three fundamental elements: a recognition element, to col-
lect the analyte from the sample; a physical/chemical variation that takes place upon
the capture of the target molecule; and a transduction system, to convert the variation
into an electrical signal, which is then interpreted to generate a read out (Figure 1.1.a)
[39, 104]. As illustrated by Figure 1.1.b, many combinations of biorecognition layer
and transducer mechanism are possible, all of which can be used to classify the sensor
itself.

For the biorecognition element the options are many: enzymes, antibodies and
nanobodies, DNA and RNA aptamers, cells and molecularly imprinted polymers (MIP)
to name a few [198]. Despite the different characteristics and properties, all biorecog-
nition elements are characterised by a binding affinity and an equilibrium dissociation
constant (Kp). The former describes the propensity of the recognition element to bind
its target molecule and it is independent of the target concentration; whilst the latter
is the concentration of the target molecule for which 50 % of the binding sites of the
recognition elements are occupied. The higher is the affinity between ligand and tar-
get, the lower will be concentration needed to achieve 50 % of occupied sites, thus
the Kp [262]. Interaction between ligand and target occur following two mechanisms:
catalytic, where the analyte is converted into product by the substrate (Figure 1.2,
top); and affinity, where the interaction between target molecule and the biorecogni-
tion layer is completely reversible (Figure 1.2, bottom). One example of the first is the
glucose monitoring sensor that exploits the enzymatic reaction of glucose oxidase to
produce hydrogen peroxide (H20O;), whilst for the latter the lateral flow Covid-19 test
has become the most renowned commercial example. The choice of the biorecognition
element should be made carefully as it determines how selective the platform will be
and the stability of the signal. The sensitivity is also affected by the ligand of choice;
but the transduction system, the design of the platforms can play a fundamental role
too.

The transduction is the component of the sensor that turns the target binding

event into a measurable signal. Given the many transduction systems available, one
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Figure 1.2. Illustration of the principles behind catalytic (top) vs. affinity (bottom)
detection. For catalytic biosensors, the target transformed via an irreversible reaction which
proceeds at a rate K. On the other hand, affinity sensors bind and release the target following
on and off rates, Ko, and Ky respectively, but the target remains unchanged, thus it can bind
again.

way of categorising them is based on the type of variation exploited to generate a
signal. The categories are: mass variation, physical variation and chemical varia-
tion. Amongst the techniques which detect change in mass are surface plasmon reso-
nance (SPR), quartz crystal microbalance, oscillating nanorods, and micro or nanoelec-
trocmechanical systems (MEMS and NEMS). Chemical changes are exploited in pH
sensors and colorimetric sensors; whilst variation in physical properties like charged
state and conductivity properties, generate signals in electrochemical sensors, field-
effect transistors (FETs) and piezoelectric sensors amongst others.

Some techniques have clear advantages over the others: electrochemical and
optical transduction are the most popular, owing to the large number of techniques
employable to both characterise the sensor and record the signal; and the design flex-
ibility of the assay. Electrochemical transduction is inexpensive, fast and relatively
simple. However, electrochemically active molecule present in the environment can
generate false positive signals. Maintaining a small potential window can help reduce
this fouling, but the sensor is still quite vulnerable to their presence and additional
screening is necessary. Optical platforms, on the other hand, present higher average

cost per device and the technique is more prone to fouling [211].



Label - free With label

Figure 1.3. Examples of signal generation mechanisms label-free (left) and with label
(right, orange). The top panel shows an example of physical variation, where the sensor detects
a change in mass at the surface. The middle panel illustrates an example of signal generated via
reporter displacement (green). The bottom panel displays a biorecognition element undergoing
conformational change, induced by the target (left) or an allosteric inhibitor (right).

1.1.2 Designs Options

Dependent on the applications for which the biosensor is designed, its components
need to fit different requirements. Selecting a sample, the biorecognition layer and a
transduction system is not sufficient to unilaterally describe the sensor design. Sen-
sors can be developed for continuous monitoring or single time point measurement,
disposable or reusable, single step/reagentless or multi-step. In general, whether the
biosensors belongs to the first or the second category depends on whether it presents
a molecular label or not.

Label-free sensors exploit the ligand-substrate interaction to generate a signal
(Figure 1.3, left). The signal can originate from displacement of a reporter or a change
in the molecular or of the physical properties at the sensor interface itself. The labelled
sensor make use of a second recognition element, to generate/amplify the variation
which is transformed into a signal by the transduction system (Figure 1.3, right).

The main advantages of the label-free design is the possibility to continuously

monitor the analyte concentration in the sample, without the need of regeneration



steps. Additionally, label-free sensors are easier to optimise and linearise, given the
simpler design. However, sensors with molecular labels often present higher speci-
ticity, given that not one but two ligands have to interact with the target molecule to
produce a signal e.g. sandwich assay such as ELISA or ELONA. The presence of a
molecular label can also improve the sensitivity of the sensor as it can amplify the sig-
nal generated. For example, in an SPR assay, the mass change generated by a small
molecule alone binding to its antibody is significantly smaller than the signal gener-
ated by a molecule and a secondary antibody (sandwich assay). The lack of signal am-
plification in the label-free sensor often results in a smaller signal variation recorded
upon binding. Therefore, label-free sensors require their noise contribution to be min-

imised to achieve a sufficient signal-to-noise ratio.

1.1.3 Characteristics and Parameters

Biosensors are quantitative devices. Some sensors provide a binary answer upon de-
tection: positive or negative. There are many commercial examples, e.g the Covid-
19 lateral flow test or the pregnancy test. These devices are usually characterised
by an easy-to-interpret visual response which indicates whether the sought analyte
was present or not. The assay can also be tuned to provide a positive or negative re-
sponse when the amount detected surpasses a defined threshold. In other sensors, the
signal value is correlated to the concentration of the analyte detected in the sample.
Some examples of such sensors are the glucose sensor, used diabetic patients, and the
haemoglobin optical sensors.

The signal is correlated to the concentration of the analyte by the laws of kinetic
which determine the equilibrium of the reaction between analyte (A) and ligand (L).
An equilibrium constant is defined for each reaction by the ratio of the concentrations

of the free forms and the complex

A+L= AL (1.1)
_ [A][L]



The fraction of bound ligand (f;) is defined as a function of the analyte concen-

tration is given by:

fa= KD[%][A] (1.3)
The plot is a rectangular hyperbola with asymptote at 1 (saturation). The Kp can be
found at the concentration which produces f,=0.5 Figure 1.4.a [262]. If the same func-
tion is plotted on a semi-logaritmic scale, the outputted curve is a sigmoidal curve. As
the fraction of bound ligand is the one generating the signal, then the signal response
is proportional to it, and thus to the bulk analyte concentration [263]. The proportion-

ality factor depends on the transduction system chosen and on the presence/absence

of a signal amplifier.

Fraction of bound aptamers, f,

[AT]=[A]

Target Concentration (uM)

Figure 1.4. Relationship between target concentration and sensor signal. a) Plot of the
bound ligand (fa,) against the target concentration. Reprinted from Thevendran R., Navien
T.N., Meng X., Wen K., Lin Q. , Shigdar S., Tang T-H, Citartan M. (2020). Mathematical ap-
proaches in estimating aptamer-target binding affinity. Analytical Biochemistry, 600, 113742,
with permission from Elsevier ©(2022) [262]

From these binding plots a lot of parameters can be extracted. The sensor sensi-
tivity is the relationship between the signal variation (output) and the target concen-
tration (input) that generated it. The latter can be further specified via the liner range,
which is the concentration range for which the sensor response can be approximated
to a line, and the limit of detection (LOD), which is the minimum concentration which
causes a significant signal variation in the sensor and by convention is set at three
times the standard deviation of the background signal, or the extrapolated y-intercept

of the calibration working curve [263]. When designing a sensor for a specific applica-
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tion, a lot of the effort is put into optimising the linear range around the biologically
relevant analyte concentration and improving the signal-to-noise ratio to maximise the
sensitivity

Other important parameters are the response time and the recovery time, which

both determine the time resolution of measurements [203].

1.1.4 Continuous Monitoring Real-time Sensors: Challenges and Im-

pacts.

Continuous monitoring sensors are a high interest application for both industry and
academia. Given their promise to deliver in situ, sensitive, real-time detection in
portable devices and at low costs, continuous monitoring biosensor have been envi-
sioned as true game changers for a variety of fields. From biomarker and drug moni-
toring for health devices, to quality and safety for the food processing industries; from
environmental safety with monitoring of water sources and toxin levels, to academic
research to gather time resolved data [206, 76, 274, 173, 273, 269, 154, 68, 226].

However, despite the vast research and economic effort, continuous monitoring
sensors have found limited application as some obstacles are still in the way. A design
which supports reagentless detection is not sufficient to guarantee continuous moni-
toring. A sensor should not depend on exogenous reagents, it should resist fouling, be
calibration-free, be able to correct the drift (change of sensitivity overtime) and have a
sufficiently long lifetime in complex samples [30, 203].

One of the main obstacles, which affects all of the above mentioned character-
istics is sensor fouling. Fouling is defined by the IUPAC Compendium of Chemical
Terminology as the ”“Process resulting in loss of performance” of a sensor “due to the depo-
sition of suspended or dissolved substances on its external surfaces” [165]. When perform-
ing measurements in complex samples, the fouling agents can bind the surface via
multiple mechanisms e.g. adsorption, interaction, oxidation; but they produce simi-
lar outcomes: lowering the sensitivity and/or producing undesired signal. Biofouling
is complex and still poorly understood. Past research has underlined a relationship

with the physicochemical properties of the sensor interface, with the materials and



the topography employed. Therefore, a conscious design should be employed to min-
imise these contributions [203]. Additional resistance to fouling can be achieved with
surface modifications. Many are the chemistries available and they have been sum-
marised in Table 1.1 and multiple reviews (see [143, 268, 82, 29, 144, 158]). However,
the explanations of an anti-fouling layer are not unanimous. This inconsistency in
the results can be justified by the broad range of sensor designs and fouling agents
studied.

The challenges above described are amongst the reasons why there still is a
large disparity between the number of published designs and the number of commer-
cially employed sensors for continuous monitoring. As pointed out by Ruckh and
Clark [213] a lot of these designs fail their test in analytically complex samples, which
indicates that more design effort needs to go into reducing fouling to allow a larger

number of devices to reach commercialisation.
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(b)

5’-ACCTGGGGGAGTAT
TGCGGAGGAAGGT-3’ -

Figure 1.5. Linear (left), two-dimensional (centre) and full folding of an aptamer
(right). The central panel illustrates some of the possible secondary structures assumed by an
aptamer: stem loop (a), K-turn (b), pseudo-knot (c) and G-quadruplex (d). Adapted with per-
mission from Springer, Berlin, Heidelberg: Aptamer-Modified Nanoparticles as Biosensors by
by Lonne M., Zhu G., Stahl F., Walter |G. In: Gu M., Kim HS. (eds) Biosensors Based on Ap-
tamers and Enzymes ©(2013). Available at https: // doi. org/10. 1007/ 10_2013_231.

1.2 Aptamers

Aptamers are single stranded DNA or RNA sequences, between fifteen and eighty
bases, capable of selectively binding a target molecule with high affinity. Aptamers
were isolated for the first time via systematic evolution of ligands by exponential en-
richment (SELEX) protocols simultaneously by Ellington and Szostak [58] and Tuerk
and Gold [266].

Aptamer binding and selectivity originate from the Watson-Crick interactions,
which generate a three-dimensional disposition of hydrogen bonds, electrostatic inter-
actions, n-rinteractions and Van der Waals interactions. These forces form a binding
pocket for the target molecule (Figure 1.5, centre) [244]. However, in some cases the
nucleic acid strand remains unfolded and it is the interaction with the ligand that trig-
gers the aptamer to fold into its final, active structure [90, 223].

Since the first isolation, aptamers have been the topic of more than six thousand
publications, with more than one-third of the papers published in the last three years.
The designs find application mainly in the fields of diagnostics, imaging and drug
delivery, developed by both academic and industrial interests [305, 139, 137, 233]. Up
to today, aptamers have been designed to detect more than 200 organic and inorganic

targets, which includes analytes as small as metal ions, organic dyes and amino acids,
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molecules like drugs and antibiotics, up to cells and viruses [78].

1.2.1 Comparing Aptamers with other biorecognition molecules.

Enzymes were the first biomolecules to be integrated onto biosensing surfaces. They
are the go to technology for catalytic sensors as they provide high target affinity and
specificity, developed through evolution. Antibodies, are the current golden stan-
dard biorecognition element for affinity assays. Their pico- to nano-molar affinities,
together with their standardised evaluation protocol and agency approval for a vari-
ety of applications, makes them the most viable option in terms of commercialisation
as well. Nanobodies are antibody-fragments composed of a single domain that binds
the antigen molecule. Given their smalll dimension (ca. 4 nm), they are easier to syn-
thesise, with respect to the full antibody and some studies have shown improvement
in affinities via in vitro maturation[15].

Both enzymes and antibodies have limitations. For enzymes, those commer-
cially available can present batch differences in terms of kinetic properties, whilst for
the others, in house isolation is necessary and the process can be long and complex,
and further evaluation of the activity is required. Additionally, a few hundreds of
naturally occurring enzymes exist, but many are the molecules which lack an associ-
ated redox-active enzyme. Some research has been done into engineering the binding
pocket of existing enzymes into binding a different target and into the production of
de novo enzymes. However, the effort has so far produced limited results [73, 124,
204]. Finally, enzymes can require co-factors to work, which introduces a design chal-
lenge: when integrated in a sensor, the co-factor concentration needs to be sufficient
to maintain the enzyme active.

The most limiting factor in the employement of antibodies is the trasduction of
the binding event between antibody and target in a design that allows for continuous
monitoring. A few attempts to employ antibodies with electrochemical platforms have
been made by the Plaxco and the Ricci groups, by mounting the antibody on a dsDNA,
and relying on the latter to transduce the binding event [33, 190, 102]. Additionally,

Antibodies can only be raised against targets which produce a strong immunogenicity,
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whilst for molecules with low immunogenicity or even toxins, the process can become
quite laborious and expensive, especially if the intended antigens are poorly soluble
and tend to aggregate. Additionally, the impossibility to alter their affinity, often poor
affinity to small molecules and the possibility of cross-talk limits their application [97].

Both antibodies and enzymes are protein and as such they can irreversibly de-
nature if stored incorrectly or if exposed to temperature or pH variations. This is a
limiting feature when incorporated on a sensor as it affects its storage capability. The
matter is worsened by the short shelf life-time: months for enzymes and antibodies
vs. years for aptamers [178]. Integration onto a sensing platform poses an additional
challenge, as immobilisation on the surface via chemical modification can result in a
improper folding of the protein or loss of activity. Also absorption can be a problem-
atic technique, as the receptors could assume incorrect orientations, thus precluding
the analyte from accessing the binding site, or the adsorption itself may cause the pro-
tein to denature, even partially, and cause loss of activity [21, 202]. A final drawback
is their relatively large size, when compared to aptamers or nanobodies (Figure 1.6),
which limits the number that can be bound to the surface, offering a limited dynamic
range for the sensor.

Nanobodies, like antibodies, are proteins thus they present similar drawbacks:
sensitivity to pH and temperature shifts, active only in physiological conditions [49].
Compared to aptamers however, their synthesis and chemical modifications are still
challenging.

Aptamers posses some advantages over the above described biorecognition el-
ements. Given their smaller size they have been widely employed to detect small
molecules. The comparable size between aptamer and ligand is an important parame-
ter in affinity sensors, as it improves the ligand specificity and results in a higher signal
variation upon binding. Through SELEX, high affinity aptamers for a variety of target
molecules has been produced. Once selected, aptamers synthesis is also done in vitro,
which guarantees higher batch uniformity, maintains low costs and renders introduc-
ing modifications easy. Many chemistries and protocols have been developed to im-
prove aptamer resistance in complex environments, to introduce structural properties,

tune the affinity window and to label or immobilise the aptamer. Improving aptamer
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Figure 1.6. Size comparison between aptamers, antibodies, nanobodies and enzymes.
The mass of each category in kilo Dalton (kDa) is shown under each category. PDB ID: 4511
(nanobody) 3UQ6 (enzyme). Image created using Mol* [229, 230]

stability to prevent degradation by nucleases achieved, among others, by chemical
modification of the 2’-site of the sugar ring or by substitution of the 4’-oxygen with
a sulfur, by modification of the phosphodiester bond or by replacing the phosphate-
sugar backbone entirely, e.¢ peptide nucleic acid (PNA) [120, 159, 182]. Mutagenesis is
often employed to induce or increase the stability of a structure, which results in higher
affinity of the aptamer, as seen in the work by Biniuri, Albada, and Willner [17]. An
improvement in affinity can also been obtained by truncation: by removing the un-
necessary bases, other folded structure are eliminated and the equilibrium is pushed
toward the one that binds to the target [70]. Further tuning can be obtained through in
silico sequence recombination, but extensive knowledge on the aptamer structure and
its binding pocket are necessary [85]. Aptamer immobilisation can be obtained by a
variety of methods and chemistries: physical adsorption and chemisorption, covalent
bonding, hybridisation and affinity coupling. Dependent on the requirement of the as-
say one Finally, aptamers are more robust as they can fully recover their functionality
after denaturation, once brought back to their working conditions (pH or tempera-

ture), which guarantees good storage stability.
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1.2.2 Adenosine and ATP aptamer

The adenosine and ATP aptamer was first identified by Huizenga in 1995 (Figure 1.7)[95].
The aptamer is a single-stranded DNA sequence 27 bases long and has proven affin-
ity to adenosine, ATP and AMP in the 1-10 uM range. The similar affinities for the
molecule, lead Huizenga et al. to believe that the aptamer interacted with the adeno-
sine and that the phosphate group/s do not play a part in the interaction. The struc-
ture hypothesised by Huizenga contained only one binding site: a stacked G-quartet.
However, a later study Lin and Patel [141], in which the aptamer structure bound to
AMP was resolved via NMR, proved that the aptamer presented two binding pockets
formed by a double-stacked G-quadruplex (Figure 1.7).

Zhang, Oni, and Liu [307] performed a study on the cooperativity of the two
binding sites using isothermal tritation calorimetry (ITC). The wild type, containing
two binding sites, and the mutated versions, with one or three binding sites, pre-
sented low/no cooperativity between the binding sites. According to the work by
Ortega et al. [184], cooperativity between binding sites, especially when strong, can
reduce the affinity of the aptamer, which becomes less sensitive at low target concen-
tration. On the other hand, in absence of cooperativity, that the affinity of the aptamer
is not determined by the number of binding sites, which explains the relatively small
improvement obtained by the authors after removing one binding site.

Zhang and Liu [306] went on to study the effect of the double-stranded portion
of the aptamer. By truncating one or more base pairs (1-27 to 4-24), they verified which
nucleotides where necessary for the binding and studied the effects of a shorter stem
on the aptamer affinity. The results show that removing more than three base pairs
from the stem, resulted in a significant reduction in binding affinity (from 7 uM to >
250 pM). However, no difference in affinity was found between the version with 3 to
8 base pairs long stem.

Xie, Eriksson, and Zhang [295] applied molecular dynamics to verify the hy-
pothesis previously made on the binding dynamics of the aptamer. Their results
confirmed that the aptamer is already in its final folding state in absence of the an-

alyte. From the simulation emerges that the binding nature of the two binding sites
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Figure 1.7. Secondary structure of the ATP/adenosine biding aptamers (left) and crys-
tal structure of the Huizenga aptamer (right). The target molecules are represented in cyan,
the guanosine bases taking part to the G-quadruplex are highlighted in red, whilst the modi-
fied nucleotide to close the first binding site are highlighted in magenta. Left panel: secondary
structures of the original aptamer by Huizenga (2BS, top [95]), and the engineered versions
with one binding site (1BS, middle [307]) and one binding site with shorter stem (1BSS, bot-
tom [306]). Right panel: crystal structure of the 2BS aptamer with detail of the two target
molecules (cyan). Secondary structure adapted from [307] with permission. 3D structure from
Lin and Patel [141], available at DOI: 10. 2210/ pdb1AW/4/ pdb. PDB ID: [AW4
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are different: whilst the interaction between G22 and adenine in the target molecule
is driven by hydrogen bonding and catalysed by surrounding water molecules, the
second binding site, containing G6 and A23, is based n-ninteraction stacking between

these bases and the adenine.

1.2.3 Aptamer Isolation via SELEX

Despite some non-SELEX isolation methods being published [14], SELEX remains the
main technique for the isolation of new aptamers. The process starts with a pool of
10" random nucleic acid (NA) sequences and through consecutive incubation and
amplification rounds, the pool evolves favouring high affinity sequences. The NA
library design usually consists of a random region flanked by the primer sites on each
side, used for the PCR amplification. The random region length should be a trade-off
between structural complexity and coverage of the sequence space. Little research has
been done to figure out the correlation between random region length and resulting
affinity, namely the study by Legiewicz et al. [133], not even mathematical studies have
focused on it [270, 134, 232]. McKeague et al. [162] overview more than 400 aptamer
selections and found no correlation between random region length and dissociation
constant (Kp) of the selected aptamer.

The SELEX process consists in mainly of: affinity incubation, partition, elution
and amplification and they are represented in Figure 1.8. In the affinity incubation
step, the library is incubated with the target molecule at a specific concentration and
for a determined incubation time. The concentration and incubation time is reduced
through the cycles, making the binding conditions more stringent to promote the en-
richment of the strands that present higher affinities. Once the aptamer-target com-
plexes have formed, the NA strands that interacted need to be separated from the rest
of the library - partition step. Depending on the type of SELEX employed, this step
is performed in a variety of ways: elution, magnetic beads separation etc. Mathemat-
ical modelling studies of SELEX have shown that partition is the most critical step
in the SELEX process as it determines whether the library will produce some valid

candidates [270, 281]. If the binding candidates are not efficiently separated from the
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Figure 1.8. The SELEX process. Image adapted from from Komarova and Kuznetsov [119].

non-binding library, the latter will be amplified as well. This can prevent the library
convergence, thus failing to produce some strong binding candidates.

The binding candidates are then amplified via PCR and then the pool condi-
tioned in order to produce the new single stranded DNA [155], or RNA library and
start the next round. In this pool the binding sequences compose a larger portion of
the library. Usually 10-15 cycles of SELEX are necessary to achieve pool enrichment.
Then the pool is sequenced and the candidates isolated and their binding affinity and
selectivity characterised. To improve the enrichment and eliminate cross binders neg-
ative selection rounds can be performed to remove strands that could bind a second
target molecule present in the sample.

Ever since the first aptamer isolation, many variation of the original SELEX pro-
tocol have been published to provide a suitable approach to select aptamers for all

applications. A review of the different SELEX procedures was published by Kong and
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Byun [120], Ozer, Pagano, and Lis [186], Zhuo et al. [309] and more recently by Yan
et al. [297]. The latest methods developed were mainly focused on the automation of
the selection process [292] and integration of high/throughput sequencing, to better
control the evolution process [118]. There are reviews on the impact of the multiple
parameters on the selection process based on mathematical modelling of the SELEX
process [270, 134, 232, 281, 245] and by comparison of the aptamer selections [162, 275,
119].

Isolating Structure-switching Aptamers via Capture-SELEX

DNA Library Add target molecule

and incubate Selective strands bind

O t)rt(‘l molecule Wash out beads
)

)
)

Library hybridised )
on magnetic ) )
beads

Ca pture
SELEX

HOPOQO0A400> 40

PCR amplification
dsDNA library

A-exonuclease digestion

Streptavidin-coated K
ssDNA library

magnetic bead

Figure 1.9. The Capture-SELEX work flow. a) Schematic of the immobilisation of the DNA
library on the beads. The streptavidin-coated magnetic beads (purple) are functionalised with
biotin-tagged DNA strands, the capture oligo (orange). The DNA library (blue) hybridises
onto the beads thanks to the 12 bases-complementary sequence. b) Schematic representation of
Capture-SELEX protocol for each cycle. As for traditional SELEX, the protocol starts with a
randomised library. The Capture-SELEX library presents an additional known sequence in the
middle of the randomised region, and complementary to the cap-Oligo one, which anchors the
library (blue strand) to beads. Upon addition of the target molecule (magenta pentagon) and
after an incubation time, the strands that interact with the target will detach from the beads,
perhaps undergoing a conformational change as they bind to the target molecule. After collect-
ing these released strands from the beads, the selective library is amplified via PCR reaction
and returned to single stranded DNA by means of h-exonuclease digestion, where nuclease
binds the negative strand thanks to the phosphate functionalisation of the reverse primer. The
sub-library is ready to be re-complexed with the beads and for another Capture-SELEX round.

The conventional SELEX protocol is designed to work with analytes immo-

bilised on a surface and the DNA library free in solution. Having to immobilise the
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target is a limiting requirement for the technique: some binding sites may be pre-
vented from interacting with the oligonucleotides, and small-molecule targets cannot
be easily anchored to a surface without changing their characteristics. To improve mat-
ters, Stoltenburg, Nikolaus, and Strehlitz [250] developed Capture-SELEX. As shown
in Figure 1.9, Capture-SELEX immobilises the DNA library on magnetic beads leav-
ing the target molecule free in solution. The library presents an anchoring sequence,
placed inside the random region, which hybridises with its complementary strand,
capture oligo (Cap-Oligo), attached to the beads via biotin-streptavidin interaction
(Figure 1.9.a). The library immobilised on the beads is then incubated with the an-
alyte, and only the strands binding the analytes will come off of the beads. The release
of the library from the beads is promoted by the conformational change underwent
by the aptamer upon binding the target molecule, which ensures the structure switch-
ing capability of the sequence. The strands that were not released from the beads are
washed out with the beads, whilst the eluted aptamers are amplified and regenerated
into single-stranded DNA to make up the pool for the successive round (Figure 1.9.b).
Lyu, Khan, and Wang [150] described in detail the Capture-SELEX protocol, the varia-
tions developed over time and reviewed the aptamers selected via Capture-SELEX for

both food safety and environmental monitoring.

1.2.4 Aptamer Characterisation techniques

Aptamer selection does not end with the sequencing of the library of the final round,
as it can be heterogeneous and still return a large number of candidates, which need
to be evaluated. Multiple techniques are available and each technique has its own
characteristics in terms of sensitivity, sample volume, assay running time and costs
(Figure 1.10) [258, 163]. Nevertheless, not all techniques are suitable for characterising
aptamers against small molecules. Many techniques can not be employed due to tech-
nical limitations, e.g. the impossibility to separate the aptamer from a much smaller
molecule via size excluding membrane; impossibility to label or immobilise the tar-
get molecule or the lack of significant signal generated by the small molecule in mass

sensitive techniques to name a few. A review of the available techniques and their em-
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Figure 1.10. Comparison of the different characterisation techniques in terms of sensi-
tivity achievable and amount of sample necessary to run the assay. CE stands for cap-
illary electrophoresis. Reprinted from Szeitner, Z., Andrids, ., Gyurcsinyi, R. and Mésziros,
T., 2014. Is less more? Lessons from aptamer selection strategies. Journal of Pharmaceutical
and Biomedical Analysis, 101, pp.58-65., with permission from Elsevier ©(2021)

ployability for small molecule aptamer characterisation was published by McKeague
and DeRosa [161].

The requirements of the employed technique also change through the phases
of aptamer characterisation. In the first stages with a high number of candidates, the
technique needs to be cost-effective and high-throughput. In the later stages, when
the candidate number is low and the Kp is evaluated, the technique has to provide
more quantitative and precise information on the aptamer-target interaction with the
oligonucleotide both in solution and immobilised on a surface [163].

A thorough characterisation process in necessary to evaluate the Kp of the same
aptamer on multiple assays. The final value obtained might differ dependently on
the technique employed; whether it requires for the aptamer or the target to be la-
belled, whether the length of the oligonucleotide influences the outcome. Therefore,
by testing the aptamer affinities in multiple assays with different set up it is possible

to achieve an complete knowledge of the kinetic properties of the oligonucleotide.

22



SYBRgreen Assay

The SYBRGreen assay is a fluorescence technique for the characterisation of the aptamer-
target interaction in solution. It employs SYBRGreen I (SG), a nucleic acid stain which
intercalates double stranded DNA. SG interaction with DNA is multifaceted as it in-
tercalates base-pairs, establishes both coulombic and macromolecular interaction with
the grooves [51].

The DNA /SG complex excitation and emission peak are placed at 497 nM and
520 nM,in the blue and green light portion of the spectrum, respectively .The dye flu-
orescence is quenched in its free state but displays a 1000-fold enhancement when
complexed with the oligonucleotide [51]. This property is exploited in the SG assay.
As illustrated in Figure 1.11, by incubating the aptamer and the SG dye, the complex
formed by the two will produce a strong fluorescence signal (panel b, blue). Adding
the target molecule to the solution will dislodge some of the SG molecules if the ap-
tamer is selective. The now free SG molecules are quenched, which results in a smaller
fluorescence peak (panel b, magenta) [164].

The SG assay can sensitively detect DNA-target interactions in solution and
without the need for any labelling or surface immobilisation. The employment of a flu-
orescence plate reader, a commonly available tool, renders the technique high through-
put and quantitative. With the correct design, the assay can also provide structural
information to help reduce the target to its minimum binding sequence. Overall, the
technique is inexpensive, easy to optimise, high throughput and does not require spe-
cific equipment, and thus is an ideal candidate for the first stages of aptamer screening

and characterisation.

Microscale Thermophoresis

Microscale thermophoresis is novel technique in which the interaction between ap-
tamer and binding molecule is detected by measuring the change in the migration
properties of the labelled ligand and ligand /target complex down a localised temper-
ature gradient. The migration properties of a molecule depend on the hydration shell,

charge and dimension. Binding to a target changes at least one these properties e.g.
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Figure 1.11. SYBRGreen assay working principle (a) and output curves (b). Adapted
from McKeague et al. [164]

in the case of an aptamer, binding with the target molecule can reduce the number of
uncoupled base pairs, which in turn increases the size of the aptamer hydration shell.
Consequently, the ligand-target complex presents a different migration profile with
respect to the ligand alone [54, 207].

In the assay, ligand (fluorescent-labelled) and target are mixed together and
placed in capillaries. For each, an MST trace is recorded by scanning the capillary
along the transverse direction (Figure 1.12.a), thus only the fluorescence in a single
spot of the capillary is recorded. Two lasers are employed: an infra-red (IR) laser,
to generate the heat spot, and a LED laser, to record the fluorescence signal and of
wavelength matching the one of the fluorophore employed. The measurement starts
in “cold” conditions (IR laser off) for the first 5 s, then the IR laser is turned on for
30 s, to generate the temperature gradient, and then off again. The fluorescent signal
is recorded throughout the stages (Figure 1.12.B). The IR laser generates a localised
heat spot. The fluorescent-labelled molecules start migrating down the temperature
gradient, thus generating changes in the localised fluorescence intensity. The plot of
the localised fluorescence intensity over-time is the migration profile. The migration
profiles of the ligand and the target-ligand complex will differ and by extracting the
normalised fluorescence value, the binding event can be verified (Figure 1.12.c).

MST is a highly sensitive technique that provides quantitative information on

the ligand-target interactions and can be used to determine Kp and structural infor-
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Figure 1.12. MicroScale Thermophoresis (MST). A) Technical setup of the MST, with the
optics recording at the centre of the capillary. B) MST time trace. Correlation between the
fluorescence signal recorded (bottom) and the fluorophore distribution before, during and after
the IR laser pulse (top). C) Illustration of exemplary experimental results assessing the binding
affinity of a ligand with its target over a concentration range. In the left panel the MIST traces
are superimposed to each other with the traces of the unbound and complex state being signifi-
cantly different. The right panel illustrated the normalised fluorescence value measured for each
trace plotted against the target concentration. A fitting algorithm is then used to determine
the binding affinity parameters. Reprinted from Entzian, C. and Schubert, T., 2016. Studying
small molecule—aptamer interactions using MicroScale Thermophoresis (MST). Methods, 97,
pp.27-34., with permission from Elsevier ©(2021)

25



mation. The Kp can be obtained by recording the migration profile for a concentration
range of the target molecule, mixed with a constant concentration of the ligand. The
fluorescence value can be extracted and plotted against the target concentration. The
points are then fitted and the binding curve with its Kp are determined. Structural
information, on the other hand, can be obtained by testing different version of the ap-
tamers in which specific sequences have been removed. By evaluating the loss/gain
in signal variation, the role of the specific sequence can be determined.

In the assay, both elements are free in solution, but the labelling requirement is
a limitation, especially for small molecules, where modifications can significantly af-
fect its chemical properties. For aptamer-target screening with small molecules target,
a possible solution is to label the aptamer instead of the target. However, given the
large aptamer/target size ratio in initial stages of the aptamer maturation, the change
in the migration profile caused by the binding event is smaller, thus reducing the as-
say sensitivity. A study from Reineck, Wienken, and Braun [207] found that the ratio
the diffusion coefficient between the bound and unbound state is linearly dependent
to ca. the cube root of the oligonucleotide length. Despite that, the technique has suc-
cessfully been employed to characterise the small molecule-aptamer interaction for
the thrombin aptamer [9, 22] and characterise and gather structural information on

the ATP aptamer [9, 59]

1.3 Electrochemistry

The electron transfer reactions taking place at the electrode-electrolyte interface follow

the laws of electrochemistry and are described by the reaction

Ox + ne” = Re. (1.4)

where Ox and Re are the oxidised and reduced species, respectively. The electrode-
electrolyte interface presents a net neutral double layer, composed of two charged
phases. On the solution side, the double layer is followed by a depletion area called

diffusion layer, where the concentration gradients of reactants and products are present
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(Figure 1.13, light blue line for the reactant, and navy for the product). Further away
from the interface, is the solution bulk, where the solution is homogeneous. Likewise,
the electrode bulk is homogeneous and the surface is charged, positively or negatively,
dependent on the material employed. The electron transfer between the two phases is
driven by the potential applied to the electrode and therefore it is considered an het-
erogeneous process [63]. One example of an heterogeneous electron transfer between
surface and electrolyte is illustrated in Figure 1.14, using ferrocene as redox couple.
The electrode can reduce the ferrocenium (Fc*) molecule when its Fermi level, energy
of the excess charges, is higher than the standard potential (Eg) of the Fc™ molecule,
which is the energy of its highest occupied molecular orbital (HOMO) (Figure 1.14,
left).

By applying a potential the Fermi level can be raised until it exceeds the value
of Eq (Figure 1.14, centre). At this point the electrons at the Fermi level posses higher
energy than Ej and the Fc, molecule is reduced Figure 1.14 into ferrocene (Fc), right).
The reverse process, oxidation, is obtained by changing the sign of the applied poten-
tial [57].

When the redox couple is formed by an electrode surface and a surface-confined
redox reporter, the dynamics of the reaction change, dependent on the characteristics
of the molecules anchored on the sensor surface. A conductive layer, for example a
polythiophene coating, can reduce the potential necessary to drive the redox reaction.
The opposite effect is achieved by coating the surface with an insulating layer, such
as alkanethiol mat. This difference is exploited by many electrochemical techniques to
characterise the properties of the functionalised surface and study its functionalisation

[37, 52, 45, 177].

1.3.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a simple and yet powerful electrochemical technique employed
for the characterisation of surface functionalisation and dynamics.
In a cyclic voltammetry scan a potential triangular wave is applied for each cycle

(Figure 1.15, left). The ramp starts at Eg and ends at E; and then returns to Ey. For each
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Figure 1.13. Structure of the electrodelelectrolyte interface. Adapted from Faulkner [63]
(https://doi.org/10.1021/ed060p262)
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Figure 1.14. Heterogeneous electron transfer between a redox active molecule e.g
ferrocenelferrocenium (Fc/Fc*) and the electrode surface. If the surface potential is
not sufficient to reduce the Fc* molecule (left), by controlling the Fermi level of the elec-
trode potential with the potentiostat, it is possible to increase the potential at the elec-
trode surface (centre) and reduce the Fc* molecule (right). The same process can be re-
versed by inverting the sign of the applied potential. Adapted from Elgrishi et al. [57],
(https://doi.org/10.1021/acs.jchemed.7b00361), with permission from ACS

ramp the redox couple undergoes once either oxidation or reaction. The right panel of
Figure 1.15 illustrates the resulting curve from a CV scan of a reversible redox couple,
recorded on macroelectrode. The shape of the curve is determined by the equilibrium

between the oxidised and the reduced species, described by the Nernst equation
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where E is the potential of the cell, E° the standard potential of the redox cou-
ple, R the gas constant, T the temperature, n the number of electrons exchanged in
the transfer, F the Faraday constant, and Q the ratio between the products and the
reactants of the reaction studied [227].

The Nernst equation is also affected by pH variations. The equation for hydro-

gen evolution reaction

2HY 4+2¢ =2H " +2¢"H, E'=0V (1.6)

The Nernst equation for this reaction at 25 °C and 1 atm :

RT 2
Etie /i, = Ejpeym, — 2 In [H']
RT
=0—2303— x2log [HT] (1.7)
nF
= —0.059 x pH

thus the Nernst slope would be of -59 mV per pH unit [227].

The size of the current is linearly dependent on the square root of scan rate (v
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Figure 1.15) as described by the Randal-Sevcik for a reversible electron transfer:

””D")m 1.8)

. 0
zp—0.446nPAC ( RT

where ip is the peak current, A the area of the active surface, CY is the bulk
concentration of the analyte, Dy is the diffusion coefficient of the oxidised analyte, for
a reduction reaction.

If the analyte is adsorbed on the surface, Equation 1.8 becomes

P n? F2
P77 4ART

v AT* (1.9)

where I'" the surface density of the adsorbed analyte. From the equation, two
main differences can be extrapolated, first the diffusion constant does not play a role,
second the peak current is now linearly dependent on the scan rate and no longer to

its square [57].

1.3.2 Square Wave Voltammetry (SWV)

SWYV voltammetry is an powerful electrochemical technique that allows to repetitively
and quickly interrogate the sensor with high sensitivity.

In SWV the potential applied to the electrode is the superimposition of staircase
with a square wave potential. The imposition of equally sized pulses for each voltage
step (cathodic and anodic half-cycles) produces two currents, the forward and the
reverse current. Both currents are sampled at the second half of each cycle to minimise
the contribution of the double layer charging current (Ic). In fact, Ic decays following

an exponential behaviour, « ¢~*/RC

, whilst the Faradaic current Iy is proportional to
t=1/2, thus the former decays much more rapidly and can be considered negligible.
The difference of the forward and reverse currents is a final current with a higher
signal-to-noise ratio and reduced drift contribution, as the latter affects both forward
and reverse current equally [205].

The height of the final current peak depends on both the amplitude and the

frequency used to record the voltammogram as explained in the models by Mirceski
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and Lovri¢ [46].

1.4 Hippocampus and Hypoxia

1.4.1 Hippocampus: structure and neuronal network

All the physiological measurements in this work were performed in the hippocampus.
The hippocampus is the brain region encompassed in the hippocampal formation and
it sits below the temporal lobe of the brain. The hippocampal formation contains the
hippocampus, the dentate gyrus (DG) and the para-hippocampal gyrus (Figure 1.16).
The latter can be subdivided into enthorinal cortex (EC) and subiculum (Sb).

The hippocampus is mainly known for playing a role in memory formation
and retrieval, but it carries out also other functions [172]. The hippocampus can be
described as a C shaped structure which has been subdivided in 3 regions (CA1-CA3).

A simplified version of the wiring of the different parts of the hippocampal
formation is illustrated in detail in Figure 1.16. The input information reaches the hip-
pocampus in a monodirectional network that starts in the EC. The perforant pathway
(PP), which originates in the EC, projects the input into the dentate gyrus (DG). The
mossy fibre (MF) travel from the DG and project into neurons in CA3 region. The
neurons of the CA3 and CA1 regions are connected via the axon of the Schaffer col-
lateral pathway (SC). To close the loop, CA1 neurons project into the subiculum, the
main output of the hippocampal formation, which connects the hippocampus with the
other parts of the cerebrum.

Secondary linking is also present: the EC projects into the CA3 and CA1 region;
the collaterals of the axons of the CA3 region form synapses with CA3 neurons, the
CAS3 feeds back into the DG via the excitatory mossy fibres. Additional transverse
connections are present, creating complex network in the hippocampal structure [113,

64].
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Figure 1.16. Hippocampus structure and network. The main circuitry is composed by the
trisynaptic loop: the entorhinal cortex (EC) projects into to the dentate gyrus (DG) via the
perforant pathway (PP). The mossy fibres (MF) connect the DG to the CA3 region .The CA3
neurons project into the CA1 via the Schaffer collateral pathway (SC). The CA1 region then
projects into the subiculum (Sb), closing the loop. Output fibres also leave the hippocampus
via associational commissural pathway (AC).

1.4.2 Hypoxia in the brain

Hypoxia is the pathological condition which occurs when the oxygen supply is inter-
rupted or strongly reduced. The brain is especially sensitive to hypoxia because its
tissue is unable to regenerate and the brain does require a relatively high amount of
energy and oxygen to function [201]. In humans, despite accounting for only 3 % of
body weight, the brain is responsible for around 20 % of the total body energy and
the oxygen consumption [287, 92]. Since the brain does not store oxygen, in the occur-
rence of an hypoxic event, it has to rely on anaerobic breakdown pathways to retrieve
energy. These processes are inefficient and only allow the brain to survive for a few
minutes [201].

In normoxic condition, oxygen is used to produce adenosine triphosphate (ATP)
from adenosine diphosphate (ADP), through a process called oxidative phsphoryla-
tion. ATP is produced and consumed at the same rate, maintaining the [ATP]-[ADP]
ratio constant (Figure 1.17, left-blue) [47]. This equilibrium is broken by the absence
of oxygen, which stops the ATP synthesis but not its catabolism. The levels of ADP
increase, initiating adenylate kinase acitvity, which employs ADP as substrate to pro-

duce ATP and AMP [88]. The latter is hydrolysed into adenosine, which is then re-
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leased into the extracellular space [38, 43, 69, 189, 236, 191]. In the extracellular space
adenosine is able to interact with its receptors: Aj, Aja, App, Az (reviewed in [252,
196, 236]). Adenosine binding to its receptor at the postsynaptic cell, inhibits Ca®* in-
flux via the voltage-gated calcium channel [107, 98, 138]. The latter inhibits glutamate
release and results in the repression of the synaptic transmission (Figure 1.17, right-
red) [66, 157, 86]. The protective role of adenosine release in the extracellular space in
correlation with the A; receptor (A;R) was further characterised by [100, 109], which
have seen that A;R knock out (KO) mice show a a delayed and reduced sysnaptic

repression and a longer recovery time.
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Figure 1.17. Adenosine pathways in normoxia (O,, left side) and hypoxia (CO;, right
side, red). In normoxic conditions (95% O, /5% CO,) ATP and ADP are in equilibrium and
all the savage pathways to produce ATP starting from as low as adenosine as a building block
are active. Synaptic activity is normal (left panel, blue). In the absence of oxygen (95% N /5%
COy,), the phosphorylation of ADP into ATP no longer takes place, thus starting the breakdown
cascade that results in an overall increase in concentration of intracellular adenosine. The
excess adenosine is released in the extracellular space via transporters (CNTs and ENTs). There
it binds the A; receptor and inhibit glutamate release. The voltage-gated calcium channels
are blocked, thus the synaptic transmission is repressed and the field excitatory post synaptic
potentials are smaller in amplitude

Multiple studies were made to determine both directly and indirectly the amount
of adenosine and downstream metabolites released in the extracellular space [291, 81,
199, 196, 65, 13]. These techniques allowed, in combination with extracellular record-
ings, to unveil the pathway. With the advent of microelectrode sensors, Dale, Pearson,

and Frenguelli [43] and Pearson et al. [194] recorded in real-time and simultaneously
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adenosine release and synaptic repression from rat hippocampal slices undergoing 5
min hypoxic episodes. The recording confirmed that adenosine release preceded the
repression of the synaptic transmission and achieved a recorded release of 5.6 + 1.2
pM of adenosine, compared to v~ 4-200 nM for resting conditions [115]. With an im-
proved sensor design and performance, the recording was repeated uncovering “novel
aspects of adenosine release during hypoxia” [67]: the discovery of post hypoxia-
purine efflux and the timescales of both adenosine release and synaptic transmission
repression and recovery. The same sensor design was applied to measure extracellu-
lar release of ATP following hypoxic insult, but no evidence of its release was found,

within the sensitivity parameters of the sensor [69].

1.5 Current analytical methods for neurochemical moni-
toring

Neurons and glia communicate with each other via small molecules released via con-
trolled mechanisms and that act on specific receptors to provide chemical signalling.
The first real-time measurements of neurochemical release was reported by Stamford,
Kruk, and Millar [247]. Following the pioneer work by Adams [2], they recorded
the release of dopamine and ascorbate in different brain regions via fast scan cyclic
voltammetry [247, 248]. Ever since, with the optimisation of carbon fibre microelec-
trode and by applying different potential steps, many neurochemicals have been de-
tected with increasing sensitivity and selectivity, among which dopamine, serotonin
(5-HT), adenosine, (3,4-dihydroxyphenyl) acetic acid and ascorbic acid [271, 96, 193,
212, 237]

The advent of enzymatic microelectrode biosensors constituted a further step
in neurophysiological measurements, as it allowed researchers to measure the release
of small non-electroactive molecules Patel et al. [192]. Multiple chemistries are avail-
able to form the biolayer coating, which make the technique versatile for a variety of
applications [276, 112, 277]. Dale, Pearson, and Frenguelli [43] employed a microelec-

trode sensor to record for the time the real-time release of adenosine from hypoxic hip-
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pocampal slices. The sensor exploited an enzyme-based cascade which started with
adenosine, and its downstream purines, and returned uric acid and hydrogen perox-
ide as final product. The latter was reduced to generate the amperometric current.

Other methods such as luciferase and sniffing, have also been employed. How-
ever, these techniques despite providing high spatial resolution presents poor sensitiv-
ity and temporal resolution [42]. More recently, the focus has shifted on FRET-based
and single-Wavelength sensors. The former is sensitive but presents low signal-to-
noise ratio, whilst for the second the characteristics are inverted [293].

Many are the challenges to overcome as many are the requirements: the device
should be small, to acquire space-resolved measurements; fast, to record neurochemi-
cals release in the extracellular space before they are degraded; it should acquire con-
tinuous measurements to monitor the event evolution and dynamics; and present a
linear behaviour in the high pico-molar to the low millimolar range [11, 123]. No tech-
nique can possibly satisfy all requirements, and the most appropriate one should be
chosen based on the characteristic of biological event recorded. In the case of hypoxia,
the linear range requirements are in the hundreds of picomolar to hundreds of micro-
molar, covering four orders of magnitude, the time resolution should be in the second
range.

Many neurochemicals are involved in signalling; being able record release could
facilitate understanding of their function and help to create new tools for both diag-

nostics and therapeutics [239, 261, 241].

1.5.1 Uridine triphospate (UTP) and UDP-glucose (UDPg) and their

role as extracellular signalling molecules.

The purinergic system describes the group of chemicals, associated receptors families
and regulating enzymes. The adenine and uracil nucleotides (ATP, ADP, adenosine,
UTP, UDP) and nucleotide-sugars (UDP-glucose and UDP-galactose) agonise /antago-
sine their respective receptors. The main families are the adenine-associated PO and
adenosine-binding P1 (A1, A2,), A2 and A3); follows the P2 family, containing both
the ligand-gated ion channels P2X, and the G-protein coupled P2Y sub-families Fig-
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Figure 1.18. Schematic representation of the purinergic system. PO receptors are activated
by adenine, whereas P1 receptors are stimulated via adenosine binding. The P2 receptors are
divided into ATP-dependent P2X ion channels and G protein-coupled P2Y receptors which are
stimulated by ATP, ADP, UTP, UDP, and UDP-glucose. Degradation of ATP to adenosine is
done by ectonucleotidases, namely CD39, CD73, and NPP1. Adenine is produced during the
nucleotide recovery in the pancreas. Reprinted from Ottensmeyer et al. [185]

ure 1.18.

The purinergic system is ubiquitous and its influence extends across multi-
ple physiological processes, which renders its characterisation complex. Ever since
purinergic signalling was first theorised by Burnstock [25], a considerable effort has
been put into the characterisation of the function of purines and pyrimidines as ex-
tracellular signalling molecules and verify whether the system could be used as a po-
tential drug target [61]. However, most of the effort went into characterising the ATP
and ADP regulated events and release mechanisms [1, 26, 50], whilst the uracil nu-
cleotides and uracil sugar side of the system is still quite poorly understood [3], not
least due to the lack of assays available that can sensitively detect their release [84].
Wu and Li [293] reviewed the current probing techniques for monitoring the dynam-
ics of purinergic signalling and from their work it emerges that none of them could be

employed to detect uracil-based nucleosides.
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Figure 1.19. Hypothesised release mechanisms for uracil based nucleosides and re-
spective receptors. UTP binds the P2Y, and P2Yy, and only weakly the P2Y s which inter-
acts mainly with UDP. UDP-glucose binds the P2Y 14 receptor. The hypothesis sees UTP and
UDP-glucose mainly released through vesicles, leaky or damaged cells and astrocytes, whilst
UDP is thought to mainly originate from the break down of UTP by ectonucleotidases. The im-
pact of these molecules and their associated receptor varies dependently on the studied system
and new tools are needed to understand the roles plaid by each molecule in these pathways.

The uracil nucleotides and sugars bind the receptors of the P2Y family, which
can be found in many organs they play a role in central nervous system (CNS) and in
the autunomic nervous system (ANS). More specifically UTP activates with the P2Y5,
P2Y,, and less effectively the P2Yg receptor, whilst UDP-glucose is an agonist of the
P2Y14 receptor, first identified by Chambers et al. [34], thirty years after the first pub-
lication on purinergic signalling. The mechanism of release of these nucleoside is still
uncertain and the hypothesis mainly rely on vesicle-mediated, maxi anion channels
mediated release and outflow from leaking membrane of damaged cells [127]. It has
also been shown that in astrocytes, the release of these nucleoside was not only accom-
panied, but also promoted by the release of ATP (Figure 1.19) [84, 126].

Due to the widespread expression of its receptors, UTP and UDP glucose have
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found to play a role in a variety of pathological conditions, such as diabetes [187],
cancer [283], pulmonary disease, cystic fibrosis [28], dry eye disease, hypertension,
immune response and inflammation [61, 129].

Like their adenine counterparts, uracil nucleotides can regulate the autonomic
nervous system (ANS) [75]. Kauffenstein et al. [108] have shown in NTPDasel de-
ficient mice that UTP mediated vasoconstriction in blood vessels via P2Y, and P2Y,
receptors. UDP-glucose activated P2Yq4 induced vasoconstriction in pancreatic cere-
bral and coronary arteries in a P2Y; knock out and wild type mice [80].

Finally, UTP and UDP-glucose also play a role in regulating the central nervous
system. Koizumi et al. [117] have shown UTP release in mice where status epilepticus
was induced with Kainic acid intraperitoneal injections. Status epilepticus also in-
duced upregulation of expression of the P2Yy receptors in the CA1 and CA3 regions
of the hippocampus. A similar result was published by Alves et al. [4], where they
have shown that status epilepticus induced mice showed upregulation of the uracil
sensitive P2Y receptor and downregulation of the adenine-sensitive counterpart. In
the thalamus and in the cortex, spontaneously epilectic rats treated with UTP showed
a decrease of firing rate [121]. Similarly, the same treatment employed on mice with
induced status epilepticus in resulted in reduction in both epileptic seizure severity
and cell damage in [4]. Also patients with epileptic encephalopathy treated with UTP
metabolites have shown a reduction in epileptic seizures [114]

These results stress the need for sensitive and selective tools for measuring the
release of uracil-based nucleotides, if we are to progress with understanding a wide

set of neurological conditions.

1.6 Problem statement

Small molecules play multiple roles as signalling molecule and receptors ligands [146].
Given their small size, they can travel through membranes throughout the body and
can be found in a variety of interstitial fluids, which makes them ideal diagnostic tar-
gets [89]. Real-time, continuous biosensors would provide time resolved information

of the molecule/drug levels thus providing novel physiological information.
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The brain employs hundreds of signalling molecules and many lack an ana-
lytical technique that allows measurement of their release with sufficient selectivity,
sensitivity and time resolution. For smaller molecules, such as hormones and nucle-
osides, e.g. orexin, UTP, MCH, achieving detection is even more arduous due to the
lack of specificity in antibodies and limited number of available oxidases. Therefore,
there is a need for a universal platform that could be adapted and employed to detect
in real-time the dynamics involving these poorly characterised neurochemicals.Baker
et al. [10] proposed the combination of electrochemical platforms with aptamers as
solution for continuous monitoring of small molecules in crude sample/physiological
conditions.

Electrochemical transduction has high sensitivity, a wide variety of techniques
and it is inexpensive and easy to miniaturise [211]. However, fouling is still an is-
sue when using the sensor in cerebrospinal fluid (CSF), or any crude sample, due
to the presence of electrochemically active molecules, genetic, protein and polymer
fragments and oxidised materials. Therefore, great effort in designing biosensing plat-
forms needs to go into screen the sensors against such interferences in physiological
applications [44]

Aptamer with their reduced dimension, high selectivity and in vitro selection
are the ideal candidates for detecting small molecules and can be selected for a great
variety of target molecules, thus providing an almost universal biorecognition tem-
plate.

The platform has to be label-free to support reagentless continuous monitoring.
The platform first published by Xiao et al. [294] exploits aptamers undergoing confor-
mation changes upon binding of it target molecule. This folding property has been ex-
ploited in electrochemical assays by conjugating the aptamer to redox-active molecule
and using its displacement from the surface proximity as the signal generating mech-
anism (Figure 1.20) [223]. Many redox moieties have been characterised in the lit-
erature: ruthenium purple [265], prussian blue, ferrocene, nile blue. Kang et al. [103]
studied their stability for use over time and in complex media and showed that methy-
lene blue is the most stable both over time and in complex media. Arroyo-Curras et al.

[7], combining the structure switching capability of aptamers and electrochemical de-
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Figure 1.20. Schematic of the working principle of the sensor adapted from Arroyo-
Currds et al. [7]. a) The gold electrode probe is functionalised, via thiol chemistry, with a
uniform mat of 6-mercapto-1-hexanol and aptamers-methylene-blue complex. In the absence of
adenosine, the aptamer strand is unfolded and the methylene blue (MB) molecule is far from
the surface. The distance impairs the electron transfer rate, resulting in a low signal (blue
curve, b). Upon adenosine binding, the aptamer folds, carrying the MB closer to the surface
and rearranging the solution electrical layer, thus its conductivity. The electron transfer rate
increases, thus generating a higher signal (pink curve, b). Taking each peak value as a time
point and plotting it as a time vs current curve, the obtained curve should look like a step
function, as illustrated in the second graph. The function should look like a step function. The
arrows point at the response to the target molecule

tection, showed the successful detection of small molecules from unprocessed blood
samples in awake animals.

Building on these results, my project aims to establish a protocol for the produc-
tion of electrochemical aptamer-based (E-AB) biosensors to be used as a new tool for
detecting chemical signalling molecules released in the brain. However, for aptamer-
based biosensors to take a more prominent role in the field of biosensors, more ap-
tamers for relevant target molecules need to be selected and and published. There-
fore, after establishing a platform fabrication protocol using a well characterised tar-
get, adenosine, to compare the performance of the sensor with previously published
work, I will undertake a selection process to isolate structure switching aptamers for
UTP and UDP-glucose. These two signalling molecules whose dynamics are poorly

characterised, but whose relevance is becoming evident both as possible therapeu-
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tic agents and as biomarkers. The final goal is to employ then the selected aptamers
on the previously established platform to achieve detection of biologically relevant

events, thus gathering novel data on the dynamics of their release.

1.7 Project aims

1. Establish an characterise and aptamer based electrochemical platform to be em-
ployed for continuous detection of small molecules in the brain, starting from

adenosine.

2. Achieve a recording of adenosine release from a biological event to asses the plat-
form fouling resistance in a complex environment and the possibility to employ

it in parallel with other platforms.

3. Identify and characterise new aptamer strands for UTP and UDP glucose; two
signalling molecules for which no analytical technique is yet available to detect

their release in real time.
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Chapter 2

Materials & Methods

2.1 Electrochemical aptamer-based biosensor for adeno-

sine and ATP

2.1.1 Materials

Buffers were produced in house and chemicals other than those specified were from
Fisher Scientific (Thermofisher Scientific, Paisley, UK). For the sensor fabrication and
response recording, gold disk electrodes (2 mm and 1.6mm), reference electrodes, alu-
mina slurries and polishing pads were purchased from IJ Cambria Scientific Ltd (LI-
wynhendy, UK), whilst the wire sensors (probes) were fabricated in house. All ap-
tamers strands were purchased already HPLC purified from LGC Biosearch Technol-
ogy (Riskov, Denmark), methylene blue 1% W/V in H,O from Scientific Laboratory
Supplies Ltd (Nottingham, UK), potassium hexacyanoferrate (III), adenosine, inosine,
hypoxanthine and adenosine triphosphate were purchased from Merck (Poole, UK).
Recordings were performed with an IJ Cambria CH630B potentiostat, IJ] Cambria Sci-
entific Ltd (Llwynhendy, UK) using a three electrode system with Ag/AgCl reference
electrode stored in 3.5 M KCl, IJ] Cambria Scientific Ltd (Llwynhendy, UK) and an in
house fabricate Pt counter electrode, made of a 99% Pt square of 0.25 cm? soldered

onto a copper wire via a 1 cm 99% Pt wire, using a lead-free solder.
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2.1.2 Adenosine/ATP aptamers

Three adenosine and/or ATP-binding aptamer strands employed in this project are

reported in Table 2.1

Table 2.1. AdenosinelATP aptamer sequences employed in the project. Aptamer se-
quences, characteristics and first publication

Type Sequence (5 -3) #binding Tail Kp Author

site
2BS ACCTGGGGGAGTATTGCGGAGGAAGGT 2 Long 16.4pM Huizenga and Szostak [95]
1BS  ACCTTCGGGGAGTATTGCGGAGGAAGGT 1 Long 12uM  Zhang, Oni, and Liu [307]
1BSS TTCGGGGAGTATTGCGGAGGAA 1 Short 12 uyM Zhang and Liu [306]

5-HS-(CH, ) JABTAMER! (CH,),-NH-{1B

Figure 2.1. Chemical modifications at 5' and 3’ end of the aptamers. Each aptamer
sequence presented on the 5" end a thiol group (SH), used to anchor the aptamer on the gold
surface, and a carbon chain ((CH;)¢) acting as a spacer between the aptamer and the surface.
On the 3" end a seven carbon chain spacer ((CHy);), an amide group (NH) and the redox
molecule, methylene blue (MB).

All sequences present common 5" and 3’ modifications (Figure 2.1). At the 5
end, the aptamers were attached to a six-carbon chain, to act as a spacer as reports
have suggested that direct constrain of the aptamer to the surface can affect the ap-
tamer secondary structure, thus its Kp [71]. The spacer was followed by a thiol, em-
ployed to anchor the aptamer on the gold surface. The thiol linkage to the surface was
chosen despite being less stable than a covalent bond and more expensive, because
tabrication through self-assembled monolayer, allowed the freedom of testing multi-
ple protocols which allowed better control over the orientation of the bound species.
On the 3’ end, the oligonucleotides present a seven-carbon chain spacer, an amine
group and a methylene blue (MB) molecule that constitutes the redox moiety used for
signal detection. The 5" to 3’ direction is indifferent in this case as the structure formed
by the folded aptamer is symmetrical. The MB molecule was placed at the distal end
of the aptamer as it has been shown to produce the highest and more reproducible

signal [160].
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2.1.3 Sensor fabrication
Electrodes employed

Two sensors designs were employed in this project and they are represented in Fig-
ure 2.2. The 2 mm and 1.6 mm gold disks were made of poli-crystalline gold which
was surrounded by a sealed insulating polymer layer, which delimited the surface ac-
tive area (Figure 2.2, left and centre). The probes, were made by threading a 50 pm 99
% Au wire into a glass capillary and sealing the sensor end with a silicon paste, which

also helped delimiting the surface area (Figure 2.2, right).

Active
surface area
N - K

Insulating N\
layer

Figure 2.2. Sensors designs employed in the project.

Activation of the gold surface

The fabrication of the biosensor starts with the activation of the gold (Au) surface.
For the 2 mm and 1.6 mm diameter disk electrodes the pre-treatment consist of two
steps. First, polishing of the electrodes to a mirror-like surface by performing figure-8
motions on a polishing pad wetted with 1.0, 0.3 and 0.05 p-acqueous-alumina slur-
ries. After thorough rinsing with nanopure water, immersion in pure acetone for 30
s and another rinsing step, the surface was characterised via cyclic voltammetry in a
potassium ferricyanide solution (0.5 mM K3[Fe(CN)g] and 0.2 M KCI). For the probe
electrodes, the surface activation consists in cleaning an electrochemical roughening.
First cleaning of the surface with a 10 s immersion in nitric acid (HNO3) and rinsing
in nanopure water. Next 10000 voltage pulses ranging from 0 V to 2 'V, 2 ms in width
at 100 Hz were applied to the sensor whilst immerse in 0.5 M sulfuric acid (H»SOy).

It was paramount to continue immediately with the surface fictionalisation to prevent
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oxidation and contamination of the surface (adapted from [7]. The electrochemical
roughening was performed to improve the sensor signal-to-noise ratio as seen in the

work by Arroyo-Currés et al. [6].

Self-assembling monolayer (SAM) protocol

The self-assembling monolayer protocol starts with thawing the aptamer aliquot (500
nM, final concentration) at room temperature (RT). The thiol-protective cap was re-
moved by incubation with 100x excess tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) for 2 h. For the melting protocol, the aptamer aliquot was first thawed at
room temperature, then heated at 95 °C for 5 min, and snap cooling it in ice for 10 min.

The 2 h incubation step with 100x excess TCEP was also performed in ice.

Two self-assembling monolayer (SAM) protocols were tested: backfilling and inser-
tion protocols. For the backfilling protocol, a freshly polished /roughened sensor was
incubated first with the aptamer-TCEP mix for 1.5 h at RT, followed by incubation
with 5 mM 6-mercapto-1-hexanol (MCH) for 18 h at 4 °C. For the insertion protocol,
a freshly polished/roughened sensor was incubated first with 5 mM 6-mercapto-1-
hexanol (MCH) for 18 h at 4 °C, followed by the incubation with a newly prepared
aptamer-TCEP mix for 1.5 h at RT.

For the fabrication with MCyq backfilling a freshly polished /roughened sensor
was incubated first with the aptamer-TCEP mix for 1.5 h at RT, followed by incubation
with 5 mM MCHj; for 18 h at 4 °C.

2.1.4 Electrochemical measurements

All recordings were performed with a three-electrode system using platinum foil as
the counter electrode (CE) and an Ag/AgCl electrode as the reference electrode (RE) in
a chamber open to atmosphere Figure 2.3. All solutions were bubbled for 15 min with
N,. For all measurements 1 mM MgCl, was added to PBS (PBS-Mg).All recordings
where performed in an open chamber. The chamber was created using a 35 mm Petri

dish bottom and a 1 ml tip cut to a length of 2 cm and sealed at both sides to obtain a
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Figure 2.3. Representation of the chamber used for performing sensor characterisation
and interrogation and placement of elements. All recordings were performed with the
chamber open to atmosphere. a) Top view of the recording chamber with measures. The con-
tainer is a 3 cm petri-dish bottom. The chamber was created by means of a cylindrical mold (1.7
cm x 0.6 cm) filling the rest with a silicon resin. b) Side view of the chamber with dimensions.
c) Side view of chamber with indication of the position of the different elements used during
the recording with respect to the inlet and outlet of the flow. From left to right: inlet, aptamer
sensor, platinum counter electrode (Pt CE), Ag/AgCl reference electrode (RE) and outlet.

cylindrical mould for the chamber. The chamber was filled with

Sensor characterisation

All sensor fabrications were characterised via cyclic voltammetry (CV) in ferricyanide
solution (0.5 mM K3[Fe(CN)¢] and 0.2 M KCl) by applying -0.5 V to 0.5 V with a scan
rate of 50 mV s~! for 10 cycles and the recordings for cycle 3-10 averaged. These mea-
surements were used to check that the SAM layer deposition had occurred by noting
the variation in the Ag.

The presence of the methylene-blue-functionalised aptamer on the surface was
verified via CV in PBS, by applying voltages ranging from -0.4 V to -0.1 V for 10 cycles
and the recordings averaged. The molecule surface density was calculated by adapt-

ing the method published by Yu et al. [300], using the equation
Q = nFAFDNA (21)

where Q is the total charge, calculated as the area under the redox peaks, n is
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Figure 2.4. Schematic of square wave voltammetry (SWV) measurements. a) Repre-
sentation of the voltage curve applied over time with definition of each parameter. A and B
(magenta), and C and D (blue), indicate the sampling points for the forward and reverse cur-
rent curves respectively. b) Voltage vs. current plot resulting from SWV measurement. In
magenta the forward current of the reduction process, in blue the reverse current of the oxida-
tion process. In black, the difference between the two currents, increases the signal and cancels
out background currents.

the number of exchanged electrons, A the electrochemically active surface area and

I'bna the concentration of DNA on the surface.

Sensor interrogation

The sensor response is recorded via square wave voltammetry (SWV) using the fol-
lowing parameters: initial voltage -0.4 V, final voltage -0.1 V vs. Ag/AgCl, amplitude
25 mV, voltage step 1 mV and frequency 60 Hz (parameters physical meaning in Fig-
ure 2.4). The voltage range of -0.4 V - 0.1 V was chosen to have the peak at the centre
of the graph, sufficient baseline and a shorter recording time for each SWV scan. The
protocol was adapted from Arroyo-Curras et al. [7].

Initially, the response was measured by averaging five recordings taken at each
incubation step (PBS with 1 mM MgCl, (PBS-Mg) (1), 2. adenosine in PBS-Mg at 0
min (2) and 5 min (3), and in PBS-Mg again (4)). Later on, over-time measurement

were achieved by acquiring 120 SWV recordings (40 in PBS-Mg, 40 with the indicated
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concentration of target molecule in PBS-Mg and 40 in PBS-Mg again to check the re-
covery). The response was calculated as the difference between the peak current with
target molecule and with buffer. In order compare the performance of the sensors
they had to be normalised. This result can be obtained in two ways, which produce
the same result: by either normalising the signal against the baseline value or by aver-
aging the signal against the geometrical surface area of the sensor (cm?). In this work
the second option was employed. The surface area was calculated using the theoret-
ical formulas and the diameter provided by the supplier (for the 2 mm and 1.6 mm),
whilst for the probe sensors the length was measured using a ruled objective with £+
0.2 mm accuracy and using the supplier provided diameter (50 uM).

For each condition, three sensors were fabricated and tested to assess the repro-
ducibility of the fabrication and sensor performance. The data are reported as average
value + absolute error (X & e,, average value =+ absolute error.). Since the low n num-
ber for the measurements (n=3), the absolute error of the repeated measurements was

calculated as the semi-dispersion with the formula:

e, = M (2.2)

For the sensor response over a concentration range, for each sensor at each con-
centration, 40 recordings were averaged to generate a response, and then the 3 re-

sponses averaged to obtain the final reported value (x)

2.2 Hypoxia recordings

2.2.1 Materials

Buffers were produced in house and chemicals other than those specified were from
Fisher Scientific (Thermofisher Scientific, Paisley, UK). Agar for analytical grade was
purchased from Merck.

For the temperature measurements a temperature controller with feedback probe
was employed.

For the extracellular recordings the measurements were performed in a in house
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made chamber containing three different wells: an in-flow well, the main chamber and
an out-flow well. The wells were glued together and connected to allow for constant
level in the main chamber, important to reduce noise during the recordings (for di-
mensions Figure 2.7. The current steps for the field recordings were induced via DS3
Isolated Current Stimulator from Digitimer Ltd (Letchworth Garden City, UK), the
signal recorded by the recording electrode passed through AC/DC differential am-
plifier from A-M Systems Inc. (Sequim, WA, USA) and a data acquisition unit Micro
1401 from CED (Cambridge, UK). The set up was controlled and the data recorded via
Spike2 from CED (Cambridge, UK).

2.2.2 Measurments in 0.5% agar slice

0.5% agar block was made up using 0.5 g in 100 ml 1x Tris-acetate-EDTA buffer (TAE,
pH 7.5). A slice of 6 mm? was cut out and pre-incubated with 1 mM adenosine in aCSF
(127 mM NaC(Cl, 1.9 mM KCl, 1 mM MgCl,, 2 mM CaCly, 1.2 mM KH,POy, 26 mM
NaHCOs3) for 30 min (Figure 2.5.a) . The measurement started with a CV in aCSF to
check that the sensor fabrication was successful. Then the sensor was calibrated with
1 mM adenosine in aCSF (120 SWV). Then a CV was performed in 1 mM adenosine in
aCSF, followed by 50 SWV measurements in 1 mM adenosine in aCSF (Figure 2.5.b).
The sensor was then inserted in the agar slice and allowed to rest and stabilise for 20
min. A CV and 50 SWV were recorded in the slice with continuous flow of 1 mM
adenosine in aCSF in the chamber (Figure 2.5.c). Then, the sensor was extracted from
the slice, placed again in the chamber and after 20 min of rest, a CV and 50 SWV

recordings were taken (Figure 2.5.d).

2.2.3 Measurement in 0.5% agar slice to simulate the tissue diffusion
layer

A newly fabricated sensor was placed in the chamber and a baseline recorded in aCSF
(Figure 2.6.a) for 40 SWV measurements. Then the solution was switched to 1 mM
adenosine in aCSF for 40 SWV (Figure 2.6.b). The same protocol was then repeated

with the sensor was placed in a 8 mm? 0.5% agar slice, to test the delay that the dif-
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Figure 2.5. Set up for measurements in the agar slice. The 8 mm3 0.5% agar slice was
pre-incubated with 1 mM adenosine in aCSF for 30 min (a). Cyclic voltammetry and square
wave voltammetry measurements were recorded with the sensor in the chamber (b), with the
sensor inside the 0.5% agar slice (c) and again back in the chamber (d).

fusion layer introduced by the agar slice would induce on the sensor response. After
insertion in the slice, a rest time of 20 min was observed. Then the recording started in
aCSF (40 SWYV, Figure 2.6.c) and then switched to aCSF spiked with 1 mM adenosine
and recorded for 20 min (Figure 2.6.d).

a\ b\ c\ d\

\aCSF \ 1mM \ aCSF \ 1mM

Adenosine . Adenosine
in aCSF in aCSF

Figure 2.6. Set up for measurements in the agar slice to simulation tissue diffusion
layer. The response of a newly fabricated sensor was tested in aCSF (40 SWV, panel a) and in
1 mM adenosine in aCSF (40 SWV, panel b). The same protocol was repeated with the sensor
inserted in a 0.5% agar slice. After 20 min recovery time with 120 SWV recordings in 1 mM
adenosine in aCSF

2.2.4 Extracellular recordings in hypoxic brain slices
Brain slices preparation

Male BL6 mice (P15-P18) were killed via cervical dislocation and decapitated in com-
pliance with the United Kingdom Animals (Scientific Procedures) Act (1986). Parasagit-
tal brain hippocampal slices, 400 pm in thickness, were cut with a Microm HM 650V
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microslicer in cold (2—4 °C) high Mg?*, low Ca?* aCSF containing: 127 mM NaCl, 1.9
mM KCl, 8 mM MgCl,, 0.5 mM CaCl,, 1.2 mM KH,POy, 26 mM NaHCOj3, and 10 mM
D-glucose (pH 7.4 when bubbled with 95% O, and 5% CO;, 300 mOsm) (performed
by Dr. Emily Hill, University of Warwick, protocol from [91]). Slices were stored at
34°C in 1x aCSF (1 mM Mg?* and 2 mM Ca?*, pH 7.4) for up to 8 hours, and precooled

to 21°C in aCSF 30 min prior to the measurements.

Simultaneous Extracellular and Sensor recording set up

For field-EPSPs recordings, a single brain slice was placed in an immersion cham-
ber,on an elevated net, and submerged in continuously circulating aCSF equilibrated
with 95 % O,/ 5 % CO,. The stimulator was positioned in the CA3 region of the
hippocampus to stimulate the Schaffer collaterals, and the recording electrode, aCSF-
tilled glass microelectrode, in CA1 region. Stimulation was applied via current steps
of approximately 80 pA in amplitude and 220 ps in duration approximately every 8
s. The amplitude of the current step was determined by performing an input output
curve, which correlates the step amplitude with the fEPSP amplitude. Current steps
ranging from 20 to 200 pA (increments of 20 nampere were appplied [303]. The ap-
tamer biosensor was placed parallel to the brain slice surface in between the stimulator
and the recording electrode (Figure 2.7.d) and it recorded one value every duty cycle

(approximately 8 s).

Induction of Hypoxia

In all the experiments, the recording started in aCSF bubbled with 95% O, /5% COs,.
After 100 s,the solution was switched to identical aCSF bubbled with 95% N, /5% CO,
for 550 s, then switched back to aCSF bubbled with 95% O, /5% CO, for 450 s. The
tEPSPs amplitude was normalised to the baseline (first 100 s of recording).

The syanptic depresiion started when normalised fEPSPs varied by more than
3 times the standard deviation of the baseline signal. The recovery started when the
normalised fEPSP amplitude increased by 3 times the standard deviation of the av-

eraged depressed signal. Alternatively, the start of recovery can be indicated as the
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Figure 2.7. Representation of the chamber used for performing extracellular record-
ings with dimensions and placement of elements. All recordings were performed with the
chamber open to atmosphere. a) Top view of the recording chamber with measures. The con-
tainer is a 10 cm petri-dish lid. The main chamber is cylinder cut out of a 5 mm syringe. A
suspension bridge (C shaped) and a net are place at the bottom of the chamber to ensure oxygen
perfused the slice in all directions. The inlet and outlet flow are a 0.8 mm cylinder cut out from
a 2 mm syringe. The three cylinders are glued together, connected via a channel. b) Schematic
of the positioning of the aptamer biosensor, recording electrode and stimulator on the slice. c)
Side view of chamber with indication of the position of the different elements used during the
recording with respect to the inlet and outlet of the flow. From right to left in order: inlet,
Ag/AgCl reference electrode (RE), recording electrode (record), aptamer sensor (WE), stimula-
tor, platinum counter electrode (CE) and outlet. d) Photo of the chamber with all the elements
are positioned on the slice.
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point where the tangent of the normalised fEPSP curve becomes positive.

2.3 Selection and characterisation of new structure switch-

ing aptamers for UTP and UDP-glucose

2.3.1 Materials

All buffers were made in-house and all salts and chemicals were purchased from
Fisher unless otherwise specified.

For capture SELEX: UTP was purchased from Alpha Aesar (Heysham, UK),
UDP-glucose and primers from Merck (Poole, UK), the DNA library and the capture
oligos from Microsynth AG (Balgach, Switzerland), Taq polymerase kit from KAPA
Biosystem (Wilmington, MA, USA), the DNA ladder, A-exonuclease, A-exonuclease
buffer, Tag-polymerase and Tag-polymerase buffer from New England Biolabs (NEB)
(Ipswich, MA, USA). The streptavidin-coated magnetic beads M-270 and the Dynal
MPC-S magnetic stand from Invitrogen (Thermofisher Scientific, Paisley, UK). The
agarose gels were stained using RedSafeTM (20,000x) from Bulldog Bio (Portsmouth,
NH, USA), and imaged using BioDoc-It®2 Imaging system, Analytik Jena (Jena, Ger-
many) mounting a GelCam 315 (5.0 MP; 8-48mm, f/1.2 manual zoom lens) wand
equipped with the VisionWorks® Analysis Software.

For SYBRgreen assay: SYBR Green I Nucleic Acid Gel Stain 10,000X concen-
trate in DMSO was purchased from Invitrogen (Thermofisher Scientific, Paisley, UK),
UTP was purchased from Alpha Aesar (Heysham, UK), UDP-glucose and Corning®
96 well microplates (black, flat bottom) from Merck (Poole, UK). The unlabelled ap-
tamer sequences were synthesised by Merck (Poole, UK). The fluorescence spectra
was recorded with CLARIOstar® Plus Microplate reader by BMG Labtech (Aylesbury,
UK)

For CY5-labelling of full-length aptamers: Q5®high-fidelity polymerase and 5x
buffer were purchased from New England Biolabs (NEB, Ipswich, MA, USA), GelRed®was
purchased from Biotium (Fremont, CA, USA), CY5-labelled and dT25-modified primers
were purchased from Integrated DNA Technologies (Coralville, IA USA), Whatman®glass
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microfiber filters (thickness 0.26 mm, pore size 1.6 pm) and dNTP were purchased
from Merck (Poole, UK). The gels were imaged with the Typhoon FLA 9500, from
GE Healthcare (Chicago, IL, USA). Sample concentrations were measured using the
Nanophotometer NP80 from Implen (Munich, Germany)

For Microscale Thermophoresis (MST) assay: Buffers (MST and PBS) were made
in house. CY5-tagged DNA and primers were purchased from Integrated DNA Tech-
nologies (Coralville, IA USA). standard capillaries (MK-022) were purchased from
NanoTemper Technologies GmbH (Munich, Germany). The Monolith station and the
software for data acquisition (MO. COntrol) and data analysis (MO. Affinity Analysis)

were all purchased from NanoTemper Technologies GmbH (Munich, Germany).

2.3.2 Capture SELEX

The Capture-SELEX protocol was adapted from Stoltenburg, Nikolaus, and Strehlitz
[250]. The capture-oligo (CAP-oligo) was a 12 base DNA strand functionalised with a
biotin molecule to anchor it to the beads (Table 2.2). The library, 108 bases long, was
composed of two primer-binding sites, two random regions of 10 (R10) and 40 bases
(R40) separated by a 12 base sequence used to bind the library to the CAP-oligo, hence
to the beads (Figure 2.8, Table 2.2). Capture-SELEX was performed in rounds accord-
ing to the following protocol: after re-suspending the beads, the appropriate amount
(2 ml in the first round), was transferred to 1.5 ml Eppendorf tubes (500 ul max each)
each washed with 1 ml of beads washing buffer (BWB, 5mM Tris-HCl, 0.5 mM EDTA,
1 M NaCl, pH 7.2) (3x) followed by washing with 1 ml PBS (2x). The beads were
resuspended in 2 uyM CAP-oligo in PBS and incubated with gentle shaking at room
temperature (RT) for 20 min to allow biotin- streptavidin complex formation. Then,
the beads were washed with 500 ul PBS (3x), followed by the Capture-SELEX DNA
library and incubated overnight with gentle shaking at RT. The unbound library was
collected, the beads washed with 500 ul PBS (5x). A temperature (28 °C, 20 min, gentle
shaking) and a background incubations steps were performed (RT,45 min, gentle shak-
ing). The beads were washed again with 500 pl PBS (5x), resuspended in 500 pl of 100
pM (first round) of target molecule in PBS and incubated for 1 h with gentle shaking at
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Table 2.2. Sequences of the different DNA components used to perform Capture-
SELEX. N represents any nucleotide randomly allocated. The capture oligo was used to bind
the library to the beads, and it was anchored via the coupling of a biotin-streptavidin bond.
The starting library was a randomised pool of DNA sequences that will be tested for affin-
ity to the target molecule. The reverse primer presents a phosphate modification to allow the
A-exonuclease to digest the 5 phosphorylated strand of dAsDNA produced during the PCR am-
plification and return the library to a single strand DNA library from solution

Name Sequence (5'—3")
Capture Oligo  [Biotin]GTC [Hexaethylene-glycol] GATCGAGCCTCA
Library TAGGGAAGAGAAGGACATATGAT - R10 - TGAGGCTCGATC

- R40 - TTGACTAGTACATGACCACTTGA
Forward Primer TAGGGAAGAGAAGGACATATGAT
Reverse Primer  Phosphate-TCAAGTGGTCATGTACTAGTCAA

R40

R10
FORWARD PRIMER ANCHOR
‘ Biotin

J Streptavidin MAGNETIC BEAD

Figure 2.8. Graphical representation of the structure Capture-SELEX library and its
anchoring to the magnetic beads. The library is composed of a 23 base forward primer,
followed by a random region of 10 bases (R10). Next comes the anchoring sequence of 12 bases;
then another random region of 40 bases (R40). Finally a 23 base reverse primer. The anchoring
of the library on the magnetic beads is achieved by hybridisation of the anchor sequence with
its complementary strand (Cap-Oligo). The latter is functionalised with biotin, which binds to
the streptavidin coated magnetic beads.

RT. The supernatant containing the sub-library eluted by the target was collected and
amplified via polymerase chain reaction (PCR) and the amplification verified via elec-
trophoresis in a 2% w /v agarose gel. Then, the negative strand digestion, performed
by incubation with A-exonuclease in two temperature steps (37 °C for 20 min, 75 °C
for 10 min), was followed by ethanol precipitation and resuspension in PBS of each

successive sub-library, now ready to undergo the next round.

2.3.3 Sequencing of the SELEX library

To sequence the library the strands needes to be isolated first, and then amplified, as

the only way to perform sequencing of a mix pool is through next genearation se-
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quencing (NGS), which is too expensive to justify the sequencing of a single round.
Therefore, to isolate the single sequences, the aptamers were purified from the PCR
product using the PCR clean-up kit, ligated using the TOPO vector kit protocol and
transformed into One shot TOP10 F” E.coli competent cells using the standardise pro-
tocol. Successful insertion of the aptamer was verified with a colony PCR was per-
formed using M13 primers and the product run on a 2% agarose gel. The colonies
were then picked and stroked on an LBA plate and inoculated in 5 ml LB broth and
10 pg ml~! ampicillin and incubated overnight at 37 °C and 180 rpm. The culture was
pelleted (8000 rpm, 3 min) and miniprepped according to the provided protocol. The

samples were prepared and sent for GATC Sanger sequencing.

2.3.4 Bioinformatic tools

Jalview2 was employed for visualisation, sequence alignment and calculation of the
phylogenetic tree [285, 151].

APTANI2 [32] was employed for calculating the 2D folds (through the embed-
ded viennaRNA package [148] and the motif discovery based on the protocol of Apta-
Motif [93].

Matlab scripts were generated to analyse the sequencing results, to calculate

averages and standard deviations for the SYBRGreen assays.

2.3.5 SYBRgreen (SG) Assay

The following protocol was adapted from the work of McKeague et al. [164]. Aptamer
and SYBRgreen dilutions were prepared in sterile water. UTP and UDP-glucose dilu-
tion were prepared in 1x PBS-Mg. The aptamer was diluted down to 10 uM incubated
for 10 min at 95 °C and snap-cooled in ice for 10 min. Then 3.75 pl of the aptamer (10
M) and 3.75 pl of SG (1x) were mixed and then added to the indicated concentration
of UTP or UDP-glucose to make up a volume of 125 pl. The mix was left to incubate for
10 min and then transferred 115 pl a the black polystyrene plate. Each condition was
performed in triplicate. The fluorescence spectra was recorded from 512 nm to 600 nm

(1 nm step) with an excitation wavelength of 490 (£8, laser working window) nm. The
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maximum value (525 nm) used to calculate the aptamer response using Equation 2.3,
with Fj being the fluorescence intensity recorded in absence of target molecule at 525
nm and Fy were the fluorescence intensities recorded in absence and presence of the

target molecule respectively

A= ——— (2.3)

Hybridisation control SG assay

For the hybridisation control the complementary sequences to each primer were used

and they are listed in Table 2.3

Table 2.3. Primer complimentary sequences for hybridisation control

Name Sequence (5'—3")
Complimentary Forward Primer ATCATATGTCCTTCTCTTCCCTA
Reverse Primer TCAAGTGGTCATGTACTAGTCAA

The aptamer sequence and the reverse/complimentary primer were mixed to a
final concentration of 1 uM and 1.25 uM, respectively. The mix was then incubated at
95 °C for 5 min, followed by 10 min at 50 °C and then cooled at room temperature for

20 min. The mix was then employed following the protocol of the SG assay.

2.3.6 CY5-tagging of full-length aptamers

CY5-labelling of the full-length aptamers was achieved via PCR amplification using
the primer in the Table 2.4.

Table 2.4. Table of the primers used for the modification of the full-length aptamer
with CY5 dye.

Name Sequence (5" — 3')
CY5-Forward Primer CY5-TAGGGAAGAGAAGGACATATGAT
Reverse Primer TTTTTTTITTTTTITTTTITTTTITTTT-iSp18-

TCAAGTGGTCATGTACTAGTCAA
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Table 2.5. Incubation steps times and temperature for the Q5 high fidelity polymerase
amplification

Step Temperature Time
Initial Denaturation 98°C 30s
15 Cycles 98°C 10s
58 °C 30s
72°C 30s
Final Extension 72 °C 2 min
Hold 4°C 00

The 50 pl PCR reactions were prepared (10 pl 5x reaction buffer, 1 pl of 10 mM
dNTPs, 1 pl of 10 uM CY5-Forward Primer, 1 ul of 10 pM dT25-Reverse Primer, 0.5 pl
of Q5 High-Fidelity polymerase, 0.5 pl of template DNA and dH,O up to 50 pl). The
parameters used for the amplifications are reported in Table 2.5

The PCR product was then run on an 2% agarose gel at 90 V for 50 min and
post stained with RedSafe and imaged on a UV lamp to verify the correct size of the
product. The remaining sample was then loaded onto a 12% urea PAGE gel and run
at 180 V for 2 h. After post-staining the gel was imaged using the Typhoon FLA 9500
Image Analyser both at the wavelength of 520 nm (250 W) and 635 nm (300 W). Once
located, the band of interest it was cut out using a UV lamp, and the DNA purification
started using a modified version of the crush and soak method [77]. Gel slices were
placed at -80 °C for 30 min, followed by 90 °C for 5 min. The slices were then each
placed into a 1 ml pipette tip with sealed end and filled with a glass microfibre filter
of 2 mm in diameter. Using a 200 pl pipette tip, the slice was finely crushed against
the tip wall. 20 pl of elution buffer (2 mM EDTA, 300 mM sodium acetate, pH 7.8)
were added and the sealed tips incubated overnight at 37 °C with mild shaking. The
bottom of the sealed tip was then cut out and the tips placed into a 0.5 ml eppendorf
and centrifuged at 13 krpm for 10 min. The flowthrough was collected as well as any
liquid left on the pipette and on the microfibre using a pipette, being mindful not to
pick up any crushed gel. The sample was then centrifuged again at 13 krpm for 10

min and the supernatant collected.
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2.3.7 Microscale Thermophoresis
Sample preparation

The sample were prepared in PCR tubes and in a minimum of 20 pl volume per re-
action to minimise the surface adhesion and evaporation of the sample. The stock
solutions were all centrifuged for 5 min at 13 rpm to eliminate any aggregate from the
supernatant. Only the supernatant was used to prepare reactions. The sample were
mixed by pipetting the volume 5-10 times. Dilutions of the aptamers were incubated at
90 °C for 2 min and then placed in ice until used in the assay [60] All the stock solutions
were made in deionised water. Dilutions were done in PBS-Mg with 0.0 % TWEEN 20
for UDP-glucose and in MST buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM
MgCly, 0.05% TWEEN 20) for UTP. In all final reactions, the buffer concentration was

kept constant.

Calibration

Calibration of the amount of necessary aptamer (CY5) to produce a viable signal were
performed by preparing an aptamer dilution series staring from 200 nM to 1.56 nM.
The capillary scan was performed at 21 °C, with the LED power set to 50% and the
infra-red (IR) set to medium. For the MST on-time measurements the standard settings
were employed (IR off: 1 s, MST on-time: 20 s, MST off: 3 s). The capillary scan
illustrates the fluorescence profile over the capillary diameter. Optimal conditions are
achieved when the capillary shape presents a single peak with no widening and with
a fluorescence count comprised between 200 and 2000. In the experiment described

the count was kept between 300 and 600.

Binding Checks

Binding checks experiments were prepared in 16 PCR tubes: 1-4 for the buffer autoflu-
orescence check; 5-8 is the 0 M check which contains the aptamer in its final optimised
concentration and buffer; 9-12 is the complex sample contains both the aptamer and
the target molecule at the specified concentration; and 13-16 is the target autofluores-

cence check, containing target molecule at the specified concentration and buffer. In all
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tests, a capillary scan was performed to exclude target induced fluorescence changes.
The target and buffer autofluorescence was performed only the first time a new caom-
bination was tested. The LED power was optimised for each test using the “auto”
settings in the software, which automatically determined the optimal condition. IR
power was set to medium, the temperature set to 21 °C and MST on-time parameters
to standard. The response amplitude was calculated by taking the averaging the value
of the normalised MST trace (Fnorm) between the chosen time point and the second
before, e.g. MST on-time 5s: 4 s - 5 s. Table 2.6 reports the minimum value of the

response amplitude to conclude binding.

Table 2.6. MST on-time minimum response ampliture for IR power set to medium

MST on-time (s) Response Amplitude

1.5 > 1.5
2.5 > 25
5 > 35
10 >5
>10 >7

The signal-to-noise ratio (S/N) was calculated according to the following for-

mula
S/N = Response Amplitude (2.4)
Yi(ri—7)
n—1
The software concludes significant binding when S/N > 5.
Binding Affinity

Binding affinity measurements were prepared on 16 PCR tubes. A target molecule
dilution series was prepared starting from 1 mM to 30.5 nM for a volume of 10 ul per
reaction. The 10 pl of aptamer stock were added (final concentration: 2.5 nM or 5 nM).
The LED power was set at 50% (5 nM aptamer) or to auto (100%, 2.5 nM aptamer) The
IR power was set to medium, the temperature set to 21 °C and the standard settings

were kept for the MST on-time measurement.
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Chapter 3

Optimisation of an aptamer-based
electrochemical biosensor platform for
real-time continuous detection of small

molecules

3.1 Introduction

This chapter describes the processes undertaken to establish, optimise and charac-
terise an electrochemical aptamer-based platform for the continuous monitoring of
the release of small molecules. Aptamers, small in size, robust, with high sensitivity
and a convenient in vitro selection process, provide an universal solution for detection
of small molecules, where antibodies may lack selectivity and enzymes do not exist.
Building on these results, my project aims to establish a protocol for the produc-
tion of aptamer-based electrochemical biosensors as a novel tool for detecting purine
release in the brain. The devices are composed of self-assembled monolayer of methylene-
blue-decorated aptamer and backfilling molecule on a gold surface. The device ex-
ploits the conformational change in the aptamer structure to generate a displacement
of the methylene blue molecule. The movement alters the contact probability with

the gold surface, which results in a signal variation. The signal plotted over time
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should presents a step-like increase where the target is added. The backfilling with
6-mercapto-1-hexanol (MCH) acts as a compact layer passivating the sensor surface.
The design allows for continuous real-time monitoring of molecule release.

The process started with the adenosine and adenosine triphosphate (ATP) ap-
tamer with two binding sites published by Huizenga and Szostak [95], and proceeded
with the characterisation of the modified sequences published by Zhang, Oni, and
Liu [307] and Zhang and Liu [306]. These presented a chance for higher sensitivity as
both contain one binding site, and the latter has been destabilised to induce structure-
switching properties [289]. The sensor should ideally present a limit of detection in
the high picomolar/low micromolar range for adenosine but not for its downstream
purines and a time resolution possibly millisecond-second range.

With the intent to improve the sensor performance, different SAM fabrication
protocols, characterisations, measuring techniques and device geometry were assessed.
Finally the selectivity of the biorecognition element was assessed by testing the re-
sponse to downstream purines and ATP.

I set out with the hypothesis that methylene blue conjugates of an aptamer could
be developed into a sensitive electrochemical biosensor for purines. Extensive devel-

opment and testing of the hypothesis is described.
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3.2 Results

3.2.1 Sensor fabrication

The first experiments aimed to verify whether the protocol produced aptamer sensors
successfully. To do so, I recorded a cyclic voltammogram (CV) in ferricyanide solu-
tion after each incubation step. For an ideal gold surface, the distance separating the
oxidation and the reduction peaks (AEy) in the cyclic voltammogram is c.a. 59 mV
as described by the Nernst Equation [57]. After the incubation steps, the molecule
density on the surface of the electrode increases. The newly formed molecular layer
hinders the electron transfer from the ferricyanide in the solution to the electron sur-
face and vice-versa, thus requiring more extreme voltages to achieve both oxidation
and reduction. Consequently, the AE;, increases. The cyclic voltammograms recorded
after each incubation step confirmed the expected results, with a AE;, of 68 mV for the
bare surface (after polishing), which increased to 160 mV following the 1.5 hour incu-
bation with 500 nM aptamer solution, and to 243 mV after 18 h incubation with 5 mM
MCH. This shows that the fabrication protocol was effective (Figure 3.1.a). However,
these observations are not sufficient to characterise the surface functionalisation, as it
does not provide confirmation for the surface entrapment of DNA aptamers.

To verify the presence of aptamers on the surface, I recorded a CV in PBS to
identify the redox peaks characteristic of methylene blue (Figure 3.1.c). The resulting
CV was compared to the one obtained by scanning the same potential range with a
gold surface functionalised with only with MCH], i.e. lacking the aptamer, as working
electrode and using 10 uM methylene blue in PBS as electrolyte (Figure 3.b). The redox
peaks for the free methylene blue appear at slightly less negative voltages compared
to the ones of the DNA-methylene blue complex anchored on the sensor.

This difference in behaviour could originate in the surface localisation of the
redox moieties [74] or from the conjugation of the dye to the oligonucleotide. The
AE,, of the two cyclic voltammograms was also different, with 29 mV for the free
methylene blue and 16 mV for the DNA-methylene blue complex. For the free MB, the
value matches expected AE,, derived from the nerst equation for a 2 electron transfer.

For reversible species adsorbed on the surface, the peak-to-peak separation should be
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zero [57]. However, the methylene blue was adsorbed onto the surface via a DNA
and carbon chains, thus the AE, value larger than zero would suggests that the MB
anchored to the surface via the oligonucleotide experiences a restive component to the
electron transfer.

Therefore, it can be concluded that the fabrication successfully produced a MCH

and MB-aptamer mixed layer on the gold surface.

3.2.2 Self-assembling monolayer (SAM) protocol optimisation

Having demonstrated successful fabrication of the sensor, I next sought to optimise
each step. I started by comparing the two main protocols employed to form self-
assembling monolayers (SAM) found in literature: the backfilling and the insertion
protocols. According to the backfilling protocol, adapted from Arroyo-Curras et al. [6],
fabrication starts with the incubation of the sensor surface with the oligonucleotides
for 1.5 h, followed by incubation with the passivisation layer, 6-mercapto-1-hexanol
(MCH), overnight. Instead, in the insertion protocol adapted from Jia et al. [99] the or-
der is inverted with the sensor undergoing first overnight incubation with MCH and
then 1.5 h incubation with the aptamers.

Each protocol has its own advantages. The backfilling protocol generates higher
aptamer density on the surface, given that they have access to the full surface. How-
ever, given the diffusional nature of the thiol bond [23, 253, 254, 242, 231], the surface-
bound oligonucleotides can migrate and aggregate, driven by hydrophobic interac-
tion. The clustering generates both steric hindrance and repulsive coulombic interac-
tions which can reduce the sensor capability to detect the target molecule [286]. Addi-
tionally, the DNA-strands, based on their orientation with respect to the surface, can
prevent access to the gold binding site which can result into an incomplete passivation
by the MCH and leaves the surface free for oxygen reduction and fouling by molecules
[101, 298]. On the other hand, the insertion protocol produces a uniform and complete
passivation layer, as the MCH is incubated first with the freshly activated gold sur-
face, with homogeneously distributed probes [298]. The drawback of this method is
that the only sites left for the DNA to bind are the unstable binding sites, either crystal
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defects or boundary sites between different crystal structures. This results both in low
signal and low stability of the bonds [101].

Once fabricated three sensors with each protocol, a CV in PBS was recorded to
characterise signal generated by each sensor. The comparison of the resulting voltam-
mograms demonstrates that the backfilling protocol produced a higher signal, thus
aptamer density, with respect to the insertion protocol(Figure 3.2), in agreement with
the previously published work. Given that the higher signal, means higher signal-to-
noise raitio, fundamental in achieving detection at lower concentration, the backfilling

protocol was employed from this point onward to fabricate the sensors.

Next, denaturing and snap cooling of the aptamer was tested as an initial step with
the aim to improve aptamer immobilisation on the sensor surface. The aptamer aliquot
was thawed at room temperature, incubated at 95 °C for 8 min and snap cooled in ice
for 10 min. Heat denaturation destroys the secondary structure and converts the ap-
tamer to a linear form. Rapid (snap) cooling prevents refolding and H-bond formation
once the temperature is again below the melting temperature. To ensure aptamers stay
in linear form, the next incubation step with TCEP was also performed at 4 °C.

Once fabricated the sensors following each protocol (3x backfilling and 3x melt-
ing+backfilling) a CV was recorded in PBS to characterise the sensor functionalisa-
tion. The sensor produced with the melting+backfilling protocol (black) resulted in
a methylene peak that is 1.7-fold larger with respect to the backfilling protocol only
(orange, Figure 3.3), further improving the sensor signal. Looking at the aptamer den-
sities, the melting+backfilling protocol proved to best the backfilling only protocol

2 compared to 1.5 fmol cm 2, with an increase

with an aptamer density of 2.2 fmolcm™
of factor 1.44x. As a result, all subsequent fabrications followed the melting and back-
filling protocol. However, this result is not absolute, as the optimal concentration may
vary depending on multiple parameters such as: aptamer length, the target molecule

size and the detection technique.

66



40 -
15
20
— _ 10 4
S -20- 5 5
5 5
© 40 © o
-60 - Backfilling 5]
Insertion Backfilling
-804 Insertion
104
-04 -03 -02 -01 0.0 0.1 -0.3 -02 -0.1 0.0 0.1
Potential (vs Ag/AgCl) (V) Potential (vs Ag/AgCl) (V)

Figure 3.2. Cyclic voltammogram of two sensors fabricated using the backfilling
(black) and insertion (orange) protocol (a) and detail of the methylene blue (MB) peaks
with background current subtracted.
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Figure 3.3. Cyclic voltammogram of two sensors fabricated with backfilling protocol (black)
and backfilling+melting of the aptamer (orange) (panel a) and detail of the peak with back-
ground current subtracted (panel b). The higher peak (1.7 fold increase) indicates a higher
aptamer density on the surface.
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Figure 3.4. Response to 10 mM adenosine recorded from recorded from the a sensor
produced with melting+backfilling protocol. a) CVs recorded in presence and absence of
the target molecule at different time points (legend) and detail of the peak (b)

3.2.3 Square Wave Voltammetry

With each optimisation step, I made an attempt to record the sensor response to the
presence of adenosine at different time points with CV. Despite the 10 milliM concen-
tration of adenosine, well above the aptamer Kp and the long incubation time tested
(up to 30 minute), none of the recording presented a response. I hypothesised that
since the 2BS aptamer was already in a stem-loop conformation in absence of the tar-
get molecule [307], the conformational change caused by the binding was not sufficient

to generate a measurable signal.

Since cyclic voltammetry showed insufficient sensitivity to detect signal variation in
the presence and absence of the target, a different technique was employed. Square
wave voltammetry (SWV) is an electrochemical technique in which the potential ap-
plied is the superimposition of a staircase with a square wave potential. The current
is sampled in the second half of the potential step (positive and negative) resulting
in a forward and the reverse current and the difference between the two is used as
the final curve. By applying a staircase potential with small increments and a high
enough frequency, the non-faradaic contribution to the current (charge and discharge
of the double layer) is eliminated which results in a lower background current. Fur-

thermore, by evaluating the difference between the forward and the reverse process,
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Figure 3.5. Evaluation of the optimal frequency for square wave voltammetry (SWV).
The image overlays the difference between the curves recorded in PBS spiked with 1 mM for
each frequency in presence and absence of 1 mM adenosine. The insert shows the plot of all
curves.

also any drift contribution is cancelled, as both reactions would be equally affected
by it [122]. Therefore, SWV was employed to characterise the sensor response to the
presence of adenosine.

I started by investigating the optimal frequency by testing the range spanning
from 10 Hz to 100 Hz. A SWV peak was recorded for each frequency at 0 mM and
1 mM adenosine in PBS spiked with 1 mM MgCl, (PBS-Mg), keeping the rest of the
parameters constant. The two recordings were subtracted from each other and the
result plotted in Figure 3.5. 60 Hz was selected, as it presented the highest signal-to-
noise ratio.

Once established the optimal frequency, the sensor response was recorded in
PBS-Mg, 10 mM adenosine and PBS again, to monitor the target release. The mea-
surements were performed in the indicated solution, in absence of flow, and the value
obtained from 5 successive recordings plotted. Figure 3.6.a illustrates the averaged
raw traces recorded in presence and absence of the target molecule, whilst Figure 3.6.b
shows the analysed response. The plot show that the sensor responded to the pres-
ence of the target molecule with an average increase in peak current of 58.4 + 4.0 nA

(X £ ea, n=5). The response remained stable after 5 min and recovered to the baseline
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after washing out. Having successfully recorded a signal variation, I proceeded with
studying the concentration-response curve of the sensor over a range of concentra-
tions spanning from 100 nM to 10 mM. As demonstrated by Figure 3.6.c, the sensors
exhibited reproducible performance as all the devices presented a response above the
concentration of 100 uM. However, the observed limit of detection was an order of
magnitude greater than the aptamer Kp which was reported to be 14 uM [95]. This
result suggested that the design of the sensor needed further improvement.

In the attempt to improve the sensor response a longer backfilling molecule,
11-mercapto-1-undecanol (MCHy;), replaced MCH in the protocol to reduce the back-
ground noise. Six electrodes are fabricated with only the backfilling layer (18 h in 5
mM MCH (3x) or MCHj; (3x) at 4 °C). The CV scan in PBS solution presented no sig-
nificant difference in the background measured between the surfaces fabricated with
MCH and MCHj; and the methylene blue peak is smaller (Figure 3.7). Given that
the aptamer was functionalised with a six-carbon chain on the 5 end, it can be hy-
pothesised that the presence of a compact mat of an eleven-carbons chain reduced the
electron transfer rate or hindered the aptamer folding into its secondary structure, thus
resulting in a lower signal. Additionally, the shorter aptamer disrupting the mat could
promote aptamer clustering and reduce their binding capability due to Coulombic in-
teractions. Schoukroun-Barnes et al. [223] published similar results when looking at
the optimal protocol for the fabrication of their electrochemical biosensor. However,
in their study they used spacer with matched length for both the passivation mat and
the aptamer spacer and still found that the MB signal was reduced compared to the
signal of the 6-carbon spacer.

Next, the three adenosine and ATP aptamer strands Table 2.1 are compared by
fabricating three sensors on the 1.6 mm Au disk and their response to adenosine was
measured over time for concentrations spanning from 100 nM - 10 mM. The purpose
of this experiment was to evaluate whether the single binding site aptamers could pro-
vide a higher sensitivity to the sensor, especially for the 1BSS aptamer as in the work
by White, Rowe, and Plaxco [289] truncating the aptamer stem of the 2BS aptamer
resulted in a significant improvement of the signal recorded. Figure 3.8 reveals that

both 1BSS and 2BS aptamers present a higher response to target binding, 3.92 £ 0.38
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Figure 3.6. Sensor response char-
acterisation with square wave
voltammetry (SWV). a) Raw trace
of the SWV voltammetry measure-
ments and the sensor response to
10 mM adenosine. The SWV ac-
quired in PBS (before and after)
are in black, and the graph demon-
strates that the sensor does recover
its baseline once in buffer, whilst
the response to 10 mM Adenosine
at both 0 min and 5 min time
points are represented in magenta.
b) Response of one sensor fabri-
cated using the melting and back-
filling protocol to 10 mM adeno-
sine. Five consecutive SWV mea-
surements are performed for each
solution. The sensor presents no
delay in responding to the target
molecule with an average increase of
1.86 pAcm™2 in its peak current.
c) Measurements from three sensors
fabricated with melting and back-
filling protocol are displayed com-
paring their responses to a range of
adenosine concentrations (100 nM
to 10 mM) in PBS-Mg. The re-
sponse is calculated as the difference
between current density for the re-
sponse and baseline. Data: mean +
ey, n=3.
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Figure 3.7. Cyclic voltammogram of two sensors fabricated using different length
backfilling molecules: 6-mercapto-1-hexanol (MCH, black) and 11-mercapto-1-undecanol
(MCH11, orange) (panel a) and detail of the two peaks with background current subtracted
(panel b).

pm cm 2 respectively for 10 mM adenosine in PBS, compared to the 1BS aptamer 1.06
+ 0.35 pmcem 2 (% £ e, n=3). Furthermore, the 1BSS and 2BS aptamers responded
to lower concentrations down to 100 pM, whilst the 1BS exhibited no signal increase
except for the highest concentrations (millimolar range). This result is in contrast with
the reported Kp for the three aptamers as they all were in the range of 14-16 pM. 1
hypothesised that the much lower response presented by the 1BS aptamer was due to
the 7 bp-long double-stranded DNA stem at the base, which reduces significantly the
variation in the position of the redox probe upon binding. This hypothesis is also sup-
ported by the response measured for the 1BSS aptamer, where the long stem has been
reduced by 4 bp, and the signal strength was recovered and was comparable to the one
of the original aptamer. Since neither of the modified strands significantly improved

the sensor response, later experiments were carried out with the 2BS aptamer.

Table 3.1. Au sensor surfaces employed in the project with respective geometries and
surface areas.

Device Diameter Geometry Surface area
2mm Audisk  02cm  Disk 0.0314 cm?
1.6mm Audisk 0.16cm  Disk 0.0201 cm?

50 pm Auwire  0.005cm  Wire, 2 mm long  0.0031 cm?
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Figure 3.8. Evaluation of the biosensor response produced on the 1.6 mm Au disk
with the three adenosine and ATP aptamers: the one binding site with shorter stem from
Zhang and Liu [306] (1BSS, black), the two-binding site from Huizenga and Szostak [95]
(2BS, blue) and the one-binding site with full-length stem from Zhang, Oni, and Liu [307]
(1BS, magenta). The response is evaluated in a concentration range spanning from 100 nM to
10 mM. The response is calculated as the difference between response and baseline, averaged
by the surface area (cm?). The data reveal that the 1BS aptamer is the worst performing with
a response of 1., aft06+0.35 pA cm =2 at the maximum concentration tested, whilst the 2BS
and 1BSS performed above 3.9042.20 pA cm =2 and 3.92+0.38 pA cm~2 respectively. Data:
mean =+ e;, n=3.
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Figure 3.9. Analysis of the relationship between surface dimensions and signal to
noise ratio. a) The three sensors are fabricated with the melting+backfilling protocol using
the 2BS aptamer on 2 mm Au disk (black), 1.6 mm Au disk (blue) and 50 pm diameter, 2 mm
long Au wire (magenta). The response to buffer containing 10 mM adenosine is measured via
repeated SWV measurements. The signal measured over-time is normalised by the surface area
of each sensor. As displayed, the 50 nm Au wire improved the signal registered by roughly
three-fold with respect to the 2 mm Au Disk. b) Cyclic voltammogram of the fabricated 2 mm
Au disk and 50 pm (2 mm) Au wire sensors. The cyclic voltammogram demonstrates that the
wire design presents higher signal to noise ratio (S/N) with respect to the disk design.

Finally, different sensor design were tested to improve the sensor response. Two
sizes of disk sensors, 2 mm and 1.6 mm Au disk; and a wire sensor, 50 pm diam-
eter and 2 mm long Au wire (dimensions in Table 3.1); were employed to fabricate
the biosensors following the melting and backfilling protocol and their response to 10
mM adenosine recorded via repeated SWV measurements. Figure 3.9 illustrates the
response registered for the 2 mm Au disk (black), 1.6 mm Au disk (blue) and the 50
pm Au wire (magenta) to 10 mM adenosine in PBS-Mg. The average responses are 2.51
+ 0.32 pAcm~2,1.92 £ 0.26 pA cm 2 and 7.67 + 0.43 pA cm ™2 for the 2 mm, 1.6 mm
and 50 pm probe respectively (¥ &= e,, n=3). The probe design displays a three-fold
increase in the current-per-square-centimetres with respect to the disk counterparts,
thus suggesting that the new wire geometry effectively improved the signal-to-noise
ratio.

Figure 3.9.b illustrates two exemplary CV recordings done on a disk sensor

(black) and on a wire sensor (magenta). By extracting the moles of electrons exchanged
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between the surface and the solution and averaging them by the geometrical surface
area of the sensor, the wire sensor proved to exchange four-times the moles of the
electrons exchanged by the disk sensor (16 + 8 nmolecm ™2 vs 3.8 4- 0.4 nmolecm 2,
for the wire and the disk sensor respectively. Data: ¥ + e,, n=3). This result could
justify the higher signal-to-noise ratio recorded. However, the geometrical area is an
underestimation of the two areas since both the disk sensor underwent an etching
preparation step, physical for the disk and chemical for the wire), so the evaluation is
not exact. Additionally, another factors could have contributed to the improvement in
sensor performance is the geometry itself. In the wire sensor, a higher surface pack-
ing density can be reached before incurring into steric hindrance and crowding effects
amongst the oligonucleotide strands [210], thus resulting in a higher signal. Finally a

difference in the flow in the electrochemical cell could have contributed to the differ-

ence in sensor performance.

To verify the impact of the new design on the sensor response and the dynamic
range I fabricated three probe sensors using the melting+backfilling protocol and the
2BS aptamer. Each sensor was interrogated with square wave voltammetry using
the same range of adenosine concentrations (100 nM - 10 mM) and its response was
recorded as the difference between the current peak with and without target. The
responses of the three sensors are plotted in Figure 3.10.

The data illustrated shows overall a significantly higher response to the pres-
ence of the target molecule with a significant response that start now at 10 uM, one
order of magnitude smaller than what reported for the disk sensor. Additionally, by
paying closer attention to the single concentration, it emerges that the highest concen-
tration shows a response almost 5-times the one of the disk sensor (2 pA cm~2) and
that the same variation in peak current was registered by the probe design for 100 uM
adenosine, an improvement of 3 order of magnitude in sensitivity.

After having established the fabrication protocol, improved the aptamer con-
centration on the surface, tested different techniques and changed the design from
micro to mini-electrode, the sensor detection range matched the physiologically in-

teresting one. Therefore, I decided to move on from the optimisation process and
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Figure 3.10. Evaluation of the probe sensor response to test the dynamic range of the
sensor response. Measurements from three sensors fabricated with melting and backfilling
protocol are displayed comparing their responses to a range of adenosine concentrations (100
nM to 10 mM) in PBS-Mg. The response is calculated as the difference between current
densities of the response and baseline. The sensors present response to the presence of adenosine

from 10 uM on, one order of magnitude lower than the LOD for the disk sensor (Figure 3.6.c).
Data: mean + e;, n=3.

continue by evaluating the selectivity of the platform so far described.
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3.2.4 Evaluation of sensor response to downstream purines

To verify whether the platform was sufficiently selective, I proceeded with character-
ising the response of the sensor to downstream purines. In the brain, adenosine is
present in the high nanomolar range (10 to 100 nM), as the product of the breakdown
of adenosine triphosphate (ATP) and its di- and mono-phosphate form. Adenosine
can also be produced further broken down in its downstream purines: inosine and hy-
poxanthine [189]. Consequently, both inosine and hypoxanthine will be present when
recording from biological samples and it is important that the sensor shows no or a low
enough sensitivity for the relevant concentrations. Multiple studies employing differ-
ent protocols and measuring techniques were performed to evaluate the amounts of
adenosine, inosine and hypoxanthine released upon an hypoxic event [13, 81, 43] have
reported that in rat brain slices undergoing ischemia and hyp[oxia of variuous dura-
tion, the extracellular concentration of adenosine, inosine and hypoxanthine were in
the ranges of 3-30 pM, 1-10 pM and 1-5 pM respectively. For the sensor to be consid-
ered selective for adenosine, it should not be responsive to 100 pM of either inosine

and hypoxanthine.

Therefore, the 2BS aptamer was evaluated against ATP, Hypoxanthine and Inosine,
using recordings over the 10 uM - 10 mM concentration range. I made many attempts
to measure a response to ATP in disodium salt, but none of the recordings showed any
response from the sensor, even at the highest concentrations tested (10 mM). Since in
biological systems, ATP exists as a chelated complex with Mg?", I examined whether
ATP as a magnesium salt could be detected, and both aptamers responded. Figure 3.11
illustrates the response to 1 mM ATP disodium (black) and magnesium (magenta) for
the 2BS aptamer.

To test whether the difference in response recorded by the aptamer was due
to the sensing platform or the aptamer itself, the SYBRGreen (SG) assay [164] was
performed using the same concentration ranges used for the electrochemical platform
(100 nM - 10 mM). Figure 3.12 displays the fluorescence spectra of SG intercalated with
the 2BS aptamer. The spectra intensity shows a decreasing signal in response to higher

concentrations of ATP magnesium (panel a) and disodium (panel b). By comparing the

77



e Magnesium ATP
e Disodium ATP

15 1 mM ATP
t
(\310—
<
2
c
(O]
E 54
=]
@)
4
@
(0]
o o o
0_
0 5

Time (min)

Figure 3.11. Response to disodium and magnesium adenosine-triphosphate (ATP). The
graph shows the average response of sensors fabricates using the two binding site aptamer [95]
to 1 mM magnesium ATP (black) and disodium ATP (magenta). The illustration proves that
the aptamer on the platform is not sensitive to disodium ATP even at high concentrations,
where a significant response is expected. Data: mean =+ e,, n=3.

two responses normalised against the 0 mM concentration (PBS) (Figure 3.12, c) it was
possible to conclude that the aptamer showed an increasing response to both forms of
ATP from 10 pM onward. An additional test was made using the Thioflavin-T assay
published by Renaud de la Faverie et al. [209]. The results confirmed the one obtained
with the SG assay (data not shown). Therefore, it was deduced that the reason behind
the lack of response from the sensor is an issue inherent to the platform itself.
Therefore, I proceeded to characterise the dose response of the sensor to ATP-
Mg and adenosine. Figure 3.13.a demonstrates that the sensor is more responsive
to ATP (orange) than to adenosine (black), with a signal on average 4.7-times larger.
However, the standard deviation for the response for ATP are significantly larger rel-
ative to the response e.g., 19.5% for adenosine and 26.3% for the 10 mM concentra-
tion, the smallest of the error bars for ATP. Figure 3.13.b displays the dose response of
adenosine (black) against its metabolites: inosine (blue) and hypoxanthine (magenta).
The traces prove an overall higher affinity of the aptamer towards adenosine, when

compared to the downstream purines.
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Remarkably, the sensor does not to appear to present any response to the down-
stream purines below the millimolar range: 0.5 mM and 1 mM for hypoxanthine and
inosine respectively. This lack of response matches the requirement for the sensor se-

lectivity for performing extracellular recordings.
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Figure 3.13. Characterisation of the sensor response to ATP, adenosine, inosine and
hypoxanthine. The sensors are fabricated with melting+backfilling protocol with the 2BS
aptamer on a probe device. The sensor is interrogated over a concentration range spanning
from 10 pM to 10 10 mM of ATP (orange, panel a), adenosine (black, panel a and b) and
inosine (blue, panel b). For hypoxanthine (magenta, panel b) the range spans from 50 pM to
1 mM due to the low solubility of the molecule. The response is calculated as the difference
between peak current density in presence and absence of targets. The average of three sensors is
plotted for each condition. The graph illustrates the averaged response over the concentration
range. Three sensors are used to test each condition. Data: mean + e;, n=3.

80



3.3 Discussion

The aim of the first part of this chapter was to establish the optimal protocol for the fab-
rication of an aptamer-based biosensors for the continuous detection of adenosine and
ATP in real-time. The initial step consisted in producing the biorecognition layer via
self-assembling monolayer protocol (SAM) and its characterisation via cyclic voltam-
metry in ferricyanide and in phosphate buffer saline (PBS) with methylene blue. The
results demonstrated that the gold surface was successfully coated with both the back-
tilling mat of thiolated carbon chains and the presence of methylene blue-labelled ap-
tamers.

The SAM fabrication was then optimised by testing two protocols: the inser-
tion and the backfilling protocol. The results confirmed what found in literature, with
the sensor produced following the backfilling protocol showing a significantly lager
signal with respect to the insertion one. Given that the sensor was still not show-
ing any significant difference in signal generated in presence and absence of target
molecule, I chose the backfilling protocol to continue the optimisation. The higher MB
signal provided the best chance for achieving a response, backed by the many previous
publications reporting successful sensor fabrication with controlled surface densities
using this protocol e.g. Zhang et al. [302], Arroyo-Curras et al. [7], Yan, Wang, and
Chen [296], and Steel, Herne, and Tarlov [249]. However, the comparison between
backfilling and insertion will need to be repeated, possibly with optimised aptamer
concentration and MCH incubation for the insertion protocol, once the measurements
are performed with in a complex environment.

The aptamer surface density was increased by melting and snap cooling the
aptamers, which destroyed the secondary structure and reduced the aptamers to lin-
ear form. The sensors fabricated using this method presented a 1.5 fold increment in
aptamer density on the surface with respect to the previous protocol. The aptamer sur-
face density of the melting protocol better mimics the optimal concentrations found in
literature. Cheng, Ge, and Yu [36] and Simon, Bognar, and Gyurcsanyi [240] found that
the optimal aptamer concentration is of approximately 2.7 fMcm~2 for respectively

their electrochemical biosensor and SPR assay to detect IgE. However, despite hav-
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ing employed the same protocol the probe densities obtained dis not match the ones
published in previous works employing the same protocol, which display protocol
densities of 2-20 pM for detection of thrombin and cocaine [294, 257], target molecules
of comparable size scale to ATP and adenosine.

Before undergoing another optimisation of the protocol, I characterised the re-
sponse to adenosine in a concentration range spanning from 100 nM to 10 mM to verify
the quality achieved so far by the sensor and its optimisation process. In previous at-
tempts at recording a response cyclic voltammetry and amperometric current-vs-time
curves were employed, but neither showed sufficient sensitivity to record the signal
variation. Consequently, the sensor was interrogated using square wave voltamme-
try, a technique that, by sampling the current values at voltage pulses, removes the
double layer contribution to the current. This results in a lower background current.
Furthermore, since the oxidation and reduction current are subtracted to each other,
the overall signal is higher and the drift contribution is automatically eliminated, as it
affects both currents equally. The sensor dose response presented a linear behaviour
starting from 100 pM. This result matches what previously achieved by White, Rowe,
and Plaxco [289]. However, since the Kp of the aptamers reported by Huizenga and
Szostak [95] and Zhang, Oni, and Liu [307] is of 14 1M, the result indicated that plat-
form needed further improving. The lowest detected quantity being almost one order
of magnitude larger than the published Kp indicated that the optimisation needed by
the platform was more structural than tuning in nature. Finally, for the platform to be
used for its intended application, to detect extracellular adenosine from brain tissue,
the sensors needed to work in the physiologically relevant concentration range, which
is in the low micromolar range [125].

To further improve the sensor performance, the relationship between sensor
geometry and response was investigated by testing two disk and one wire sensor.
The wire sensor presented the highest signal-to-noise ratio. A possible explanation
is that the difference in design and exploiting the different mass transport properties
of planar and cylindrical sensors could have improved the sensor response [222]. The
advantages of wire geometry versus disk geometry were previously reported by Wang

et al. [279] by comparing the two geometries at the nanoscale. If this hypothesis was to
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be true, then adenosine diffusion would be the rate determining step in the response.
Additionally, the wire design could have reduced the steric hindrance among
the oligonucleotides, with respect to the disk sensor, thus generating a higher signal

for the same surface density.

The adenosine and ATP aptamer by Huizenga and Szostak [95] is quite an old and
popular one amongst researchers. Many platforms with radically different designs
have been created using this aptamer, thus providing a very rich library for a compar-
ison of the different sensor characteristics.

The limit of detection (LOD) of the electrochemical sensor here described is al-
most always outperformed by other platforms employing the same aptamers. Amongst
electrochemical biosensors, many of the works previously published display LOD in
the picomolar and micro-molar range (Table 3.2). However, the two thirds of these
designs can not achieve real time detection as the sensor requires incubation with the
target molecules for a minimum time of 30 min, 1 h or 1.5 h. Amongst the devices that
can detect in real time with a few minutes time resolution [143, 105, 302, 289, 217], only
the designs published by Sanghavi et al. [217], White, Rowe, and Plaxco [289], and Liu
et al. [143] are able to continuously monitor the target concentration in the sample,

without the need of regeneration or additional incubation steps.
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All the others designs involve the use of a label or a complimentary DNA strand,
a design choice that efficiently and neatly improves the sensor working range and can
bring the LOD down to the pico- or nano-molar range, despite the poor aptamer affin-
ity, but that prevents it from acquiring data with a significant time resolution. This
sensor was developed to record dynamics data from brain tissue and the time resolu-
tion required is in the seconds to minute range.

Examining in further detail the two platforms that posses the same detection
characteristics as the sensor presented in this chapter, it emerges that the work pub-
lished by Liu et al. [143] very closely resembles the design employed by my platform,
as the both rely on structure switching decorated aptamers immobilised on gold sur-
faces. The main difference between the two works is that the sensor surface for Liu
et al. [143] is an in-house fabricated 25 pm Au disk with electrodeposited dendritic
nanostructures, whilst the one described in this work is a 50 pm 2 mm long wire.

Some further improvement could be achieved by engineering the aptamer to
produce a higher structure switching variation, like the one reported in [289] where the
double stranded part of the adenosine aptamer [95] was truncated to destabilise the
secondary structure and induce its folding only in the presence of the target molecule.

Additionally, Liu et al. [143] incubated its sensor with 30 mgml~! for 2 h to pas-
sivate the sensor surface and layer defect from oxygen interferences. The additional
antifouling layer allowed the sensor to record its response in 100 % Bovine Serum, as
opposed to just PBS-Mg in this work. This passivation technique could be employed to
improve the sensor stability against fouling of the response in a biologically complex
sample.

On the other side, the work published by Sanghavi et al. [217] employed a more
complex design, in which the target recognition and the signal transduction are pro-
duced by separate reactions. The sensor consists of gold nanoparticles (AuNP) deco-
rated with ATP aptamers-FAD complex. In the presence of ATP, the aptamer releases
FAD which is reduced at the graphene coated carbon-paste electrode thus producing
a signal. This method presents some clear benefits e.g. tunable linear range, an en-
hance sensitivity given by the graphene-decorated electrode, single step reaction and

continuous monitoring. However, since not all the sensor components are confined on
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a surface, it can not be employed in systems with a constant flow as the AuNP would
disappear. Additionally the time resolution of the measurement is above 30 s, whilst

the sensor in this work can be repeatedly interrogated every 8 s.

Finally, the sensor selectivity was evaluated against the downstream purines: ino-
sine and hypoxanthine. The response was measured over the 10 uM - 10 mM range
and the sensor did not show any response for either of the adenosine metabolites in the
physiologically relevant concentration range (low micromolar). This result is impor-
tant for the final application, guaranteeing that the signal generated can be attributed
to adenosine only, despite the presence of the other metabolites in the extracellular en-
vironment. The selectivity against other nucleotides was not tested as multiple pub-
lications have already shown that the aptamer response to ATP is significantly higher
than to any other nucleotide based on measurements using electrochemical, fluores-
cence, luminescence platforms [209, 256, 217, 149, 170, 145, 94, 106, 260, 306].

Regarding the affinity to ATP, the electrochemical sensor has shown to be re-
sponsive to ATP magnesium salt but not to ATP disodium salt. A possible explana-
tion is that the ATP aptamer published by Huizenga and Szostak [95] is selective to
the Mg-ATP complex but not to ATP itself, as the selection was performed in buffer
containing 3mM MgCl?*. The same stands for the sequences published by Zhang, Oni,
and Liu [307] and Zhang and Liu [306] , as they are derived from the previous ATP
aptamer. Still, there is no explanation for the lack of detection of ATP disodium salt as
the Mg-ATP complex could still have formed, as the PBS buffer had been spiked with
1 mM Mg2+ to better mimic the cerebrospinal fluid (CSF). To further investigate the
issue, the aptamer affinity to both ATP salts was assessed independently of the elec-
trochemical platform using the SYBRGreen assay published by McKeague et al. [164].
The results of this test demonstrated the aptamer to be responsive to both ATP salts.
The result was confirmed with another fluorescence assay employing a G-quadruplex
intercalating dye: thioflavin T [209]. The results lead to the conclusion that the lack of

response must be inherent to the platform itself.
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In conclusion, the sensor has proven to be selective and sensitive enough in the re-
quired concentration range. However despite presenting a linear range of three orders
of magnitude, it offers relatively small responses in the physiological range of inter-
est. Therefore, it would be interesting to test whether it is possible to engineer the
platform to produce a higher response at lower adenosine concentrations, maybe at
the cost of reducing the saturation concentration by a few orders of magnitudes. This
could be achieved either by working on the aptamer itself and increasing its sensitiv-
ity or by increasing its concentration on the surface. Additionally, the sensor has so
far been tested in PBS-Mg but further work will be necessary to optimise its use in
physiological measurements.

It is worth noting that no further optimisation process of the sensor signal and
probe packing density was undertaken in this project as they are mainly determined
by the aptamer [290]. The aim in establishing this platform was not to create an adeno-
sine sensor, as many techniques already exist which greatly outperform this e.g. fast
scan voltammetry, enzyme-based biosensors [188, 42]. The aim was to evaluate the
platform as tool to detect small molecules released in the extracellular space that can
not be detected in any other way i.e. are not electrochemically active or do not have an

enzyme.
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Chapter 4

Towards achieving quantitative
detection of adenosine released by

hypoxic brain slices

41 Introduction

This chapter describes the use of the electrochemical aptamer-based (E-AB) sensors
developed in the previous chapter, to record adenosine release in a biologically com-
plex environment.

The model I have chosen to characterise the sensor with is hypoxia-induced
adenosine release from a mouse brain slice. Brain hypoxia and its pathways have been
thoroughly characterised in multiple publications using a variety of techniques includ-
ing extracellular recordings, whole cell patch clamp and microdialysis [199, 197, 125,
259, 291, 194, 69, 109]. In brain slices, hypoxia shows two defining features, illustrated
in Figure 4.1. The first is the release of adenosine in the extracellular space, quanti-
tied in the range of 10-50 uM [81, 224, 125], dependent on the duration of the insult.
The second feature is the decrease in amplitude of the field excitatory post synaptic
potentials (fEPSPs) [66], which is the result of the neuroprotective action of adenosine.
Once released in the extracellular space, adenosine binds to the A; receptors, which

decreases glutamate release via the voltage gated calcium channels, causing a depres-

88



sion of the fEPSP. [109, 189].

Further knowledge on the kinetics of adenosine release in hypoxia was collected
with the advent of enzyme-based electrochemical biosensors first published by the
Dale group [43], with a limit of detection of 12 nM and a rise time of 75 s [278]. This
work revealed that the adenosine release preceded and accompanied the repression of

synaptic transmission.

Given the properties of the my aptasensor (Range 10 uM - 1 mM, time resolution of
8 s and low sensitivity to inosine), the device should be able to reproduce the results
published by Dale, Pearson, and Frenguelli [43]. However, since the fouling resistance
of the sensor has yet to be assessed, some preliminary measurements are necessary.
The initial trial runs aimed to evaluate possible interference from the different envi-
ronmental conditions e.g. pH, oxygen and temperature. The possibility of testing the
detection from within the slice, as published by Frenguelli, Llaudet, and Dale [67], was
verified by using a 0.5 % agar block to mimic the diffusion layer of the tissue [179]. Fi-
nally, the sensor was employed in parallel with extracellular recordings to detect in

real-time adenosine release from an hypoxic brain.

89



\'® T L
<'i\JPP ‘

@#CNT *& A

=cwre” Lo, UPY W

umopyealg

Figure 4.1. Adenosine pathways in normoxia (O3, left side) and hypoxia (CO,, right
side, red). In normoxic conditions (95% O, /5% CO,) ATP and ADP are in equilibrium and
all the savage pathways to produce ATP starting from as low as adenosine as a building block
are active. Synaptic activity is normal (left panel, blue). In the absence of oxygen (95% N, /5%
COy,), the phosphorylation of ADP into ATP no longer takes place, thus starting the breakdown
cascade that results in an overall increase in concentration of intracellular adenosine. The
excess adenosine is released in the extracellular space via transporters. There it binds the A;
receptor on the pre-synaptic neuron and its activation results in the inhibition of voltage gated
calcium channels. The reduced influx of Ca®* ions causes the suppression of glutamate release,
thus the synaptic transmission is repressed and the field excitatory post synaptic potentials are
smaller in amplitude

4.2 Results

4.21 Preliminary measurements in hypoxia-mimic conditions

The process of creating a new analytical platform does not end with the optimisa-
tion of the technique in a controlled environment and a clean sample. To make the
technique useful and applicable, it has to fulfil its function in a complex environment,
surrounded by fouling agents, and be able to record a biological event. Considering
the characteristics of the sensor I have developed so far, the second-range response
time and the lowest detected concentration being 10 pM; I decided to verify whether
the my E-AB could detect an hypoxia-induced adenosine release in brain slices.

Some preliminary measurements were necessary to evaluate the impact of the
new environmental conditions on the sensor response. These preliminary tests also

provided the chance to identify and correct any interference. The adenosine aptamer
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Table 4.1. Table with buffer composition of aCSF and PBS containing 1 mM MgCl,

Component aCSF PBS+1 mM MgCl,

NaCl 127 mM 137 mM
KCl 1.9 mM 2.7mM
MgCl, 1 mM 1 mM
CaCl, 2mM 0 mM
KH,PO, 1.2 mM 1.8 mM
Nap,HPOy 0 mM 10 mM
NaHCO; 26 mM 0 mM
D/glucose 10 mM 0 mM

sensor was placed in the main chamber together with the Ag/AgCl reference, whilst
the Pt counter was positioned in the out-flow chamber. This set up was chosen after
testing all possible arrangements as it emerged to be the one that minimised both noise
and overcrowding of the main chamber. The hypoxia conditions were mimicked in
absence of tissue, to verify the capability of the sensor to detect a response despite
the new conditions (chamber geometry and the presence of both oxygen and carbon
dioxide).

The recording started in artificial-spinal fluid (aCSF) equilibrated in 95% oxy-
gen/ 5% carbon dioxide (95% O;). After 7 min, the solution was substituted with
aCSF bubbled with 95% nitrogen /5% carbon dioxide ( 95% N3) and containing 50 pM
adenosine (mimic of hypoxia release), and then back to oxygenated aCSFE. Throughout
the entire recording the solution in the chamber was kept at 32 °C. Figure 4.2 dis-
plays the recorded sensor response for a representative data set. As illustrated, the
sensor signal is decaying and shows no response to the presence of adenosine (ma-
genta). There were two main results. The first was that the sensor failed to detect
the adenosine in solution despite the concentration of target added being almost dou-
ble of the maximum value expected for a hypoxia-induced release and more than ten
times the average value of released adenosine (3 - 5 uM). The second is that a strong
drift (signal decay) was present in the measurements which indicated that either the

environmental conditions or some dirt in the chamber were affecting the sensor.
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Figure 4.2. Sensor response to 50 pyM Adenosine in aCSF with an hypoxia degassing.
The sensor was interrogated with square wave voltammetry (SWV) first in aCSF bubbled in
95% Oy / 5% CO; (black), the in aCSF bubbled in 95% N, / 5% CO; and spiked with 50
1M adenosine (magenta, hypoxia mimic) and then back to aCSF bubbled in 95%0; /5% CO;
(black) to mimic the recovery. The measurements were conducted at 32 °C in absence of tissue.
The sensor showed no response to the presence of adenosine.

4.2.2 Evaluation of the sensor’s dependence on buffer, degassing and

temperature

Supported by the previously collected data on the sensitivity and limit of detection
of the sensor, I decided to test first whether the different environmental conditions
were liable for the lack of response. The two experimental set-ups, the one used to
characterise the sensor and the one for the measurements in brain slices, presented
four main differences: buffer composition, bubbling gas, temperature and chamber
geometry. Extracellular recordings from brain slices are performed in aCSF, which
contains 10 mM D-glucose and 2 mM calcium chloride in addition the components of
PBS+1 mM MgCl, used in the previous measurements Table 4.1.

Hypoxia was induced using aCSF bubbled with 95% O, or 95% N as opposed
to the 100 % nitrogen (100 % Nj) used for assessing the sensor response in previ-
ous measurements. Regarding temperature, extracellular recordings in brain slices
are conducted at 32 °C, to mimic physiological conditions, whereas sensor character-
isation was carried out at room temperature. Finally, the chamber geometry changes
from a single cylindrical chamber for, the characterisation, to three circular communi-

cating chambers for the tissue measurements.
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Figure 4.3. Effect of the oxygen reduction current on the sensor signal. Square wave
voltammetry recordings in oxygenated buffer show an increasing background current at the
more negative potentials (panel a), compared to the stable baseline recorded in absence of oxygen
(panel b). This variation caused the signal variance to increase for the oxygenated solution.
However the increase was not significant (Levene test, p>0.05, n=3).

Oxygenation The first condition tested was the effect of introducing oxygen in the
system. Oxygen, due to its high electronegativity, favours the oxidation of the redox
reporter, methylene blue and thus affects the sensor signal. Figure 4.3 illustrates square
wave voltammetry (SWV) performed in oxygenated (panel a) and not oxygenated me-
dia (panel b). As at each time point the current peak is the distance between the base-
line, generated with the non-faradaic portion of the SWV recording, and the maximum
peak. An increase in the height of the base line at more negative potentials was regis-
tered for the oxygenated solution, which resulted in a reduction of the signal overtime.
This signal variability did not produce a significant difference in 20 min (Levene test,

p>0.05, n=3). However, the impact could be greater for a longer measurement.

pH Next, I tested the effect of the introduction of carbon dioxide in the system, as
it affects the pH of the solution. The height and voltage of the peak of SWV curve
were recorded in aCSF bubbled with 100% N> (40x), then with 95% N/ 5% CO, (40x)
and back to 100% N; (40x). The peak current (black) and voltage curves (magenta)
illustrated in Figure 4.4.a, both increase upon introduction of the PBS equilibrated
with carbon dioxide. The current showed an average 10.5 £+ 1.8 % increase, whilst

the voltage shifted by 18 & 3 mV (mean =+ e,;, n=3). An almost identical result was
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obtained when introducing 5% CO; to a fully oxygenated buffer (Figure 4.4.b), where
an average variation of 11.8 £ 1.6 % in signal and 24.7 £ 2.7 mV (mean =+ e,, n=3) in
the peak voltage was recorded (Figure 4.4.b). By introducing 5% CO,, the pH lowered
from 7.8 to 7.4, with a pH variation of 0.4. Since potential of the reaction varies at the
rate of -59 mV per pH unit, the expected decrease is of 23 mV. Thus both results agree
with the prediction by the Nernst equation.

Since the variation in the signal due to pH is always accompanied by a shift
in the peak voltage, it is sufficient to monitor that the peak voltage does not vary to

exclude a pH effect on the sensor response.

Buffer All measurements performed in the previous chapter to characterise the sen-
sor response were conducted in PBS containing 1 mM MgCl, bubbled in 100% No.
Therefore, I next sought to evaluate the response in aCFS bubbled with 100% N
which differed from the previous buffer for the presence of 2 mM CaCl, and 10 mM
D-glucose. In both cases the sensor showed the expected step-like response, which in-
dicated that the additional components in the buffer did not affect either the aptamer
or the sensor capability detect adenosine (data not shown). I further proceeded to
characterise the effect of the different buffer composition in hypoxia conditions and
buffer spiked with 1 mM adenosine. The concentration of 1 mM adenosine was cho-
sen, despite it being at least one order of magnitude larger than what was expected
from the release, to ensure that if a signal was not recorded it would be due to the new
environmental conditions and not just lack of sensitivity from the sensor. Therefore,
40 SWV measurements were recorded in 95% O, bubbled buffer to measure a baseline;
followed by 40 SWV measurements in buffer spiked with 1 mM adenosine and equi-
librated with 95% N, to mimic the hypoxia-induced adenosine release; and 40 SWV
measurements back in oxygenated buffer, to mimic the recovery time. The same pro-
tocol was performed, first with PBS spiked with 1 mM MgCl, and then aCSF as buffer.
Figure 4.4.c and Figure 4.4.d illustrate the sensor response (black) and peak voltage
(magenta) recorded in aCSF and PBS respectively. Again, for both buffers the sensor
response showed a steep increase in the response of 3.1 4+ 1.2 nA cm~2 for aCSF and

2.2+ 0.5 % for PBS (mean =+ e,, n=3). However, in this case the peak voltage remained
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stable on the same value, thus proving that the response recorded was not generated
by a pH variation.

The hypoxia conditions were repeated without adenosine spiked buffer. Fig-
ure 4.4.e illustrates the peak current (black) and voltage (magenta) for both aCSF (full)
and PBS (top-half filled). In both cases no variation was measured, thus further prov-

ing that the previously recorded response was only due to adenosine.

Temperature Finally, the effect of temperature on the sensor sensitivity was evalu-
ated by measuring the variation in the sensor response with increasing temperature.
The sensors were interrogated using a 1 mM adenosine solution in aCSF in hypoxia
conditions, with bath temperatures ranging from 21 °C to 35°C. The temperature con-
troller used to set the bath temperature was unable to maintain a constant temperature
and continued cycling between the nominal value and =+ 0.5 °C. The data illustrated in
Figure 4.5.a displays response curves that present a strong temperature dependence,
as the step response of the sensor disappears with increasingly higher temperature.
This result agrees with the findings from Zhang, Oni, and Liu [307], which using found
that the aptamer affinity increases by lowering the temperature from 16.4 £+ 1.4 uM at
25°Cto0 4.6 + 0.4 uM at 10 °C. Notably, with increasing temperature, also a slight drift
in the current appears (diagonal orientation of the response). Additionally, at higher
temperatures, the noise generated by the controller becomes more dominant over the
sensor signal(Figure 4.5.b). Finally, the temperature dependence on the voltage peak
was evaluated. Nernst equation (Equation 1.5), predicts that the potential decreases by
0.2 mV °C~!. However, Figure 4.5.c shows peak voltage to become more negative by
an average of 0.52 4+ 0.02 mV °C~!, a variation 2.5-fold larger than the one predicted
by theory.

Consequently, measurement in brain slices were performed at room tempera-

ture, as opposed to 32 °C to ensure the best working conditions for the sensor.
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Figure 4.4. Effect of different degassing conditions on the sensor response. a)-b) Effect
of switching from aCSF equilibrated with 100% N, and 95% N /5% CO, (panel a) and with
100% Oy and 95% O, / 5% CO; (panel b) on the sensor response (peak current-black) and
on the voltage (peak voltage - magenta). b) Effect of switching from aCSF equilibrated with on
the sensor response (peak current-black) and on the voltage (peak voltage - magenta). c)-d)-e)
Sensor response and voltage recorded in hypoxia conditions (95% O / 5% CO2—95% N, /
5% CO2—95% O3 /5% CO; at room temperature in aCSF (panel c) and PBS (panel d) spiked
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Figure 4.5. Temperature dependence of the sensing platform. a) Sensor response to 1 mM
adenosine at different temperatures (21 - 35 °C). The data present a clear step response from
21 °C (insert, black), becomes less prominent at 28 °C (insert, blue) and almost completely
disappears at 35 °C (insert, green). b) Evaluation of the average value and noise measured at
the baseline for the different temperatures. As displayed, the average value remains constant,
whilst the noise increases with increasing temperature. c) Plot of the peak voltage recorded at
the different baths temperatures.
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4.2.3 Recording in agar block to mimic the effect of the tissiue diffu-

sion layer

Before moving on to detecting release in a brain slice, I wanted to test whether it was
possible to record the hypoxia-induced adenosine release from within the tissue as
published in the work by Frenguelli, Llaudet, and Dale [67]. Insertion in the slice
could affect the sensor in two possible ways: it could remove the aptamers from the
surface, thus damaging it and hindering its detection capability; or the diffusion layer
generated by the cells surrounding the sensors could delay the sensor response.

To test the first hypothesis, the effect of the slice was mimicked with a 0.5 %
agar block, adapting the experiments published by [179]. Prior to the measurements,
the slice was incubated with 1 mM adenosine in aCSF to ensure that the slice was sat-
urated with adenosine and that the lack of response was not due to the delay caused
by the diffusion layer of the slice. Each sensor was first calibrated in aCSF and 1 mM
adenosine, then the response to 1 mM adenosine was recorded outside the agar block,
inside and then outside again. In between each step a cyclic voltammetry (CV) mea-
surement was recorded. The alternated CV and square wave voltammetry (SWV, 50
repeats) aimed to characterise the status of the aptamer coating and the sensor capa-
bility to measure a response, respectively. The effect of the agar block on the oxidation
peak and on the sensor response are illustrated in Figure 4.6.a and b, respectively.
From both graphs it can be deduced that the insertion in the agar block negatively
affects the sensor: first the oxidation peak recorded in the agar and after removal from

the agar was visibly smaller, with a total loss of approximately 2 nM cm 2

in aptamer
density. This would indicate that the sensor was damaged upon insertion and removal
from the agar block. This result is further supported by the difference between the two
recordings in 1 mM adenosine before (Figure 2.5.b, magenta) and after the insertion
in the agar block (green). Additionally, the significantly lower signal recorded in agar
(Figure 4.6.b, blue) compared to the response recorded outside after removal (green)
would suggest that the agar matrix significantly hinders the sensor response.

I started by performing a calibration with 1 mM adenosine inside and outside

the agar block. In this case the slice was pre-incubated with aCSF only and the calibra-
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Figure 4.6. Effect of an 0.5 % agar block on the sensor response and coating. a) The
oxidation peak of the cyclic voltammetry (CV) measurements in PBS used for calculating the
aptamer density on the sensor surface. The CV were recorded in 1 mM Adenosine in aCSF,
inside the 0.5 % agar block (pre-incubated in 1 mM adenosine in aCSF for 30 min), and outside
after removal from the slice. The peak recorded inside the agar and again outside in solution
is smaller than what recorded in 1 mM adenosine prior to the insertion. This corresponds to
a lower aptamer density on the sensor surface which reduces from 40.25 nM cm ™2 to 38.81
nM cm 2 and 38.43 nM cm 2, for inside the agar and after the agar respectively. b) Plot of
the sensor response to a calibration with 1 mM adenosine (black), and then the response of
the same sensor to 1 mM adenosine in the chamber (magenta, outside), in the adenosine pre-
infused agar block (blue, agar) and in the chamber again once removed from the slice (green,
outside after). c) calibration curve for a sensor with 1 mM adenosine over 120 square wave
voltammetry (SWV) measurements with an increment of 2 uA cm =2 in the response, compared
to the constant decay in the sensor signal when the calibration was performed with the same
sensor in the 0.5 % agar block (panel d, 300 SWV).
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tion was performed first in the chamber with 80 SWV measurements, then in the agar
block with 300 SWV measurements, to allow the adenosine detection with the delay
caused by the diffusion layer. As it emerges from the comparison of the calibration
curves in the chamber and in the slice (Figure 4.6.c and Figure 4.6.d respectively) the
sensor in the slice did not produce step response to ImM adenosine and the current
exhibited an exacerbated drift.

Consequently, the release from brain slices was measured with the sensor laying

on surface to avoid any damage.

4.2.4 Simultaneous recording of extracellular and adenosine sensor

recordings in hypoxic slices

An initial attempt was made at measuring simultaneously the responses of both the
E-AB sensor and the enzymatic sensor published by Frenguelli, Llaudet, and Dale
[67]. However, given the shared circuitry and the potentials applied to record mea-
surements (constant +0.5 V for the enzyme microelectrode sensor and a staircase from
-0.4 V to -0.1 volt for the E-AB sensor) it was impossible to record any response on the
aptamer sensor.

Therefore, to ensure that the hypoxia was occurring and that the adenosine re-
lease was detected as a result, the synaptic transmission and adenosine levels were
simultaneously monitored with field excitatory post synaptic potentials (fEPSPs) and
with the E-AB sensor respectively. This set up consisted of a stimulator and a record-
ing electrode for the fEPSPs, and the aptamer sensor (2 mm Au wire, 1BSS aptamer).
Since all the electrodes were present in the same bath, the two electronic circuits shared
a branch. Therefore, whenever a SWV measurement was performed (Figure 4.7, blue),
it would appear on the recording electrode track. Consequently, the fEPSP (green)
could only be recorded at the end of the duty cycle (DC, magenta) as illustrated in
Figure 4.7.

Having changed the recording temperature from the physiological (32 °C) to
room temperature (21 °C), I performed an initial test run, recording fEPSPs only, to

determine the timings for the fEPSP amplitude decay and recovery. As illustrated in
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Figure 4.7. Example of a field recording with simultaneous extracellular and square
wave voltammetry (SWV) recording. Effect of Square wave voltammetry (SWV) potentio-
stat duty cycle (DC, magenta) on the recording electrodes measurements (black). The SWV
measurement (blue) took 3 s and generated too much noise or signal to allow the measurement
of field excitatory-postsynaptic potentials (fEPSPs, green), which were therefore taken in the
quiet time of the recording. Overall, both a SWV and a fEPSP were recorded approximately

every 8.5 seconds. The inset is a magnification of the fEPSP recorded between two SWV duty
cycles

Figure 4.8 the synaptic depression started with a 330 s (5.5 min) delay with respect to
the beginning of the perfusion with 95% N, aCSF (Figure 4.8.a, magenta line). The 50
% inhibition (ICsp) was reached after 2 min. The fEPSP amplitude had shrunk by 67
% of the original signal when oxygen was reintroduced. Recovery started with a 100
s delay. Using these results, I decided to incubate the slice with aCSF 95% O, for 100
s to obtain a baseline, then switch to aCSF 95% N, and incubate for 550 s, then switch
back to aCSF 95% O, for 450 s to measure the recovery.

These parameters were used to record adenosine release from hypoxic slices.
Figure 4.9.a illustrated the raw data from the sensor response. The sensor successfully
detected the adenosine released from the tissue, as proved by the step in the response

placed around 200 s). However, the trace presented a strong drift throughout the mea-
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Figure 4.8. Extracellular recording of a hippocampal slice to determine timings for
hypoxia induction at room temperature. a) Plot of the extracellular recording over time
recorded at room temperature. The magenta line titled hypoxia indicates the time when the
solution was switched from aCSF bubbled with 95% O3 /5% CO; to aCSF bubbled 95% N, /
5% CO; bubbled aCSF. The blue line indicates the time when the solution was switched back to
aCSF bubbled with 95% 0,5% CO, bubbled aCSF. b) Plot of the normalised fEPSP amplitudes.
c) Plot of representative fEPSP from the hypoxia recording. The time of recordings is indicated
by the number in plots a and b.
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surement. The continuous decay in the signal could indicate that the sensor surface
was being damaged by contaminats present in the chamber. As a result, it was im-
possible to quantify the adenosine released, as neither a calibration before or after the
measurement would provide a reliable comparison; and further work is necessary to
improve the sensor resistance to fouling. Figure 4.9.b illustrates the plot of the nor-
malised fEPSPs amplitudes (black) overlapped with the sensor measurements, with
drift correction (magenta). The rise in the sensor signal, detecting adenosine release,
occurred around 80 s after hypoxia was induced, and reached the maximum value 100
s earlier than decay in the slice fEPSP amplitude. In contrast, the signal decay and
the fEPSP recovery happen almost simultaneously, around 80 s after switching back
to oxygenated aCSF. The experiment was repeated using the same conditions for five
times and similar results were found.

Simultaneously, extracellular recordings were employed to verify whether synap-
tic depression occurred together with adenosine release measured by the sensor. The
amplitude of fEPSPs showed an average depression of 69.1 & 7.0%. However, the de-
pression in the amplitude started an average of 231.4 + 25.8 s (mean =+ e,, n=5) after

the sensor detection of adenosine release.

103



-
~

a & Sensor response b = Normalised fEPSP
with drift Bl Hypoxia * Sensor Response

~ 168 13
o 1.2 P
W, o~ —~ < - ) n
. ‘.‘Iu 166 WE % ‘hl'l: i . .~ . E
o e 1.0 o L) L] L
3 b o TS o A 72
() <C "l ] V ooy =5
Y 164 5 %) ol "y, =
4 = 0 0.8 ] C g, = E
: g -.LI;I % . " 11 @
< 462 & o n . =
° S
= 206 o - [ a3
=, S T £ e o3
460 2 L4 wn® ® B e {0 @©
.. 3 E041 &4 -
» o =z 9 n e -
"~ 1 58 D'2 T " L ] 4 _1
T T T T T T T 56 0-0 T T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)

Figure 4.9. Recording of hypoxic-induced adenosine release in a mouse hippocampal
slice. a) Plot of the raw curve recorded by the aptamer electrochemical sensor. b) Plot of the
sensor response (drift corrected, magenta), overlapped with the normalised fEPSPs amplitudes
from the extracellular recordings (black). The blue box indicates the hypoxia-induction win-
dow. The graph illustrates the sensor detection of adenosine approximately 80 s post hypoxia
induction and reaching maximum signal 100 s earlier than the decay of fEPSPs amplitude.
However, the sensor signal decay and the fEPSP amplitude recovery occurred simultaneously

4.3 Discussion

The aim of this chapter was to record adenosine release from a brain slice. Hypoxia
was chosen as a model as the characteristics of the adenosine release fitted the charac-
teristics of the device developed so far: release over a second-time window and adeno-
sine release in micromolar concentration [189]. However, before employing the sensor
in a complex environment a few preliminary tests were performed to ensure that no

external factors (fouling, pH changes, oxygen) could affect the sensor response.

pH The first preliminary test aimed to evaluate the sensor response dependence on
pH variations. The results showed that the introduction of 5% carbon dioxide induced
a shift in both potential and peak current of the redox reaction. Since carbon dioxide
is an acidic gas, bubbling aCSF with 95% O, /5 % lowered the overall buffer pH from
7.8 to 7.4. As predicted by the Nernst equation (Equation 1.7), an increase in proton
concentration (lower pH) causes the redox potentials to move toward more positive
values by 2. This theoretical prediction was met by the data in Figure 4.4.a and b. In

fact, the pH decreased by 0.4 units resulted in an increase in the peak current by ca. 10
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% of the signal, when carbon dioxide added in the gas mix used to equilibrate aCSF,
thus reducing the pH of the solution. A possible explanation for the change in signal
is that the variation in proton concentration (ApH) affects the charge transfer rate be-
tween methylene blue and the surface, as the protonation/deprotonation conditions
shift.

One would assume that the pH variation should also affect the capability of the
aptamer to fold and form a secondary structure, given that the majority of interactions
involve hydrogen bonds. However, a study by Pilch et al. [200] found that the target
molecule is more affected by pH variations, especially when crossing the pK, value
of the ligand. The variation in pH changes the charged state of the target molecule,
thus affecting its capability to interact with the aptamer. Additionally, a recent study
published by Thompson et al. [264] showed that the Ky, of the adenosine and ATP

aptamer was independent of pH.

Temperature Another interesting result was the test on the effect of the tempera-
ture on the sensor signal and on the response. Figure 4.5 demonstrates that the sen-
sor performance was strongly affected by temperature and that the optimal working
conditions were at room temperature (21 °C). As expected, the optimal temperature
matched the conditions under which the adenosine and ATP aptamer was selected
[95]. As for increasing loss of responsiveness with increasing temperature, again it
must be considered that the platform is complex, multiple interactions are taking place
at the same time and that a macro parameter like temperature affects all the processes.

For the aptamer, a 27-bases long sequence, the evaluated average melting tem-
perature (T,) was 40 °C. This value was calculated by averaging the three most fre-
quent secondary structures at room temperature and in the buffer conditions (137 mM
Na*, 1 mM Mg?*) using the UNAfold platform [156]. This low Ty, partially justifies
the loss of sensitivity of the sensor with the increasing temperature. With higher tem-
perature, hydrophobic interactions are continuously broken as water molecules move
quickly. Similarly, hydrogen bonds have lower life time. This is not a surprising re-
sult as heat provides energy to a system. Overall, the temperature increase causes

the secondary structure of the aptamer to destabilise, as predicted by the second law
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of thermodynamics. The Van’t Hoff equation describes how the equilibrium constant

changes upon a change in temperature

AH n AS

InKp =27+ R

(4.1)

Not many studies have empirically evaluated this relation between aptamer affinity
and temperature [262]. On the same aptamer using isothermal tritation calorimetry
(ITC), Zhang, Oni, and Liu [307] found that lowering the temperature from 25 °C to 10
°C improved the aptamer Kp by three-fold. The work from Reining et al. [208] proved
that with increasing temperature the Kp also increases, thus indicating an increasing
loss of affinity.

Similar results were previously published for the same aptamer by Du et al.
[53], which found 30 °C to be the cut-off temperature over which the background
signal increased due to aptamer destabilisation. Goda and Miyahara [72] also did
not record any response for the Huizenga aptamer on their electrochemical platform
for any temperature ranging 25-55 °C, supporting that the lack of response was due to
the lack of structure-switching of the aptamer. Additionally, Goda and Miyahara [72],
have shown that the stabilised version of the aptamer, with a 7-bases longer hairpin
stem and a melting temperature of 49 °C, showed responsiveness at 37 °C. Increasing
stem length is a common technique to improve aptamer stability against increasing
temperature [238, 72].

Regarding the temperature dependence of the peak voltage, the Nerst equation
predicts the peak voltage to increase by 0.2 mV °C~! per degree celsius. The result
obtained displayed a dependance that is 2.5-folds larger than what described in the
Nernst equation (Equation 1.5).

Diffusion layer mimic Last of the preliminary measurements aimed to test whether
the E-AB sensor could detect target release from within the tissue. The experiment
aimed to evaluate whether insertion in tissue would damage the sensor surface and
whether the diffusion layer caused a delay in the sensor response. The aptamer den-
sity on the sensor surface showed a 3.6 % reduction upon the insertion of the sensor

on the agar block, and an additional 1 % loss upon removal (total reduction 4.6 %).
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As stated by Newton, Wall, and Richardson [179], it is the structure and the de-
tection mechanism of the enzyme-based biosensors which creates a depletion of the
area surrounding it. This problem does not apply to the sensor here developed as the
aptamer binds and releases the target molecule without breaking it down. However,
similarly to the enzyme-based sensor, a reduction in the current was measured upon
insertion into the agar block. Newton, Wall, and Richardson [179] saw a signal reduc-
tion of 70 % for the enzymatic sensor, whilst the E-AB biosensor presented a reduction
in response of 130 %. This result indicates that the insertion in the agar block did not
only damage the biosensor surface, but also affected the device working capability.

The sensor signal recovered to 55 % of its initial value once removed from the block.

Temperature effect on adenosine release Hypoxia measurements on mouse brain
slices were performed at room temperature (21 °C, as opposed to physiological tem-
perature (32-34 °C) to overcome the sensor’s poor signal-to-noise ratio at high temper-
ature.

Performing a recording of brain activity at a temperature so different from the
physiological one (AT = 11 °C) can affect the activity of the brain slice and the timings
at which the events occur. For example, comparing the onset time of the hypoxia in
measurements performed at physiological temperature versus the measurements here
reported (Figure 4.8), it emerged that whilst at physiological temperature the depres-
sion of the synaptic transmission started around 150 s after the switching from the
oxygenated to the non-oxygenated aCSF Fowler [66] and Pearson et al. [195], at room
temperature started after ca. 350 s. An initial part of the delay is the time necessary for
the solution to reach and completely perfuse the chamber, which was estimated to be
around 80 s. Once subtracted, the difference between the delay in the two responses
was still substantial (ca. 200 s). This lag in the depression in synaptic transmission
can be attributed to the neuroprotective action of hypothermia. Multiple studies have
shown preventive and therapeutic potential in inducing localised lower temperature
both during and post the brain insult [152, 12, 56]. The mechanism behind the pro-
tection provided by lower temperature is complex and yet not fully understood [215,

299]. However, the main effect of reducing the temperature is reducing the oxygen
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and the glucose consumption of the cell, its metabolism, thus allowing it to withstand

oxygen- and glucose-deprivation conditions for longer [168].

In vitro recording of hypoxia-induced adenosine release using the electrochemi-
cal aptamer-based sensor. The result in Figure 4.9 proved that the sensor was suf-
ticiently sensitive to record adenosine release from tissue. However, the strong drift
present in the recording indicates that more work needs to be done to improve the
fouling-resistance of the sensor but also that no quantitative result can be extracted
from the recording. Spike-and-recovery control could be used to quantify the signal,
however in this case it was not performed as the sensor signal was too low. There-
fore, one can only estimate the amount of adenosine that the sensor must have de-
tected based on the previously published results. From literature, it is known that
hypoxia-induced adenosine release at physiological conditions is in the range of tens
of micromolar range [125, 43]. However, due to the lower temperature used in these
recordings, the value must differ.

Using microdialysis and a microlectrode enzymatic sensor respectively, Masino
et al. [157] and Frenguelli et al. [69] tested whether ATP was also released in the ex-
tracellular space post hypoxia . Neither author reported a difference in the value of
extracellular ATP before and after insult. Therefore, despite the higher sensitivity of
the aptamer for ATP with respect to adenosine it can be assumed that the response
recorded was not caused by ATP.

Examining further the contribution of inosine and hypoxanthine to the signal,
Moser, Schrader, and Deussen [171] showed that adenosine half-life in the extracel-
lular space is in the order of seconds, and broken down into its metabolites, mainly
inosine. The study from Takahashi et al. [259], reported inosine levels in normoxia to
be ten times larger than adenosine. However, post hypoxia, inosine levels increased
only by three-fold, mostly originated from adenosine breakdown [259]. Overall, this
should make the final concentration of adenosine only 3 times smaller than the one of
inosine. Still the amounts being considered belong to the low micromolar range, con-
centrations at which the sensor showed no response for inosine. Therefore, it can be

concluded that the response recorded (Figure 4.9.b) can only be attributed to adeno-
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sine released in the extracellular space post insult.

Regarding the dynamics of the adenosine release vs. the synaptic depression,
in agreement with the results published by Dale, Pearson, and Frenguelli [43] and
Frenguelli, Llaudet, and Dale [67] shows that the adenosine release precedes the synap-
tic depression. However, compared with the results from Frenguelli, Llaudet, and
Dale [67], the time difference between the onset of the two events was significantly
different. Whilst in the previous studies the two were separated by less than 100 s, the
difference between the two onsets exceeds 200 seconds. This delay can be attributed
to the combined effect of multiple factors. First, the lower temperature than the physi-
ological one at which the measurements took place. The difference of 10 °C causes the
metabolism of cells to slow down and therefore cause a delay in the oxygen depletion
with respect to the adenosine release [259].

Additionally, the difference between the characteristics of the two recordings
could play a role. The fEPSPs are local measurement of synaptic activity and take
place on the tissue, whilst the sensor, which lays above the slice, better reflects a larger
region of the hippocampus.

In conclusion, despite the need to improve some aspect of the sensor design and
fouling resistance, the aptamer-based sensor (E-AB) achieved the detection of hypoxia-
induced adenosine release from a mouse brain slice. To the author’s knowledge this
result joins another two publications which successfully employed E-AB sensor to de-
tect neurochemicals in the brain [176, 218], thus proving as a promising platform for

real-time continuous detection of small molecules released in the brain.
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Chapter 5

Selection and characterisation of new
DNA aptamers for potential
biomarkers and neurotransmitters:
Uridine-triphosphate and
Uridine-diphosphate-glucose

5.1 Introduction

For aptamer-based biosensors to take a more prominent role in the diagnostic and
monitoring fields, more aptamers for relevant target molecule and with a Kp in the
physiologically relevant range (high picomolar - low micromolar), need to be selected
and optimised. Uridine triphosphate (UTP) and uridine diphosphate glucose (UDPg)
are neurochemicals which are released in pathological brain conditions, e.g. epilepsy
[3], as a result of ischaemic events in organs [130, 62] and diseases like dry eye disease
and metastatic cancer [283]. However, no knowledge is available on the dynamics of
that release, as both molecules lack an analytical method to detect them with sufficient
temporal and spatial resolution, e.g. an associated enzyme- or antibody-based biosen-

sor. Being able to measure their release in real-time with a sensor could profoundly
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increase our comprehension of the impact of such signalling molecules in the working
of the brain and other organs, but also provide some new diagnostic tools.

In this chapter, the selection of two novel DNA aptamers via Capture-SELEX
for UTP and UDP-glucose is described. The original SELEX design requires target
molecules immobilisation, which is problematic for small-molecule targets as it can
preclude the molecule from interacting with the aptamers. This obstacle was removed
by Stoltenburg, Nikolaus, and Strehlitz [250] with the development of Capture-SELEX.
As shown in Figure 5.1, Capture-SELEX immobilises the DNA library on magnetic
beads leaving the target molecule free in solution. The beads are then incubated with
the target molecule and the aptamers interacting with target will come off the beads.
The eluted aptamers are then amplified and regenerated into single-stranded DNA to
make up the pool for the successive selection round.

After sequencing of the selected Capture-SELEX pool, the sequences were anal-
ysed with the help of a bioinformatic software to reduce the number of candidates.
The emerging sequences were further screened with a high throughput fluorescence
assay using SYBRGreen I dye [164] and then characterised with microscale thermo-
electrophoresis (MST) [207]. Further optimisation of the emerging sequence was con-

tinued with MST to reduce the aptamer length to the minimum binding sequence.
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Figure 5.1. The Capture-SELEX work flow. a) Schematic of the immobilisation of the DNA
library on the beads. The streptavidin-coated magnetic beads (purple) are functionalised with
biotin-tagged DNA strands, the capture oligo (orange). The DNA library (blue) hybridises
onto the beads thanks to the 12 bases complementary sequence. b) Schematic representation of
Capture-SELEX protocol for each cycle. As for traditional SELEX, the protocol starts with a
randomised library. The Capture-SELEX library presents an additional known sequence in the
middle of the randomised region, and complementary to the cap-Oligo one, which anchors the
library (blue strand) to beads. Upon addition of the target molecule (magenta pentagon) and
after an incubation time, the strands that interact with the target will detach from the beads,
perhaps undergoing a conformational change as they bind to the target molecule. After collect-
ing these released strands from the beads, the selective library is amplified via PCR reaction
and returned to single stranded DNA by means of h-exonuclease digestion, where nuclease
binds the negative strand thanks to the phosphate functionalisation of the reverse primer. The
sub-library is ready to be re-complexed with the beads and for another Capture-SELEX round.
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5.2 Results

After having established a new protocol to produce an aptamer-based electrochemical
biosensor, the natural next step was to look for a small molecule for which an enzyme
does not exist and that had been hypothesised to be involved in neuroinflammation
and neurodegenerative diseases that could also be used as a biomarker for diagnostic
applications. After evaluating multiple candidates, the choice fell on UTP and UDP-
glucose (UDPg). The two uracil-based nucleotides, poorly studied part of the ubig-
uitous purinergic system, have been linked to multiple pathological conditions. For
example, in epilepsy and status epilepticus UTP release has beer recorded via HPLC
[117], and has been administered as a seizure inhibiting drug as illustrated in Fig-
ure 5.2.a [121, 3]. However, the lack of a technique to measure with sufficient tempo-
ral resolution the dynamics of the release hinders the understanding of the function
the nucleotides in the activated circuitry. An hypothesis of the working circuitry was
made by Alves, Beamer, and Engel [3] and is illustrated in Figure 5.2.c. As indicated
in the figure the role of UDP-glucose and its associated receptor P2Yy4 in epilepsy is
still poorly understood also due to the lack analytical tools are available to measure its
release [84].

Due to the working principle of the developed electrochemical biosensor and
after evaluating a variety of different SELEX protocols, Capture-SELEX was the best
option to select an aptamer for a small molecule that presented structure switching

properties.

5.2.1 Optimisation of pilot polymerase chain reactions (PCR)

Since SELEX consist in a series of nested PCR, a PCR optimisation process was con-
ducted to determine the ideal amount of template DNA (SELEX library), primers, the
optimal annealing temperature, number of cycles and possible target molecule inter-
ference into the amplification. First, the template DNA concentration was studied with
the range 50 pM, 100 pM, 200 pM and 300 pM. For the other reagents, the final concen-
trations were: 5 ul of the 10x Taq buffer, 200 nM forward primer (FP), 200 nM reverse
primer, 200 pM of dANTP-mix and sterile water to make up to 50 pl per reaction. For
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Figure 5.2. P2Y agonists and their effect on seizure. A) EEG recording of the anti con-
vulsive effect of UTP and the convulsive effect of ADP on status-epilepticus induced via kainic
acid. B) Staining with Fluoro-Jade B of neuronal cell death which was reduced by UTP. C)
Model of P2Y receptor and it its purines during and after epileptic insult and status epilepti-
cus. Reprinted from Alves, Beamer, and Engel [3]
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the PCR, the samples underwent a 5 min denaturing step at 95 °C, then 25 PCR cycles
(denaturing: 30 s at 95°C, annealing: 30 s at 56 °C, elongation: 30 s at 72 °C), followed
by a 5 min extension step at 72 °C. The product was run on a 2% agarose gel at 90
V for 45 min and then imaged. The resulting Figure 5.3.a show that 200 and 300 pM
concentrations present multiple bands. Out of 50 and 100 pM, the latter was chosen as
the optimal condition and was therefore used in the next steps.

For the primer optimisation four concentrations were tested: 100 nM, 200 nM,
300 nM, 400 nM. All the other reagents were unchanged and 100 pM DNA template
was added. The PCR cyclic conditions were the same as previously described. The gel
showed the first band for 200 nM (magenta, Figure 5.3.b), which was therefore chosen
as the optimal condition.

For the optimisation of the annealing temperature the range tested was from 55
- 65 °C. Therefore, 10 reactions were prepared using the optimised concentrations of
template DNA and primers, 100 pM and 200 nM respectively. The cyclic conditions
were maintained but at the annealing step, a gradient was set to allow testing for
all the indicated conditions. The 2% agarose gel (Figure 5.3.d) displays the expected
behaviour as the bands fade with increasing temperature. Multiple bands are present
for 55 and 56 °C and dim product bands from 60 °C and above. The temperature
chosen was 57 °C (magenta) as 58 °C is the melting temperature of the reverse primer.

The process continued with optimising the number of cycles and four condi-
tions were tested: 15, 20, 25 and 30 cycles. During the PCR run, the samples were
removed when the indicated cycle number was completed and were reinserted in the
machine for the final extension step. Figure 5.3.c is the UV image of the 2% agarose gel.
As shown for 15 cycles only a weak band is visible whilst the 30 cycles multiple bands
are present. Both 20 and 25 cycles showed an ideal single band, but 25 (magenta) was
preferred as brighter.

Summarising, the PCR optimisations resulted in the following parameters: 100
pM template DNA, 200 nM forward and reverse primers, 57 °C annealing temperature
and 25 cycles. Such parameters will be used during the SELEX process to generate a
positive control band, that together with the negative control, ensure that the SELEX

product is being amplified correctly.
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Figure 5.3. 2% agarose gels of the PCR products for the pilot studies. a) PCR optimisa-
tion of template DNA concentration. The gel shows the DNA bands produced by amplifying
with 50, 100, 200 and 300 pM of template DNA. The expected profile of increasingly brighter
DNA bands is visualised. The 200 pM and 300 pM however show multiple bands, indicating
the formation of by-products. Therefore the condition chosen as optimal is 100 pM (magenta).
b) PCR optimisation of the primer concentration. As shown by the figure, four primer concen-
trations were tested: 100, 200, 300 and 400 nM. Again the profile presented is of increasing
number of bands and brightness. As 100 nM showed no PCR product, 200 nM (magenta) was
chosen. c) Optimisation of the number of PCR cycles. The gel shows a very dim product band
for 15 cycles and increasingly brighter single band around 100 bp for 20 and 25 cycles, whilst
30 cycles produce two bands (100 and 150 bp). 25 cycles (magenta) was chosen as the optimal
condition. d) Optimisation of the annealing temperature. The figure shows the PCR product of
annealing temperatures ranging from 55-64 °C. The gel shows a decreasing number of bands
and band brightness with the increase of the temperature. 55 and 56 °C exhibit multiple bands
and from 60 °C up, the bands appear less bright. Therefore, 57-59 °C is the optimal range; 57
°C (magenta) was chosen.
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5.2.2 Selecting novel aptamers for the detection of UTP and UDP-

glucose via Capture-SELEX

Table 5.1. Parameters of the Capture-SELEX rounds for UTP and UDP-glucose. The
parameters are the number of binding sites for the library for each target molecule, the con-
centration of the target molecule in solution and the incubation time of the library with the
target molecule. In each round, only a single parameter was changed to avoid imposing too
stringent conditions altogether and losing the library. In rounds 1 to 4 the library was selected
using a mix of both molecules. From round 5 on, the two libraries were enriched separately. The
stringency of the selection was raised gradually for concentration and incubation-time from the
fifth round onward, either reducing the concentration or the incubation time from 60 minute
to 30 minute. Whenever the concentration was reduced the incubation time was 60 minute,
to avoid imposing excessive stringency.

Round # Molecule Concentration Incubation time # library
immobilisation sites

1 UTP/UDPg 100 pM 60 min 4 nmol

2 UTP/UDPg 100 uM 60 min 3 nmol

3 UTP/UDPg 100 uM 60 min 2 nmol

4 UTP/UDPg 100 uM 60 min 1 nmol

5 UTP | UDPg 100 pM 60 min 0.5nmol
6 UTP | UDPg 50 uM 60 min 0.5nmol
7 UTP | UDPg 50 uM 30 min 0.5nmol
8 UTP | UDPg 10 uM 60 min 1 nmol

9 UTP | UDPg 10 uM 30 min 1 nmol
10 UTP | UDPg 5uM 60 min 1 nmol
11 UTP | UDPg 5uM 30 min 1 nmol

Table 5.1 shows the parameters used for each SELEX round. From round one
to round four, the only parameter changed was the number of binding sites for the
library on the beads. The beads are coated with streptavidin, to which biotin func-
tionalised capture oligo was immobilised. The coating density suggested was 1 ml of
beads for 2 nmol of the immobilised library. In round one, 2 ml of beads were used to
immobilise the entire library (4 nmol). The beads functionalised with the library un-
derwent an incubation at 28 °C for 20 min with mild shaking, to remove any loosely
bound aptamer (temperature step) and a 45 min incubation at room temperature with
mild shaking to remove any aptamer sensitive to any components of the buffer used
for the selection (background step). Afterwards, the library-functionalised beads were

incubated with 100 pM UTP/UDP-glucose mix for 1 h at room temperature with gen-
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tle shaking. As the DNA concentration of the collected supernatant was unknown, a
pilot polymerase chain reaction (PCR) was performed to evaluate the optimal DNA
amount (Figure 5.4.b) to proceed with for the amplification of the entire library. Fig-
ure 5.4.b shows that no matter the amount of library used, the amplified library band
appeared around the 150 bps size-marker, instead of around 100 bps, as it would be
expected as the library is 108 bps long. One hypothesis is that the DNA assumes sec-
ondary structures while running in the gel, which prevented the DNA from running
at the correct height. However, after running the PCR product on a denaturing gel
which still produced the band at the wrong height, the hypothesis was discarded. Fol-
lowing this step, the entire round 1 library was bulk amplified, using 5 pl of DNA
in each reaction, and the result imaged via agarose gel (Figure 5.4.c). As the PCR
amplification produces double-stranded DNA (dsDNA), the negative strand was re-
moved via A-exonuclease digestion (Figure 5.4.d), thus returning to a single-stranded
DNA library (ssDNA). Finally, the product was ethanol precipitated and resuspended
in PBS-Mg, ready to be hybridised on to fresh beads to proceed with the next round.
From the second to fourth round the volume of beads used halved in each round, thus
reducing the amount of each sub-library available to interact with the target molecule,
until reaching 500 pmol (Table 5.1, #library immobilisation sites). With each round the
number of copies for each sequence increases exponentially, whilst the diversity of the
pool decreases, thus a lower number of binding site on the beads would still suffice to
bind the entire diversity of the library.

At the fourth round, a second band started to show on the PCR product gel
as shown by Figure 5.4.e. A few attempts were made to continue the selection pro-
cess but whenever amplifying the library, the 150 bps was disappearing, and more
bands appeared on top of the 250 bps band. This phenomenon is a result of primer-
product hybridisation and product-product hybridisation (by-products), as shown by
Shao et al. (2011). Therefore, it was necessary to separate the library DNA from the by-
products. Multiple approaches have been tested (gel extraction kit, gel electrophoresis
from agarose gel slice, slice centrifugation, urea PAGE gel extraction) and the tech-
nique that produced the highest yield for this short DNA segment, and which proved

to be the most reproducible was gel extraction via centrifugation. The DNA library
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Figure 5.4. 2% agarose gel of the PCR product after different steps of the Capture-
SELEX process. a) Low molecular DNA ladder from NEB, band pattern and respective base
length is shown. b) Pilot PCR product. The gel shows the DNA ladder, the PCR product using
1, 2, 5 and 10 yl round 1 library, positive control (PC) and negative control (NC). A clear
band was visible just above 150 bp for the amplified SELEX library despite the library being
of 108 bases long. It can also be seen that for 1 and 2 ul products a faint band is appearing
at the correct height. c) Bulk PCR amplification of the entire round 1 library (2 ml). 5 ul of
the library was used in each reaction. Again the band of the amplified library lies above the
150 bp band, whilst a faint band can be seen above the 100 bp marker, at the same level as the
positive control. d) h-exonuclease digestion product. The DNA bands appeared at same sixe,
but less intense. e) Bulk PCR amplification product of round 4. The magenta square highlights
the second band at 250 bp which appeared after the bulk amplification, on top of the library
band placed at 150 bp. f) PCR amplified DNA library after the gel extraction. The DNA band
aligned with the correct original library length (above 100 bp)
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emerged from round 4 was concentrated and run on a 2% agarose gel. The bands
containing the DNA with the correct length were cut out of the gel using a UV lamp
and the slices placed in a perforated 0.5 ml tube, which was placed a 1.5 ml tube. The
column was spun at 13 krpm for 20 min and the flow-through collected and pooled
together to start the next round. To prevent further double bands, the PCR cycles were
reduced to 20 at first, and to 15 afterwards. From the fifth round onward, the two tar-
get libraries were enriched separately. Once the library for round 5 was collected, a 2%
agarose gel was performed to verify the length of the DNA product resulting from the
extraction, which was confirmed to be in the expected range of 100 bps (Figure 5.4.f).
After that, in each round, only the target molecule concentration or the incubation
time were reduced, so as not to impose too stringent conditions (Table 5.1, Time and

Concentration.).

5.2.3 Sequencing the UTP and UDP-glucose libraries

Once round 11 was completed, a portion of the library was amplified, and the template
purified using a PCR clean-up kit (NEB). The template was ligated into a vector, using
the TOPO vector Kit, and transformed into ONE-SHOT TOP10 F’ E. coli competent
cells and grown overnight at 37 °C. Ten white colonies for each library were amplified
with colony PCR to verify the correct insertion of the aptamer in the plasmid. The
incorrectly cloned colonies were discarded and the protocol continued by inoculating
96 different colonies for each library in 5 ml LB broth with 100 ngul~! ampicillin left
to grow overnight at 37 °C and 180 rpm. The cultures were pelleted and the plasmid
extracted using the plasmid extraction mini-prep kit and suspended in 30 ul of TAE
buffer. Ten tubes from each library were tested for their concentration and the result
averaged. The UDP-glucose and UTP cloned libraries showed an average concentra-
tion of 710 ng pl~! and 620 ng ul~! respectively. The samples were prepared and sent

for sequencing.
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Figure 5.5. Cloning vector and 2% agarose gel of the colony PCR product for both UTP
and UDP-glucose libraries. a) Map of the TOPO wvector used for the cloning of aptamer
sequences. In black is indicated the location where the aptamer sequence is inserted, whilst the
entire length of the segment run from the M13 forward primer site to the M13 reverse primer
site. Overall, since the insert is of 108 bps, the total fragment length is expected around 270
bps. b) Colony PCR product for the UDP-glucose (top) and UTP (bottom) cloned libraries.
As expected the DNA fragment band appeared between the 250 and the 300 bps bands, thus
confirming the success of the cloning procedure. The bacteria cultures with no bands or smaller
bands were not used for sequencing.

5.2.4 Analysis of the sequencing data

The analysis of the sequencing data aims to verify the enrichment of selective ap-
tamers as a result of the Capture-SELEX rounds and identify potential candidates.
Enrichment can be detected by the repetition of certain nucleotide sequence motifs in
multiple aptamers, as this supports the hypothesis that the motif is important for the
binding of the target molecule. A motif can also represent a specific structure in which
the aptamer folds upon binding to the target molecule.

In the specific case of Capture-SELEX enrichment can also be found in mutation
of the anchoring sequence, which indicates a reduced hybridisation energy, thus facil-
itating the strand removal from the beads and its interaction with the target molecule
[250].

For each library 96 strands were sent for sequencing. The resulting sequences
were visualised in Jalview2 [285] and aligned via the embedded Clustal(2 algorithm
[151]. For the UTP library, 10 sequences showed one or more duplicates, 1 a partial

ligation, i.e. incorrect insertion in the vector, and 72 were present only once, whilst
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Table 5.2. Summary table of duplicate sequences.

UTP UDP-glucose
Sequence # Duplicates DuplicateID  Sequence # Duplicates Duplicate ID
A3 1 F5 Al 1 A2
A8 1 H10 A4 1 B7
A9 1 G11 A7 1 A8
A12 2 C1,C12 A9 2 F2,F3
B9 1 G4 B8 1 H7
C3 1 D3 B9 1 E9
Cé 1 D4 C1 2 C2,C7
C8 4 C9,C10,D2,F4  C8 1 D6
D7 1 D8 C9 1 C10
E9 1 E10 C12 3 D2,D3,D7
El 2 F5,G6
E6 1 G11
E7 1 H5
E12 1 G8
H11 1 Hi12

for UDP-glucose library 15 sequences showed duplicates, 4 a partial insertion and 58
unique sequences. The presence of duplicates demonstrated that the library had un-
dergone enrichment. Through the sequence alignment it was also possible to extract
information regarding mutations or deletions in the anchor sequence. In their work,
Stoltenburg, Nikolaus, and Strehlitz [250] hypothesised that the mutation on the an-
chor sequence are the result of the balance between selection pressure, favouring less
stable docking sequences to promote conformational change, and a hybridisation suf-
ficient to prevent unspecific elution. In the UTP and UDP-glucose libraries 8 and 2
sequences, respectively, were found to exhibit mutation on the anchoring sequence.
All information duplicate sequences and mutations/deletions for both libraries are
summarised in tables Table 5.2 and Table 5.3 respectively.

To try and extract more information, I calculated the phylogenetic tree using
the neighbour joining algorithm coupled with the DNA weighting matrix, to group
the sequences by similarity, calculate consensus sequences and extract some statistical
information regarding conserved features among the sequences. The analysis pro-
duced inconclusive results. The sequences showed no significant motif conservation

and no sequences could be grouped for the exception of the duplicates. This result is
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Table 5.3. Summary table of mutations and deletions encountered in the anchor/hy-
bridisation domain of sequenced candidates. The table provides information for both li-
braries on the sequence, whether it presented a deletion and/or mutation, where the mutation
is places, and which nucleotides were exchanged or how many were deleted

Sequence Variation Position Old—New or
# bases deleted
UTP

A5 Mutation #12 Anchor C— T

A6 Deletion N40 1

A9-G11 Mutation #10 Anchor A — G

C11 Deletion N40 1

C2 Mutation # 3 Anchor A—T

D6 Mutation # 2 Anchor G—A
D7-D8 Deletion N10 8

D9 Deletion #1-2 Anchor 2

E6 Deletion N40 2

E9-E10 Mutation # 8 Anchor C—>T

G6 Deletion N40 1

G6 Mutation # 6 Anchor C—G

H2 Deletion N40 4

UDP-glucose
C5 Mutation # 1 Anchor G—T
C11 Mutation # 2 Anchor T— A
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not surprising: with 10 round of the SELEX the library diversity should have reduced
from 10'° to 10° and only 10?2 sequences were identified.

To gather structural information on the sequences, I turned to the bioinformat-
ics tools available. I employed the software APTANI2, developed by Caroli, Forcato,
and Bicciato [32], to calculate secondary structures of the DNA sequences and their
respective energy and identify structural motifs e.g hairpins, intra-strands or bulge
loops. The analysis consisted in folding the sequences, via the viennaRNA package
[148], and selecting only the final structure which had a minimum free energy (MFE)
> 3 kcalmol ! (12.6 kJ mol~! ~ 5RT). Then the sequences are compared to a library
of known binding motifs to find matches. 12 sequences in total (7 for UTP and 5 for
UGP-glucose) showed binding motifs with sufficiently high energy and they are sum-

marised in Table 5.4.

Table 5.4. Table of the sequences emerged from the analysis of APTANI2 [32]

Sequence Target molecule | Sequence Target molecule

A4 uTP B11 UDPg
Bl UuTP D9 UDPg
B3 uTP E3 UDPg
E1l UTP E8 UDPg
E5 UTP Gl11 UDPg
F12 UTP

G2 UTP
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5.2.5 Aptamer candidates screening characterisation with high trough-

put SYBRgreen (SG) assay

The sequences emerged from the analysis with APTANI2, together with the ones pre-
senting duplicates, mutations and deletions were taken further for additional charac-
terisation. Given the high number of sequences to study, a high-throughout method
was necessary in order to characterise them all in a relatively short turnaround-time.
Considering also the high number of sequences involved, it was necessary for a label
free method to contain the cost. After a literature review, a few methods emerged.
Thioflavin assay, which exploits the presence of G-quadruplexes in the DNA struc-
ture could not be employed as from the 2D folding of the sequences it had emerged
that only one sequence presented a G-quadruplex structure [209]. Another label-free
assay exploits DNA intercalating dyes [219]. The Hoecst assay by Le et al. [131] and
the SYBRgreen assay by Tan et al. [260] exploit two different DN A-intercalating dyes
that upon binding present an enhanced fluorescence. The main difference is that the
Hoechst 33258 dye binds the minor groove of AT-rich double-stranded DNA, whilst
SYBRgreen I has multiple interaction modes [51]. Since Hoechst 33258 has shown
a pH dependence on both fluorescent intensity and peak emission wavelength [79],
SYBRgreen I (SG) was chosen.

To set up the assay, some control measurements were completed. The first
aimed to evaluate whether the target molecules exhibited any auto-fluorescence in
the spectrum of interest or whether they did in presence of SG. As illustrated in Fig-
ure 5.6.a and Figure 5.6.b, for both UTP and UDP-glucose the signal for the full assay
and the highest concentration (target-DNA-SG, black) was respectively 7 and 4.5 times
larger than the signal presented by the blanks (magenta, blue, orange), which allows
for a high signal to noise ratio. However, looking more closely to the blanks, it appears
that both UTP and UDP-glucose show some autofluorescence (5k a.u. for UTP, panel
a, 10k a.u. for UDP-g lucose, panel b) which slightly increased in the presence of SG,
especially for UTP (blue, panel a and b). A second assay was conducted to further
investigate the autofluorescence of the target molecules and of the free SG. In this case

PBS-Mg works as the blank to compare the authofluorescence of the target molecules
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Figure 5.6. Autofluorescence control measurements for the SYBRgreen (SG) assay. Aut-
ofluorescence control assay and blanks for UTP (a) and UDP-glucose (b). In black is the spec-
trum of the complete assay where the aptamer and the SG are intercalating producing the max-
imum fluorescence possible at this concentration of the target molecule. The emission spectra
of the blanks: target molecule by itself (magenta), with SG (blue) or the aptamer (orange). c)-d)
Assay on autofluorescence of the buffer (black) and buffer with target molecule both in absence
and presence of SG. The fluorescence intensity increase normalised with the spectra of PBS-Mg
(black, panel c) were 1.9 £ 0.3 for UTP (magenta), 9.8 + 1.0 for UDP-glucose (blue), 1.1 +
0.2 for D-glucose (orange, panel c); and 2.4 + 0.4 for PBS-SG (black), 2.3 £ 0.4 for UTP-SG
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Figure 5.7. pH dependence of SYBRgreen (SG) fluorescence. a) Emission spectra of pH
tritation of PBS with 1 mM MgCl, (PBS-Mg, buffer). b) Detail of the peak of the emission
spectra for pH of 7.3 (lime green) and 6.6 (blue) plotted as mean + sd. c)-d) SG assay for an
aptamer sequence selected for UTP. The SG signal was recorded in buffer and buffer spiked
with 10 mM UTP both at pH 7.3 (panel c) and 6.3 (panel d). The inset shows the detail of the
peak of the emission spectra. Data: mean =+ e;, n=3.

in the study. Figure 5.6.c shows the emission spectra for PBS-Mg (black), and PBS-Mg
with 10 mM UTP (magenta), UDP-glucose (blue) or D-glucose (orange). UDP-glucose
showed approximatively 10 times and UTP 2 times more autofluorescence than PBS-
Mg, whilst D-glucose did not affect the emission spectra. When adding SG in solution
the emission spectra of UDP-glucose and UTP did not significantly increase, but the
fluorescence count for both D-glucose and PBS-Mg doubled (Figure 5.6.d). Consider-
ing that each assay will contain both the respective target molecule and the SG in each
well, the fluorescence spectra of the target molecule with the SG, or PBS with SG was

subtracted from all following measurements.
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Next, I performed a second control measurement to evaluate the effect of the
pH on the fluorescence intensity. This control was necessary as adding 10 mM UTP
to PBS-Mg buffer changes the solution pH from 7.3 to 6.3. No difference in the pH of
the solution was recorded for UDP-glucose in PBS-Mg (pH 7.3). Therefore, PBS-Mg
was titrated with HCl and NaOH to achieve the pH of 8, 7.5, 7, 6.5 and 6. Then the
SG assay was prepared according to protocol and the fluorescence emission spectrum
recorded for each condition and plotted in Figure 5.7.a, entire fluorescence spectra
and Figure 5.7.b the detail of the emission peak from to 515 nm to 540 nm. From the
emission spectra it appears that the average value of the recorded fluorescence peaks
around 28000 a.u. for pH ranging from 7.3 to 8, whilst the peak for pH 6 to 7 appears
around 24000. From further examination of the data, by comparing the mean and
standard deviation recorded for pH of 7.3 and 6.5 (Figure 5.7, panel b), it emerges that
there is a significant difference in the fluorescence signal recorded for the two assay
conditions. To gather further insight on whether different pH conditions affected the
outcome of the assay, I tested the response of an aptamer candidate to the presence
and the absence of the target molecule in two pH conditions: at pH 7.3 (Figure 5.7.c)
and pH 6.3 (Figure 5.7.d), by matching respectively the pH of the 10 mM and 0 mM
PBS-Mg solutions respectively. From the comparison of the two plots it can be de-
duced that the lower pH did affect both the aptamer folding and its affinity for the
target molecule, as the same strand of DNA shows no response at physiological pH,
but a significant decrease in fluorescence at pH 6.3 (Figure 5.7.d, inset). One could
argue that the additional salts added into solution might also play a part, as sodium
is known to play a part in DNA folding [8], but one can also argue that tertiary in-
teractions e.g. H-bonds and electron-donor interactions, which are at the base of the
aptamer-target affinity, are very much affected by the different amount of protonated
and unprotonated molecules available. Consequently, for the assay containing UTP,
the pH of the 10 mM solution was adjusted back to 7.3.

Once the necessary control measurements were completed , I went on to test
the response of candidates from the previous analysis, 24 and 22 for UTP and UDP-
glucose respectively, using 10 mM of the respective molecule in the SG assay. The

choice to use a target concentration much higher than the biologically relevant one
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Figure 5.8. Plot of the response of UDP-glucose (a) and UTP aptamers (b) evaluated
with the SYBRGreen assay. The delta was calculated at 525 nm using the formula A =
(Fo — F1)/ Fo, where FO and F1 are the fluorescence value measured in absence and presence of
the target molecule respectively. Data: mean + e,, n=3.

was due to the fact that the aptamers being tested are still full-length sequences (108
b) and that all the parts that do not belong to the binding site will contribute to the
signal and make the signal variation, measured upon binding, smaller. Therefore, by
adding a high concentration, the variation should still be meausrable. For the resulting
spectra, average and standard deviation were calculated, and the background signal
was subtracted to correct the contribution of the autofluorescence. For the strands
that displayed a significant difference between the spectra recorded in absence and
presence of the target, the A at 525 nm was calculated and the values are plotted in
Figure 5.8.

I performed the SG assay with the aim to reduce the number of candidates from
more than twenty to three, for each target molecule. From the results in Figure 5.8, it
emerged that the assay can present both positive and negative A and that the same
aptamer can showcase both responses. The comparison of the A and of the standard
deviation, lead to the selection of the following candidates for continuing the strand
characterisation and optimisation: C8, D7 and E1 for UTP and C12, E8 and Gl11 for
UDP-glucose. The sequences are reported in Table 5.5.

The first step of the affinity maturation process consists in reducing the aptamer
length. A bioinformatic study from Cowperthwaite and Ellington [40] has shown that

the contribution of constant regions to the binding site of an aptamer is negligible. In
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Table 5.5. Sequences of the selected candidates for each target molecule. The forward
primer region is in bold, the reverse primer binding region in bold and italic, the anchoring
sequence is underlined and the random regions are in blue.

UTP
Name Sequence

C8 TTGGGAAGAGAAGGACATATGATTACATGAGGATGAGGCTCGAT
CGGTATCTTTGGCATATCCTATCGTTCTATGTAACAGCCTGTTG
ACTAGTACATGACCACTTGA

D7 TAGGGAAGAGAAGGACATATGATGAAGAGGCTCGATCTAAGGAT
GTAATTATTCTTTTCGGTTAGTTATCTTCCTAGTTGACTAGTA
CATGACCACTTGA

El TAGGGAAGAGAAGGACATATGATTAGATCCGCATGAGGCTCGAT
CTGCATGTGGGCGACGCAGTGCCCGTGGGATTTACTTGCACTTG
ACATAGTACATGACCACTTGA

UDP-glucose

Name Sequence

C12 TAGGGAAGAGAAGGACATATGATCCTTCCCTCATGAGGCTCGAT
CTGGTCTAATCATGCGATTAAACATATCGATAAAGTTTTTGTTG
ACTAGTACATGACCACTTGA

ES8 TAGGGAAGAGAAGGACATATGATGTAATCCCTGTGAGGCTCGAT
CATGGCAGGTTGGTAACGGTGGCCTTCCGGCTATTTGTTCCTTG
ACTAGTACATGACCACTTGA

Gl11 TAGGGAAGAGAAGGACATATGATTACAAGATTGTGAGGCTCGAT
CTCCCCATATGTTTCGCATCAACGTGTTGGGACTGGGGTCATTG
ACTAGTACATGACCACTTGA
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Table 5.6. Summary table of the presence (YES) or inhibition (NO) of response by the
aptamer candidates in the hybridisation test compared to the full length aptamer. A
lack of response in the hybridisation test could indicate a role for the primer in the binding site.

UDP-glucose
Aptamer‘ full FP” RP

C12 YES YES YES
E8 YES NO NO
Gl1 YES NO NO

UTP
Aptamer‘ full FP’ RP

C8 YES YES YES
D7 YES NO NO
El YES NO NO

the aptamer currently being evaluated, three random regions are present: the forward
primer, the reverse primer and the anchor. The first two are used for the library am-
plification with PCR, whilst the third was used to anchor the strands to the magnetic
beads. Since the primer sequences are each 23 bases long, I started by testing whether
they could be removed without affecting the binding capability of the aptamer. To do
so, I performed the hybridisation control SG assay following the protocol published
by Le, Chumphukam, and Cass [132]. By adding the complimentary oligonucleotide
to the primer strand, the interaction with those bases is impaired. If some nucleotides
of the primer site are necessary for the binding of the target molecule, the SG assay
should show no signal response. The summary of the results of the hybridisation test
are reported in Table 5.6.

To get further insight into the role of the primer sequences in the binding, the 2D
structures of the sequences of the candidates were calculated e in presence and absence
of one or both primers, looking for folding patterns. The Vienna RNA package [148]
was employed with the following settings: dangling ends at both ends of the helix,
temperature set at 21 °C, DNA parameters and incorporating G-quadruplexes.

From the 2D analysis of the UTP sequences it emerged that: C8 presented a
common core structure of 39 nucleotides for all sequences, with the exception of the
full-length aptamer (Figure 5.9.a). D7 also showed an 18 bases common structure

to the all sequences but the absence of the forward primer significantly affected the
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random region structure (Figure 5.9.b). For E1, the presence of the forward primer
defined the folding of the structure. A stem-loop of 16 bases placed in the longer ran-
dom region was shared by all structures with the exception of the EIRP (Figure 5.9.c).
For the UDP-glucose sequences: all C12 sequences presented a common structure 35
nucleotides-long, however the presence of the forward primer affected the folding of
the rest of the aptamer (Figure 5.10.a). The E8 full-length aptamer and the sequence
containing only the forward primer were predicted to present G-quadruplexes and
68 bases common structure , whilst the reverse and no primer sequences shared two
stems of 23 and 25 bases (Figure 5.10.b). Finally, for G11 both the full-length and the se-
quence without forward primer have 42 bases-long structure in common, whilst there
is less overlapping with the others (7 bases between full and RP and 10 bases between
forward primer and no primer).

Combining the 2D analysis with the hybridisation test to check whether a com-
mon behavioural pattern existed, some conclusions could be dawn. Starting with the
UTP candidates: for C8, the primers appeared to not play a fundamental role in both
the SG hybridisation and the in silico folding, as their blocking/removal did not af-
fect the aptamer activity. Therefore, the aptamer deprived of both primers (C8NP)
was taken for further characterisation. For D7 the hybridisation SG assay showed
that blocking the primer sites affected the response, which was confirmed by the 2D
folding where the presence of the forward primer affected the calculated secondary
structure. Consequently the sequence with no primers (D7NP) and the sequence con-
taining the forward primer (D7FP) were carried on. No overlapping was seen for E1.
Whilst for the UDP-glucose candidates: for C12 all the structures presented a core of
37 bases which folded in the same way and the SG assay confirmed no influence on
from the primers, so the sequence deprived of both primers (C12NP) was carried on,

whilst no conclusion could be made on the other two sequences E8 and G11.

5.2.6 Aptamer characterisation via Microscale thermophoresis (MST)

With a smaller list of candidates high throughput was no longer a requirement and

the focus moved toward higher sensitivity. I chose to employ Microscale Thermopho-
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“C8RP C8NP

Figure 5.9. 2D folding of the three candidates for UTP (C8, D7 and E1) with and with-
out the constant regions. The image show the folding obtained for the full-length sequence,
the aptamer containing only the forward primer (FP), only the reverse primer (RP), or no
primers (NP). The coloured shape illustrate common structures. Folding performed with the
ViennaRNA package [148]. The different colors correspond to foldings common to multiple
sequences.
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G11 G11FP G11RP G11NP

Figure 5.10. 2D folding of the three candidates for UDP-glucose (C12, ES and G11) with
and without the constant regions. The image show the folding obtained for the full-length
sequence, the aptamer containing only the forward primer (FP), only the reverse primer (RP),
or no primers (NP). The coloured shape illustrate common structures. Folding performed with

the ViennaRNA package [148]. The different colors correspond to foldings common to multiple
sequences.

134



risis (MST), a highly sensitive technique that exploits temperature gradient induced
migration to verify whether a molecule is in the bound or unbound state. MST assays
employs small sample size (pl), has a fast turnaround time time (c.a. 15 min) and it
has been used to characterise challenging interactions like the one between aptamers
and small-molecule targets [60]. For the assay, the candidates were purchased with
a Cyanine-5 (CY5) modification on the 5" end. For the sequence where the combined
hybridisation SG-in silico evaluation did not produce consistent result, the full-length
aptamers were tagged with CY5 dye by PCR amplification. The forward primer con-
tained the CY5 modification at the 5" end, whilst for the reverse primer an extra 25 T
bases followed by and 18-atom hexa-ethyleneglycol spacer were added. The spacer
and the 25 extra T were introduced to achieve size separation of the forward and the
reverse strands once loaded on a urea PAGE denaturing gel. The gel was the im-
aged using both a 520 nm laser, to image the DNA content (Figure 5.11, a); and a 635
nm laser to image the bands labelled with CY5 dye (Figure 5.11, b). The dark band
present on both sides was the forward strand as it presented a strong fluorescence
at 635 nm, whilst the reverse strand, not labelled, was visible just above the forward
strand, but with a much lower intensity only on the first gel (Figure 5.11). The band
containing the forward strand was cut-out of the gel and the DNA extracted following
the protocol described in the methods section. The extraction steps, however, caused
some contamination of the sample, which made it harder in most cases to get a suffi-
cient fluorescence for running a binding check assay using MST. To ramp up the final
concentration, PCR amplification was performed in bulk (6x 50 pl reactions for each

candidate).

Before commencing the affinity studies, I performed some preliminary tests to eval-
uate whether PBS-Mg was a suitable buffer for the assay by doing a capillary scan.
Eight capillaries where filled with a dilution series (200 nM-1.56 nM) of CY5-labelled
aptamer either in PBS-Mg or in PBS-Mg with 0.05% TWEEN 20. The control mea-
surement verified that the aptamer in PBS-Mg experienced no adsorption on the cap-
illaries walls as all the capillary scans within the fluorescence count range (< 2500)

showed no sign of adsorption (widening of the peak or multiple peaks, Figure 5.12,
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Figure 5.11. 12% urea-PAGE gel of CY5-labelled full-length aptamer imaged with 520
nm and 635 nanom laser. Inside the magenta boxes are the bands of the forward (FS, bottom)
and reverse strands (RS, top) of the PCR product. The reverse strand is not visible on the right
panel as it lacked the CY5 labelling.

a and b). I continued by evaluating the effect on the fluorescence by characterising
the concentration dependent fluorescence intensity. Figure 5.12.e illustrates the fluo-
rescence intensity value for each capillary plotted against the concentration (legend).
The signal intensity in PBS-Mg alone increase linearly from the concentration of 12.5
nM (Figure 5.12.c), whilst the addition of 0.05% TWEEN produced a linear behaviour
throughout the entirety of the concentration range tested until the saturation value
was reached (Figure 5.12.d). Therefore, PBS-Mg with 0.05% TWEEN20 was used as
buffer for MST assays.

I then proceeded to characterise the response of the short versions of the ap-
tamer candidates (C8NP, D7NP, D7FP for UTP and C12NP for UDP-glucose). For each
candidate a first calibration was performed to determine the optimal aptamer-CY5
concentration. For all sequences, a concentration of 10 nM was sufficient to produce
a viable signal with a 50 % LED power. Each aptamer was then tested against three
concentrations of the respective target molecule: 500 nM, 50 uM and 500 uM, 100, 10
k and 100 k excess with respect to the aptamer concentration. None of the short ap-
tamers showed variation large enough to conclude binding. Figure 5.14 shows two
examples of the signal variations measured for the three target concentrations (C8NP

for UTP and C12NP for UDP-glucose). Table 5.7 on the other hand summarises the
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PBS 1mM MgCl, 0.05% TWEEN20

— 1.56 nM
—3.13nM
——6.25nM
—12.5nM
—25nM
—— 50 nM
100 nM

Capillary Index

Evaluation of the effect of detergents on the fluorescence intensity
recorded during the binding assay of microscale thermophoresis (MST). Capillary fluo-
rescence recorded at different concentrations of the CY5-labelled aptamer diluted in either PBS
with 1 mM MgCl, (magenta), or PBS with 1 mM MgClI; and 0.05% TWEEN20 (black). a)-b)
Display of the capillary of the fluorescence recorded for all capillaries below the saturation value
(<2500). c)-d) Capillary scan recorded over the concentration range 1.56 nM to 200 nM. e)
Fluorescence intensity recorded in PBS with ImM MgCl, in presence (black) and absence of
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Figure 5.13. Examples of the responses recorded with the MST binding check assay to
500 nM, 50 pM and 500 uM target for the optimised short candidates: CSNP for UTP
and C12NP for UDP-glucose. The responses were evaluated at MST On-Time of 2.5 s. Data:
mean =+ e,, n=3.

response amplitude and signal-to-noise ratio recorded for each of the short candidates
with 500 pM target MST on-time of 2.5 s.

Since none of the shorter aptamers successfully detected the target molecule,
I decided to take a step back and test the full-length sequence for all the candidates
that were carried through. Purification after bulk amplification of the full aptamer se-
quences still resulted in quite low yield and the sample presented some impurities due
to glass microfiber filters. Therefore, the sample had to be centrifuged and only the su-
pernatant collected. However, impurities were still present in the sample, which ham-
pered the determination of the sample concentration via UV-spectrometry. Despite
that, I attempted measuring a binding event with MST assay using the extracted ap-
tamers and 100 uM of the respective target molecule. As illustrated in Figure 5.14, the

attempt was unsuccessful and none of the aptamers showed a response large enough

Table 5.7. Response amplitude and Signal-to-noise ratio of the MST traces recorded
by the strands for MST on-time of 2.5 s.

Sequence Target Molecule Response Amplitude Signal-to-Noise

C8NP UTP 0.4 1.1
D7NP UTP 0.2 29
D7FP uUTP 0.2 8.1
C12NP UDP-glucose 0.7 9.3
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Figure 5.14. Responses recorded with the MST binding check assay for the full-length
candidates (UTP left, UDP-glucose right). The aptamer binding was tested against 100
1M of the respective target molecule and the Fnorm value were evaluated at MST On-Time=2.5
s. Data: mean =+ e;, n=3.

to conclude any binding. The figure shows the data for MST on-time of 2.5 s, but the

results were verified at a series of later time points (not shown).

5.2.7 Repeating SG assay to screen the aptamer candidates

Considering the negative results achieved with the MST assay, and since neither the
UTP nor the UDP-glucose aptamer candidates showed any response to their respective
target molecule, I assumed that the initial selection process must have been flawed.
One possible reason was that the corrections applied to take into account the pH vari-
ation, for UTP, and autofluorescence for UDP-glucose, did not rectify the signal cor-
rectly. Therefore, I decided to start again from the SG assay and to change the con-
ditions to minimise the corrections necessary. To avoid both the pH variation caused
by UTP and reduce the impact of the autofluorescence of UDP-glucose, the concen-
tration of the target molecule was reduced from 10 mM to 100 uM, whilst every other
parameter was kept the same.

The pH of 100 uM UTP solution in was measured to verify that the pH had not
changed. A negative control SG test was performed to confirm that the autofluores-

cence generated by 100 pM UDP-glucose was negligible with respect to the fluores-
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Figure 5.15. UTP candidates and their response to 100 tM UTP (panels a,c, e.) and
with the negative control: ATP (panels b, d, f) using SG assay. Data: mean =+ e;, n=3.
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cence signals recorded for the assays.

Additionally, the sequences that emerged as binders were also tested against
structurally similar molecules as a negative control: ATP for UTP, swapping a pyrim-
idine for a purine base, and D-glucose for UDP-glucose, to test whether the aptamer
was selective for the full molecule or also for its parts.

The results of binding and the negative control assay are displayed side-by-side
in Figure 5.15 and Figure 5.16. For each target molecule only three sequences showed
significant signal variation. For UDP-glucose the selected candidates were C1, E1 and

E12, whilst for UTP A8, C8 and G6 (Table 5.8).

Table 5.8. Sequences emerged from the second round of screening with the SYBRGreen
assay. The forward primer region is in bold, the reverse primer binding region in bold and
italic, the anchoring sequence is underlined, the random regions are in blue and the mutations
in magenta

UTP
Name Sequence

A8 TAGGGAAGAGAAGGACATATGAT GCACGTTCA TGAGGCTCGAT
C GTCAGTGGGTCGTCCCTCGAATCACATTGGGCACGGCTAA TTGAC
TAGTACATGACCACTTGA

C8 TTGGGAAGAGAAGGACATATGAT TACATGAGGA TGAGGCTCGAT
C GGTATCTTTGGCATATCCTATCGTTCTATGTAACAGCCTG TTGACTA
GTACATGACCACTTGA

G6 TAGGGAAGAGAAGGACATATGAT ATAACCTGAC TGAGGGTCGAT
C CGAAATTCAGCTGATTTITTTTITGAACGAGGCTGTCGTGA TTGAC
TAGTACATGACCACTTGA

UDP-glucose

Name Sequence

C1 TAGGGAAGAGAAGGACATATGAT CTCCAAGCAC TGAGGCTCGAT
C CAAACGGAGACATATGGAACTTTGTTATCTCTTCTTGATG TTGACT
AGTACATGACCACTTGA

E1l TAGGGAAGAGAAGGACATATGAT GGGATAAATA TGAGGCTCGAT
C TTCTCTCTCGGGTGGCCGCTCTGACTTGGTCTGTGAGCCA TTGAC
TAGTACATGACCACTTGA

E12 TAGGGAAGAGAAGGACATATGAT CCTAGGGCGT TGAGGCTCGAT
C TATTAAACGGACGGCGTAGGTATCTGTGGGGGTAATCCCA TTGAC
TAGTACATGACCACTTGA

In addition to being being selected for a second time against UTP, C8 exhibited
a significant response to 100 uM ATP, with the two A going in opposite directions.
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Since an aptamer for ATP does exist, I aligned, using clustal{lthe two sequences to
verify whether there was an overlap. Figure 5.17 illustrates the sequences aligned
with the detail of the first 40 bases of the C8 sequences. The sequences show identical
sequences separated by some flank regions (12-18 and 22-28) in the C8 sequence and
the rich conservation of Gs suggest a G-quadruplex motif as in the ATP aptamer. This
overlap included the forward primer (5-11), the first random region (28-33) and part
of the anchoring region (34-41). Despite this result, the candidate was not excluded
since this binding site could be removed during the maturation of the strand and still
produce a selective binder.

The other candidates, A8 and G5, did not produce significant variations for the
negative control. On the other hand, UDP-glucose candidates displayed a larger vari-
ation in signal, with respect to UTP counter-part, and produced a null signal change
in the presence of D-glucose, thus demonstrating some selectivity of the candidates

toward the target molecule.

5.2.8 Confirming the screening results with MST

Before continuing with the process to optimise the aptamers and reduce them to the
minimum binding sequence, I decided to confirm the results obtained with the SG as-
say using another technique. A few attempts were made to use another fluorescence
assay based on the Hoechst 33342 dye, a DNA intercalating dye that binds preferen-

tially to A-T base pairs [131]. Despite being another fluorescent assay with a similar
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Figure 5.17. Alignment of the sequences of the C8 UTP aptamer and the ATP adenosine
aptamer published by Huizenga and Szostak [95].
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working principle, the Hoechst assay could have brought some new insight into the
aptamer binding, since the oligonucleotide-dye interaction was much more specific
that the one between DNA and SG. However the assay proved to be temperamental
and not reproducible. The first controls showed equal fluorescence intensity for both
samples containing ssDNA only or complexed with the dye. The same control was
repeated with dsDNA, as the difference made by the dye complexed with the oligonu-
cleotide should have produced a larger difference, which was not recorded.

Therefore, I went back to MST and optimised the assay to produce the best
working condition for the aptamers. I started by increasing the target molecule con-
centration from 100 pM to 1 mM. However, increasing the UTP concentration to 1
mM generated a pH variation of the sample in PBS-Mg. This variation could affect
the assay result bias it may affect the CY5 fluorescence and produce false-positive re-
sults. Therefore, to exclude such contributions all the measurements to characterise
the UTP aptamers were conducted in MST buffer. Employing a different buffer, one in
which the aptamer has not been optimised to perform in, could also affect the aptamer
performance.

To characterise the differences between the two buffers, 5 nM of an IDT syn-
thesised CY5-labelled aptamer was diluted in PBS TWEEN20 and MST buffers. Cap-
illary scan and MST traces were recorded with 50 % LED power and the results are
illustrated in Figure 5.18. For the capillary scan, the fluorescence intensities were not
significantly different (420 & 5 counts for PBS-Mg and 441 + 4) as the values belong to
the &+ 20 % range (347-515 counts) of variability accepted by the assay (panel a), which
indicates that the buffers do not affect the CY5 fluorescence and do not promote ap-
tamer absorbance on the capillary walls (no double peaks). On the other hand the MST
traces were significantly different (panel b). Since this control test was performed in
absence of any target molecule, the difference in the MST curves indicates different
migration properties of the aptamer strand in the two buffer, which is to be expected
give that the two have different compositions (Table 5.9). Since, the migration prop-
erties will be different for each aptamer, this result was not sufficient to conclude that
the MST buffer could not be successfully employed in the assay.

I proceeded with characterising the response from the full-length version of the

144



a ——PBS TWEEN20| p
500 ——MST

w B
o o
o o
1 1

Fluorescence Count
N
o
o
h

-
o
o o

—— PBS TWEEN20
—— MST

-5 0 5 10 15 20
Time (s)

Figure 5.18. Evaluation of the difference in fluorescence intensity (a) and MST curve
(b) between PBS-Mg TWEEN20 (black) and MST buffers (magenta).

Table 5.9. Composition of MST and PBS-Mg TWEEN20 buffers. Both buffers have been

adjusted to pH 7.4
Component MST buffer PBS-Mg TWEEN20
NaCl 150 mM 137 mM
Kl 2.7 mM
MgCl, 10 mM 1mM
KH,;POy4 1.8 mM
Na2HPO4 10 mM
Tris-HCL pH 7.5 50 mM
TWEEN20 0.05 % 0.05 %
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new candidates. The full-length sequences were labelled via PCR amplification with
CY5-modified primer and extraction for the denaturing PAGE gel following the pro-
tocol previously described. All possible combinations of aptamer concentration, LED
and IR laser power were tested to find the best working condition for the aptamers,
but no pattern emerged, which indicated a sequence dependence of the assay and its
response.

Out of six candidates that were carried through from the second round of SG as-
say only E12 for UDP-glucose and A8 for UTP showed a reproducible and significant
response (Figure 5.19). The lack of response from the other aptamers was most likely
due to two factors: the presence of impurities, which appeared to affect the signal by
generating larger noise; and the significant size difference between the target molecule
and the aptamer (1 base vs. 109 bases) which diluted the effect of the binding on the
migration properties of the sequence. It is interesting to notice that the two strands
display opposite behaviour in the response, the binding event was recorded at com-
pletely different MST on-times and the assay conditions were different: for E12 a low
aptamer concentration and high LED power were employed, whilst for A8 the condi-
tions were diametrically opposite. This supports again the high sequence dependency

of the assay outcome.

5.2.9 Optimisation of the candidates sequenced by truncation of the

constant primer regions

Left with one candidate per target molecule, I next sought to reduce the length of the
sequence by evaluating the effect of removing the primer regions. Therefore, the CY5-
labelled sequences deprived of the forward primer (A8 RP and E12 RP, 76 bases), of
the reverse primer (A8 FP and E12 FP, 76 bases) and both primers (A8 NP and E12 NP,
53 bases) were purchased.

For all sequences, the assay set up was either 5 nM aptamer concentration and
50 % LED power or 2.5 nM concentration and AUTO setting for the LED power. These
were found to be overall the best condition to run the assay.

Table 5.10 summarises the responses recorded at different MST on-times for
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Figure 5.19. Result for the binding assay for the full-length aptamers. a) MST response
recorded at 15 s MIST on-time with 1 mM UDP-glucose in PBS-Mg TWEEN20 buffer (Re-
ponse amplitude 22.3, S/N > 5). b) MST response recorded at 2.5 s MST On-Time with 1 mM
UTP in MST buffer (Reponse amplitude 2.5, S/N > 5). The Fnorm values were normalised to
the 0 mM value in order to pull together multiple sets of measurements. Raw data plotted over
I-box, n=4.

Table 5.10. Summary of the response amplitudes (RA) and signal-to-noise ratio (S/N)
for each MST on-time for which binding events were recorded

MST On-Time  E12 FP E12 RP A8 RP A8 NP

(s) RA S/N RA S/N RA S/N RA S/N
1.5 14 69 1162 17 83
2.5 18 91 21 53 1857 26 20

5 27 77 27 5 41 142
10 38 68 38 51 6.3 142
15 51 79 8§ 114
20 57 53 88 89

which binding could be concluded. From the data it emerges that all aptamers that
showed binding at MST on-time 2.5 s. Therefore, for all candidates tested the re-
sponse at MST on/time 2.5 s was plotted in Figure 5.20. For UTP A8 RP and A8 NP
showed binding, with the shortest version showing a very strong binding through-
out the curve. whilst A8 FP showed no binding under any circumstance. For UDP-
glucose, the sequence with no primers showed no binding under any condition, whilst
both versions with primers, A8 FP and A8 RP, showed binding at MST on-time 2.5 s,
5sand 10 s.
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Figure 5.21 illustrates some example MST traces. The top two traces show two
binding sequences, A8 NP (panel a) and E12 FP (panel b) with the first being a very
strong binder throughout and the second with a lower signal to noise ratio. With A8
NP being 23 bases shorter than E12 FP, the effect that the binding of the target molecule
has on the molecular properties of the aptamer was much larger, thus allowing for a
larger signal-to-noise ratio. The two bottom traces show the non binding sequences,
with A8 FP being limited by a below threshold S/N ratio (< 5), whilst E12 NP clearly
showed no response (RA < 0.5 for all tested conditions).

Summarising, the results obtained from this aptamer optimisation, for UDP-
glucose, E12 FP and E12 RP both produced binding events, whilst only A8 NP showed
a reproducible and strong response to UTP. Therefore, these sequences were carried

forward for the binding affinity characterisation.
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Figure 5.21. Exemplary MST traces of the binding (top) and not responsive sequences

(bottom) for each target molecule, recorded at 5 nM concentration and 50 % LED
power.
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Figure 5.22. Example of target induced variation in the fluorescence signal of the cap-
illary. The fluorescence count of the capillary containing a high target molecule concentration
(magenta) was significantly lower than the signal recorded for the other capillaries (black).

5.2.10 Characterising the aptamer binding affinity

To gather further insight into the strength of the interactions between the selected
aptamers and their respective target molecule, aptamers were incubated with a serial
dilution of the target molecules. A binding affinity measurement was performed with
the MO.Control software, which initiated a capillary scan to exclude binding induced
variation in fluorescence. This was found to occur with a concentration larger than 2.5
mM as illustrated in Figure 5.22. The fluorescence count of the capillary containing
a high target molecule concentration was significantly lower than the ones recorded
for the other capillaries. One could assume that the high target concentration may
have caused a shift int the physical properties of the buffer e.g pH. I tested such a high
concentration because I was looking to get more data points on the saturation end
of the dilution series. Therefore, the binding affinity measurements were carried out
following a dilution series going from 30.5 nM to 1 mM.

From the data collected for E12 RP, the fitting of the dose response curve did
not converge, and thus it was impossible to extract any kinetic information. I next

characterised the E12 FP strand. Using 2.5 nM of the aptamer and LED power set to
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auto and extracting the response at 2.5 s, the strand Kp was calculated to be 670 &+ 230
pM (Figure 5.23.d). Figure 5.23.a and Figure 5.23.b illustrate the single data sets with
titting and the average binding curve, respectively. Finally, the merged overall sig-
nal variation generated by the binding by plotting the unbound and complex Fnorm
values (Figure 5.23.c).

The same process was repeated for the UTP candidate A8 NP keeping all the
experimental conditions the same (2.5 nM concentration, auto LED power and MST
on-time 2.5 s). The plot of the data set (Figure 5.23.e) presents low variability in the
signal at 2.5 s giving a Kp = 628 + 24 pM
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5.3 Discussion

The aim of this chapter was to select, optimise and characterise aptamers for two
neuro-chemicals: UTP and UDP-glucose. These two small molecules have been linked
with several pathological conditions and they are known to be released in the brain.
However, since no analytical method is available to measure their release directly, they
were considered the perfect candidates for the sensor platform that was this project’s

aim to develop.

Selecting aptamers for small molecules: the challenges For the aptamer selection
process Capture-SELEX [250] was chosen as the protocol was developed specifically
for the selection of structure switching aptamers and for small target molecules. For
the latter, immobilisation is an issue, both in terms of chemical modification and acces-
sibility of the target molecule to the aptamer. However, selecting aptamers for small
molecules is still challenging. Due to many technical difficulties, not only fewer ap-
tamers have been selected for small molecules (25 %), but they also tend to have lower
affinities than aptamers for larger target molecules (> 900 g mol ') [163]. The selection
process started as a multiple-target SELEX (one library, two targets) and the libraries
went through maturation separately from the fifth round onward. Despite the process
requiring conditions to become more stringent over the rounds, the incubation time
and target molecule concentrations were kept constant to avoid losing any candidates
just because of the initial low frequencies [214], especially given the extra challenge
posed by the presence of multiple targets and the separation of the two libraries on
the fifth round.

The process experienced some initial issues. After the first selection round and
pilot PCR, the DNA band of the library was migrating alongside with the 150 bps band
of the ladder, instead of just above the 100 bp band, together with the positive control
(PC). The issue persisted and worsened throughout the rounds with the appearance of
the second DNA band on round four. The formation of longer DNA segments through
SELEX was previously characterised by Musheev and Krylov [175] and it is mainly

due to unspecific binding and dimer formation between the primer sequences and the
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templates. Dimerisation occurs more frequently in SELEX because the presence of the
random region, which makes it impossible to check for possible unwanted alignments
and it is often impossible to avoid it by simply optimising the PCR process [119]. A
possible solution to avoid this problem, other than just keeping the DNA material to
the minimum, was published by Shao et al. [234] with a protocol called emulsion PCR,
where the PCR reaction mix is resuspended into droplets giving amplification almost
at a single-molecule level for each droplet. Dispersing the material into droplets re-
duced the overcrowding of the environment, thus lowering chances of the unspecific
binding. Another way to avoid byproducts is to keep the PCR cycles number and
the template concentration low [119]. However, the solution used in this work was to
excise the DNA band with the correct size from gels and extract the library from it.

Following the extraction, the library always migrated to the correct position.

SELEX stopped after eleven selection rounds, four with multiplexed targets and 7
rounds with the two libraries separated. The choice to stop after the seventh round
was based on the average number of rounds being 10 for DNA SELEX [162] and by
the results published by Schiitze et al. [225], which found that the final motifs were
already showing high frequencies as early as the forth round and reached the peak at
the seventh. The same trend but with inverted direction was found for the background
binders, which significantly reduced in number after the fifth round. Naturally the se-
lection process is different for each target molecule and the conditions in which they
are performed, but Vant-Hull et al. [270] have shown through mathematical simula-
tion that the main obstacle toward the convergence of the SELEX process lies in the
separation of the bound vs the unbound library, and not the dilution series or the
random region length etc. Additionally, Schiitze et al. [225] sustain that by reducing
the number of rounds, one can minimise both the number of mutations introduced
by Tag-polymerase, which can negatively affect the aptamer binding affinity, and the
effect of PCR bias.

Analysis of the sequenced libraries for UTP and UDP-glucose Despite the litera-
ture, the sequencing of the library did not return highly enriched motifs. A possible
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reason could lie in the parameters used. For example, the target concentration was
halved every other round, whilst Vant-Hull et al. [270] found that diluting the tar-
get concentration by 1/n, where n is the round number, with respect to the previous
round, made the model converge faster. A further step where a lot of DNA material
was lost and that could have affected the enrichment of the library was the library
dimerisation and needed for consequent DNA extraction. Nevertheless the library
did contain sequences that were present at over 1% from an initial diversity of 10!
or with mutations in the anchoring sequence, all sign of enrichment [250]. However,
more than 70 unique sequences for each candidate could not have been experimentally
evaluated as the work would have been both too time and cost expensive. Bioinfor-
matic and computational software and servers have been developed and improved
over the years to help the aptamer selection and help enhance aptamer performance.
There is a large array of tools available which have been reviewed by Kinghorn et al.
[111]. However, the majority of the bioinformatic tools deal with either very specific
and detailed interactions which are very computationally expensive, e.¢ molecular dy-
namics or docking simulations, and therefore can not be used on such a long list of
candidates, or they can work on very large datasets, e.g. NGS data analysis, which
were not available in this study. The most useful tool at this point, in terms of trade
off between computational cost, high throughput and final information gathered was
the folding predicting algorithm and motif finder. The issue with the former was that
the majority of the tools available for the folding prediction were coded for RNA only,
which can not be as easily translated in DNA folding when the prediction encodes
three-dimensional information. Despite these limitations and being conscious that the
folding information for each aptamer was still incomplete since the aptamer, due to its
structure switching nature, could undergo a target induced folding, the in silico analy-
sis reduced the number of candidates by two thirds, leaving 22 and 24 candidates for

UDP-glucose and UTP respectively.

Screening of the UTP and UDP-glucose candidates with SG The challenges of se-
lecting an aptamer for small molecules do not end with the selection process. Aptamer

characterisation is also challenging. The small molecular mass of the target molecules
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is challenging to detect for a lot of analytical methods. Additionally, since the num-
ber of candidates was still high, the technique needed to be high throughput and re-
quire little aptamer modification to contain the costs. In the study, McKeague et al.
[163] evaluated these techniques using published aptamers, which had already been
reduced or partially reduced to the minimum binding sequence. Having undergone
size reduction, the size gap between aptamer and molecule had already been reduced,
which conferred the assay a higher sensitivity to the target molecule and can better
detect the variation induced. Starting from a full-length aptamer sequence that was
almost twice the average length of the aptamers used in the review, 108 bases and 60
bases respectively, meant developing an assay showing a much lower signal-to-noise
ratio. Taking into consideration the structural information obtained from the in silico
analysis and the technology available, the technique chosen was the SYBRGreen (5G)
assay published by McKeague et al. [164]. The SG assay was fast, inexpensive and the
SG interaction with the DNA was less sequence/motif specific [51], and as a plus it
allowed aptamer interaction with its target molecule without the need to immobilise
the strand on a surface, which could have affected the interaction and costs.

As expected, the results from the first rounds of candidate characterisations
showed a small response especially when considering the large amount of target molecule
present in solution and compared to the results obtained from the same assay per-
formed with the ATP and adenosine aptamer [95] for concentrations five orders of
magnitude smaller (Figure 3.12). Comparing the two sequences, 27 bases and 108
bases for the ATP aptamer and the Capture-SELEX libraries respectively, it is evident
that the difference in size between the two aptamers contributed most to the low sen-
sitivity shown by the aptamers. Diving further into the analysis of the Huizenga ap-
tamer, the structure clearly shows that out of 27 bases only 3 are not involved in either a
base-pair or part of the guanine-stack that interacts with the target molecule (bases 13-
15: ATT). For the selected libraries no conclusion can be made but it can be expected
that the ratio between bases that belong to the binding site and the total number of
bases was much lower. One last consideration necessary for this comparison is that
the ATP aptamer presents two binding sites, which amplifies the effect of the binding

event by displacing more SG molecules, thus increasing the assay sensitivity.
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Another point worthy of discussion was the corrections of the pH for UTP and
of autofluorescence for UDP-glucose. Whilst for the latter very little could have been
done in order to remove the autofluorescence, in the case of UTP a different buffer
could have been employed. However, I decided to avoid changing buffer and to con-
tinue optimising the aptamer in the same buffer, or as close to the same buffer used
for the final aptamer application, given that aptamer folding is known to be strongly
dependent on the environmental conditions e.g. ion and anion concentration, pH etc.
As emerged from the result of both the first round of MST, in which no binding was
recorded, and the second round of SG assay, where all candidates with the exception
of one were different, the corrections did not compensate correctly for the pH and the
autofluorescence, and the signal did emerge from the background.

Through the second screening round, where both the pH and the autofluores-
cence had been minimised, six candidates, three per target molecule, were identified.
The negative control for UTP was ATP and none of the aptamers responded with the
exception of C8. The alignment of the sequence of the C8 candidates and the ATP ap-
tamer showed the sequences shared 17 bases out of the 27 of the Huizenga aptamer,
separated by two flanking regions of 7 bases each.

Employing D-glucose as negative control aimed mostly at verifying whether
the aptamer was selective for the entirety of the target molecule or also at its parts,
just like the ATP aptamer also binds ADP and adenosine. From the results of the SG
assay it can be deduced that the candidates showed no response to the presence of
D-glucose by itself, but it would be interesting to test whether uridine-diphospate or
uridine itself could produce the same result. The same applies to the UTP sequences

where the parallel is even more exact.

Optimisation of the aptamer candidates with microscale thermophoresis (MST))
Different combinations of target and aptamer concentrations, buffers and LED and
IR power were tested to find the best working condition for each aptamer. On the
first attempt at detecting a response to 100 uM target with the new candidates, it was
necessary to increase the concentration to 1 mM. That meant that the buffer had to

be changed for UTP due to the change in pH. The choice fell on the MST buffer, Tris-
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HCI based, with similar concentration of sodium chloride, ten times the amount of
magnesium chloride and pH adjusted to 7.4.

On the other hand, no autofluorescence was recorded for UDP-glucose. Addi-
tional challenges were posed by the sample contamination originating from the extrac-
tion of the DNA sample from the denaturing PAGE gel. The microglass fibre impurity
in the sample affected both the DNA quantification with the nanodrop and the MST
assay. Spinning of the sample and using only the supernatant did improve the signal-
to-noise ratio for the assay enough to record binding for two aptamer candidates, one
for each target, in their full-length form using the MST.

E12 binding with UDP-glucose and A8 with UTP had been confirmed by two
platforms that exploit completely different physical phenomena to detect the bind-
ing event, the next step was to optimise the candidates. The choice of technique fell
on MST given its capability to produce quantitative data in a quite short turnaround
time. In choosing the optimisation step, the decision fell on truncation since it was the
best way to improve the relatively low response amplitudes and of the signal-to-noise
ratios. The truncation of the aptamer binding site reduced the aptamer length from
108 bases to 75 bases for one primer removed (FP or RP versions), and to 52 bases in
the version without any primer (NP).

Examining further the results recorded for E12, the UDP-glucose candidate: the
two version with one primer both showed significant responses whilst the version
without any primer did not respond at all to the presence of UDP-glucose. Both one
primer versions were characterised for binding affinity and whilst no curve dose re-
sponse behaviour could be found for E12 RP whilst a Kp of 670 £ 230 pM was found.

For the UTP counter part A8 showed no response for the FP version and small
responses at 1.5 s and 2.5 s MST on-times. However, the removal of both primers
resulted in a net improvement in terms of quality of both response amplitude and
signal-to-noise ratios, with the first Signal-to-noise exceeding 12.0. The binding affin-
ity characterisation produced a Kp of 628+ 244 uM.

To put this result into context, I compared the aptamers selected in this work
with other published in literature selected for small target molecules, and more specif-

ically for nucleotides. The results are summarised in Table 5.11. From quick overview,
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the preferred chemistry for small molecule aptamers is RNA, most likely due to the
higher structural complexity that RNA aptamers are known for [308, 183]. At the
same time RNA aptamers show lower limits of detection to their DNA counter-parts.
That limit of detection is however strongly dependent on the concentration of metal
ions and more specifically MgCl,. One example is the ATP aptamer published by
Sassanfar and Szostak [220] where a four-fold increase in the metal ion concentration
produced a ten-fold improvement in the affinity. In other cases the absence or lower
concentration of the metal ions can even result in the loss of affinity [284]. Further, the
concentrations of MgCl, employed with RNA are much higher than those found in
celebrospinal fluid, which supports the choice of DNA based chemistry in this project.
Affinities recorded for published DNA aptamers are often one or two order of magni-
tude away from the aptamers selected in this work. However, with further optimisa-
tion of the sequence, e.g. mutagenesis, sequence engineering and further truncation,
better Kp values could be achieved.

To summarise, two aptamers, one for UTP and one for UDP-glucose, were suc-
cessfully isolated via Stoltenburg, Nikolaus, and Strehlitz [250] Capture-SELEX. The
optimisation process to shorten the sequences and mature the affinity to their target
molecule was initiated using microscale thermophoresis and it produced so far Kp of
628 pM and 670 uM, for UTP and UDP-glucose respectively. Despite the incomplete
maturation process, this result is already significant, especially in the case of UTP for
which a selection was previously attempted and failed [181], using a similar Capture-
SELEX protocol that employed a library with a shorter random region, 30 nucleotides
against the 50 employed here.
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Chapter 6

Future Work

6.1 Electrochemical aptamer-based biosensor for the con-

tinuous monitoring of neurochemicals

The electrochemical aptamer-based platform described in this work successfully achieved
the concentration range of interest and the recording hypoxia-induced adenosine re-
lease. However, especially the experiments conducted in with the tissue have shown
some weaknesses in the design that need to be addressed in the future work. Some of

these corrections are essential to turn the platform it into a reliable analytical tool.

6.1.1 Range of detection

First item to be addressed is the range of detection. Despite having achieved the detec-
tion in the micromolar, the physiological concentration range of neurochemicals starts
in the high picomolar concentration range [42]. The range of detection depends on
both the transduction and the biorecognition element. For the transduction, exploit-
ing the conductive properties of nanomaterials and nanostructures, could improve the
device sensitivity [55]. For example, creating a nanostructured surface, by depositing
dendritic structure [216, 143] or metal nanoparticles [35, 255], can be used both for
increasing the sensor surface area and improving signal-to-noise ratio [87, 147].

For the aptamer, improving the range means tuning the aptamer affinity win-

dow. This result has been achieved in multiple publications by introducing/modulat-
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ing a structural switch, by tuning the cooperativity of the aptamer down to promote
higher affinity, by introducing an allosteric regulator [288, 5, 20, 48, 184]. The latter
however can not be employed in this platform because it does not support continuous

monitoring.

6.1.2 Anti-fouling and Calibration-free

Another weakness highlighted by the measurement in complex media is the poor sig-
nal stability, that prevented the measurement from being quantitative. One way to
improve the fouling resistance,is to passivate the surface by incubating the surface
with 30 mgml~! BSA for 2 h. This treatment efficiently blocks defects sites from re-
ducing oxygen and stabilises the signal. However, it does cause the signal to drop by
40 % [143].

Lietal. [135] have shown a solution that tackles both signal stability and fouling
resistance. In this work, the phosphatidylcholine-terminated (PC) MCH backfilling
chains not only improved the fouling resistance, losing only 10% of the signal after 12
h in whole blood (65% for the MCH backfilling), and displayed an increased signal
stability (over 12 h in flowing blood), but also improved the signal gain upon bind-
ing of the target molecule (35 % and 65% signal gain for the MCH and PC sensors
respectively).

It would also be beneficial for the sensor characteristics to support calibration
free measurements, to ensure the correct quantification of the detected amount and
remove batch dependencies variability. This can be achieved by dual frequency mea-
surement technique, which exploit the frequency dependence of the signal gain. By
evaluating the ratio between a responsive and a low responsive frequency, one can
obtain accurate evaluation of the measured quantity [136]. The drawback of this tech-
nique is that the time-resolution of the measurement will lower, further limiting the

application spectrum of the device.
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6.2 Selecting structure-switching aptamers for UTP and

UDP-glucose

Further insight on the selection process and on the enrichment of suitable aptamer can-
didates could be gathered by performing next generation sequencing of the libraries
from each selection round. The data gathered could also provide some new candidates
which were lost during the selection process [251]

Regarding the aptamers selected, further work could be conducted to reduce
selected aptamers to their minimum-binding sequence to improve the affinity to the
target. To achieve that, DNAase foot-printing technique could be employed to deter-
mine the minimum binding sequence. The assay employs exonucleases to digest the
unbound strands, thus leaving only the functional part of the aptamer [31].

Once a satisfactory binding sequence has been reached, structural information
on the aptamer-target complex could be gathered either via nucleic magnetic reso-
nance (NMR) [141] or X/ray crystallography. Additionally circular dichroism spec-
troscopy (CD) could be used probe the aptamer-target interaction, especially to deter-
mine how the aptamer structure changes in presence of the target [27].

Finally, it would be very exciting to integrate the optimised aptamers into an
electrochemical aptamer-based platform and record the uracil-nucleotide release (or

the lack of it) from brain tissue.
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Chapter 7

Summary & Conclusion

At the beginning of my project, I set out to verify whether an aptamer-based electro-
chemical biosensor could be employed as novel analytical tool to continuously mea-
sure the release of small molecules in the brain. A sensor was developed and opti-
mised to detect adenosine, a well characterised neurochemical and a ubiquitous sig-
nalling molecule [252, 24]. Its release has been studied in high temporal resolution
via existing analytical tools such as fast-scan cyclic voltammetry and amperometric
enzymatic biosensors[180, 43]. Additionally, there was an existing 27 base adenosine
aptamer that has been fully characterised in terms of structure, binding sites and has
been employed on multiple platforms, included an electrochemical one [95, 141, 307,
99, 94, 105]. This prior knowledge from previous studies, grants a variety of options

for assays to test my newly developed sensor.

In the first part of the project, I established and optimised the fabrication protocol
and tested different device geometries and recording techniques to achieve a sensitiv-
ity in the physiological concentration range. Since an electrochemical aptamer-based
platform employing the same aptamer and exploiting the same structure-switching
design to detect ATP had already been described, the initial effort went into to repro-
ducing the published results [289]. The initial attempt at recording a response was
made using cyclic voltammetry. However, due to protocol applied, the contribution of
the charging current to the overall signal was greater than the sensor response to the

binding, thus reducing the signal-to-noise ratio and the sensitivity [57]. The employ-
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ment of square wave voltammetry, solved that issue as the technique applies pulses of
potential and samples the current when the charging current contribution is negligi-
ble, thus sensibly increasing the signal gain recorded [169]. Following the work by Liu
et al. [143], miniaturisation of the device was then employed to improve the sensor’s
dynamic range. Another fundamentally important step was the change of the sensor
design from a gold disk to a gold wire. The change resulted in a four-fold improve-
ment in the signal generated. This result also translated into a low limit of detection
(low micromolar), which now covered the physiologically relevant range.

Two engineered versions of the aptamer containing only one binding site and
with a destabilised stem, were incorporated for the first time on an electrochemical
platform and their response characterised. According to the publication, the two
engineered one-binding site versions slightly reduced the Kp from 16 uM to 12uM
[307]. However, on the electrochemical platform, only the version with a shorter stem
matched, without improving, the performance of the two binding site aptamer, prob-
ably due to the enhanced strand displacement. The lack of a significant improvement
in the signal supported the findings by Zhang, Oni, and Liu [307], where they found
limited cooperativity between the two binding sites.

Finally, the response to some other adenosine-based purines was evaluated to
verify the selectivity of the aptamer, especially to the molecules that were more likely
to be present in the extracellular environments during recordings from tissue. The
aptamer had been characterised for its response to all adenosine nucleotides, down
to adenosine, and to all nucleotide triphosphates (NTPs). However, I could not find
a previous characterisation of the response to adenosine catabolites: insosine and hy-
poxanthine. The sensor sensitivity for both catabolites was significantly lower than for
adenosine, which was sufficient to conclude that there was selectivity against those
metabolites. This constitutes an improvement with respect to the microelectrode en-
zymatic version in terms of selectivity, which cannot differentiate between adenosine
and its metabolites, and that produces an acidic environment due to its catalytic activ-
ity over time. The sensor sensitivity to ATP however was significantly higher, with a
response four-fold larger than for adenosine. This result is in agreement with previous

characterisations.
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Overall, the sensor, optimised this far, achieved the objective initially set, as the
platform achieved sufficient sensitivity for the detection of adenosine and supported
continuous monitoring. To my knowledge, no other published aptamer-based biosen-
sor was capable of detecting adenosine at the low micromolar range whilst supporting
continuous monitoring in real time in a continuous flow chamber. The only exception
is the work by Liu et al. [143], which obtained detection of ATP on a similar work-
ing range after surface passivation, despite a 40% signal loss. As there has not been an
electrochemical aptamer based platform showing fast return times (ms resolution) and
low LOD for continuous measurements, alternatives detection systems which posses

these characteristics are preferred for these applications.

In the second part, control measurements were performed to evaluate the influ-
ence of environmental parameters on the aptamer response. Both temperature and
pH shifts were found to affect the sensor response. In the case of temperature, it was
mainly attributed to the aptamer melting temperature being in the range of the phys-
iological temperature used for the recording. For pH, it was found that the sensor
response caused by a pH variation was accompanied by a shift in the peak poten-
tial of the sensor, therefore providing a simple way to exclude its contribution to the
measurement with a biological sample.

The sensor capability to support analyte detection in tissue and the effect of the
tissue on the dynamics of the recording were evaluated with a low density agar block
[179]. The sensor was found to be incapable of detecting the target inside the agar
and showed clear signs of physical damage upon insertion and removal from the agar
block, which resulted in a lower aptamer density on the sensor surface.

Nevertheless, by laying the sensory parallel to the slice surface, the platform
was employed to record adenosine release directly from hypoxic slices at room tem-
perature and simultaneously with extracellular recordings to monitor the brain ac-
tivity. The traces recorded by the sensor presented a strong drift, indicating a poor
signal stability and possibly explained by fouling. The sensor still selectively detected
adenosine and the signal recorded overlapped with the depression of synaptic activity.

However, due to the drift, no quantitative data could be extracted from the recordings.
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Despite the lack of quantitative information, the sensor successfully recorded
adenosine released from a slice, reproducing the previously published results ob-
tained with the enzyme-based microelectrode sensor. This result is quite novel as it
is amongst the first reports of continuous monitoring detection of neurochemicals via
electrochemical aptamer-based sensors, joining the work by Nakatsuka et al. [176] and
Santos-Cancel et al. [218]. However, it is the first reported sensor to achieve continu-
ous recording of adenosine release from brain slices. This work contributes to the
current effort in developing and establishing aptamer-based sensors for continuous
detection of neurochemicals [226]. This result provides confirmation that upon fur-
ther optimisation and with the employment of new aptamers, the sensor described in
this work could be employed as a universal platform for the analytical detection of
small signalling molecules in the brain.

The extracellular recording from the aptasensor was strongly affected by the
chosen measuring technique and could only be taken during the quiet time of the
potentiostat. This is due to the significantly larger potentials involved in recording a
square wave voltammetry trace. This remains a limiting factor for the sensor as the
method will not be employable in recordings that require high temporal resolution.
The low temporal resolution (8 s) was mainly attributable to the duty cycle of the
potentiostat since the square wave recording only took 3 s. It is possible that using a
different potentiostat could halve the total time required for a recording. Additionally

employing a different analytical technique could improve the time resolution.

In the third part of this thesis, capture-SELEX was employed to isolate two DNA ap-
tamers for UTP and UDP glucose, two poorly understood and understudied purines
which lack analytical tools to quantify their release with sufficient time resolution;
With the aim to sand thus to identify exactly their role in the purinergic circuits.

The selection process was challenging, but it was completed after 11 selection
rounds. The two libraries emerged from the sequencing were quite heterogeneous.
However, some sequence enrichment was identified and used as a parameter to select
which aptamer to characterise further. APTANI2 was employed to scan the sequences

against a library of known motifs [32]. The software analysis returned a few additional
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sequences. Next generation sequencing was used, to gather further insight into the
enrichment of the library. However, due to the sudden lost of my research funds, it
could not be performed.

SYBRGreen assay was employed for the initial screening of the selected aptamer
sub-libraries, to reduce the numbers [163]. Three aptamers for each target molecule
showed binding in the SG assay. The binding was confirmed via microscale ther-
mophoresis, which returned reproducible results only for two strands: A8 for UTP
an E12 for UDP-glucose. The affinity maturation protocol of the aptamer started with
truncation of the constant primer site regions, as a literature review has found that
they contribute rarely to the binding [40]. The aim was to reduce the aptamer to its
minimum binding sequence. The version of A8 with no primers was found to present
the best binding amplitude and signal to noise ratio. For E12 both the versions con-
taining only one primer showed binding. Contrary to the expectation, the version of
the aptamer with no primers lacked a response, despite having tested multiple buffer
and divalent metal ions conditions. The reduced aptamer candidates were tested to
characterise their Kp, which were all in the high micromolar range (< 700 pM).

Two aptamers were successfully selected for UTP and UDP glucose, thus con-
tributing to an expanding library of oligonucleotides aptamers employed in detection
of small molecules. The result for the UTP aptamer is made even more significant as
previous attempts with a DNA library had failed. The affinities obtained are promis-
ing and within the order of magnitude from the Kp of other nucleotide-sensitive ap-
tamers published. With further work towards the reduction to the minimum binding
sequence and affinity maturation, similar results might be achieved.

Due to a lack of time, I could complete neither the kinetic characterisation nor
the reduction to minimum binding sequence. For the same reason, I could not inte-
grate the final selected aptamers into the sensor platform described in this work and to
employ it to record the release of the two uracil-nucleosides. This new analytical tool
could significantly contribute to the current understanding of the role of these two
signalling molecules and to the effort of characterising their function in the purinergic
system, which is involved in the regulation of both the central and peripheral nervous

system [61, 129, 128].
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