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Abstract

Endometriosis is a debilitating disease affecting 1 in 10 of those assigned female at birth
worldwide. Yet despite its prevalence, diagnosis currently takes ~ 9 years from symptom
onset and necessitates laparoscopic surgery — an invasive procedure with many limita-
tions. Producing a non-invasive diagnostic modality e.g., based on molecular biomarkers
is a priority, but no biomarker has been identified yet as a suitable replacement. Given
its systemic nature, a multiplexed panel could provide a better insight into this disease,
but that is currently hindered by a lack of tools that can concurrently detect the breadth
of biomarkers of relevance to endometriosis in a cost and time effective manner in the
community. Electrochemical biosensors provide an attractive avenue over conventional
bioanalytical systems, as they are low-cost, mass manufacturable and, importantly, allow
detection multiplexing e.g., through fluidic integration.

This thesis aimed to produce a novel biomarker interrogation platform based on low-
cost electrochemical biosensors for 2 key targets in endometriosis research: 1L-6, an inflam-
matory cytokine, and cortisol, a small steroidal hormone. An investigation into the integ-
ration of a recently discovered cortisol aptamer into an impedimetric sensor highlighted
different aspects of the fabrication process that are critical for optimal performance. A
set of engineering tools were then produced to enhance the performance of the developed
sensors, namely 1) a low-cost, easy-to-implement flow cell to improve accessibility to flu-
idic solutions within the electrochemistry community, 2) a fully automated platform for
standardizing the fabrication of electrochemical biosensors and 3) a new methodology for
impedance data fitting based on the Markov chain Monte Carlo method for improving the
sensor readout reliability. As such, this work delivers a series of engineering solutions to
the field of electrochemical sensing using biomarkers of interest for endometriosis research
as the key application, in the hope that it will guide, inspire and facilitate further research

into this disease.
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Chapter 1

Introduction

1.1 Motivation

Endometriosis is a chronic, menstrual-cycle dependent disease commonly presenting
through episodes of debilitating pelvic pain, dysmenorrhoea and recurrent genitourinary
and gastrointestinal distress, and is thought to affect approximately 10% of reproductive-
age women and those assigned female at birth! worldwide - or 190 million people [2].
However, the true prevalence may be much higher with another estimate suggesting that
about 6 in 10 cases of endometriosis remain undiagnosed [3]. While the focus on endo-
metriosis typically centres around pain and its effects on fertility (30 — 50% of patients
suffer from infertility [4]), this disease can permeate all aspects of a person’s life from
lost work productivity, higher rates of depression, missed opportunities, difficulty partak-
ing in social situations. [5]. In economic terms, the financial burden of endometriosis is
comparable to that of conditions such as type 2 diabetes and rheumatoid arthritis [6].
Despite its prevalence and high individual and economic burden, the average time in the
UK to diagnosis is ~ 9 years from the first GP visit [7]. The reasons for this delay are

multifaceted and include the non-specific presentation of this disease, societal normaliza-

I'While the majority of the endometriosis patient population are women, this disease can also in some
cases affect people assigned male at birth [1].



tion of menstrual pain, lack of disease awareness [7], and invasive nature of the diagnostic
procedure [8].

The current state-of-the-art for diagnosing endometriosis is symptom-prompted lap-
aroscopic surgery (Figure 1.1), which combines diagnosis with therapeutic benefits, as
endometrial implants can be visually identified and excised during the same session [9].
But, like any other surgical intervention, it features risks and success is highly dependent
on the experience of the clinician performing the operation as well as the localisation and
appearance of the endometrial lesions, as deep set or heterogeneous ones may be more
challenging to identify [10, 11]. Furthermore, laparoscopy does not eliminate the risk of
endometriosis recurrence, meaning that patients often have to undergo multiple invasive
procedures throughout their lifetime [12, 13]. Other investigations such as ultrasound
and magnetic resonance imaging are also recommended as first line diagnostic tools but
cannot on their own definitively rule out endometriosis [9].

Therefore, producing an accurate, non-invasive diagnostic tool to replace surgical dia-
gnosis and identify endometriosis earlier is one of the research priorities in the field at
the moment [2, 14-16]. By accelerating the diagnosis timeline, such a test could improve
treatment outcomes by limiting disease progression and tissue damage prior to surgical in-
tervention, whilst simultaneously reducing the financial burden of endometriosis on both

patients and healthcare systems [17].

1.2 Current diagnostic roadblocks

An alternative diagnostic route for endometriosis is based on the measurement of bio-
markers present in bodily fluids accessible non-invasively (e.g., blood or urine). The
literature suggests that only through a combinatorial approach (i.e. multiple biomarkers,
likely accompanied by imaging and clinical evaluation) may we get closer to meeting the
criteria required for a replacement test [18] to surgical diagnosis [19-21]. However, at

present, no biomolecular signature has been identified for endometriosis diagnosis and
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Figure 1.1: Laparoscopy or keyhole surgery - the current state of the art dia-
gnostic procedure for endometriosis.

The general procedure is conducted under general anaesthetic and involves the use
of a laparoscopic camera to visualise and confirm the presence of endometrial le-
sions and excision tool to destroy or remove endometrial implants. The abdomen is
filled with carbon dioxide gas to facilitate instrument manipulation. Image source:
https://www.firmhospitals.com /laparoscopic-endometriosis.

disease stratification [22]. Instead, multi-biomarker studies have hinted at a complex in-
terplay between the systemic pathophysiology of endometriosis (which spans the immune,
neurological and endocrine, gastrointestinal reproductive systems) and a person’s genes
and environment [23]. These competing influences have been mirrored in the large number
of diverse biomarkers that have been linked to this disease (see biomarker tree in Figure
1.2).

This complex, systemic presentation of endometriosis together with the deeply per-
sonal experience of pain [24] and challenges in conveying that pain into clinical language

[25], has encouraged the development of a range of home-based, self-tracking apps [26,



27](e.g., Phendo [28], Endocare [29], Endi [30], Frendo [31]) that are recommended for
women to monitor their symptoms and make their pain more recognisable in the clin-
ical setting [32]. This is important as one of the leading causes of diagnostic delays in
endometriosis is the normalisation and dismissal experiences around menstrual pain [33].
Additionally, these apps are featured in many endometriosis research studies that aim to
for instance expand current modalities of disease stratification [34], understand the pre-
valence of certain symptoms across different phenotypes [35], or explore the relationship
between factors such as exercise and pain symptoms [36].

Although the advantages and need for self-tracking systems for women’s health re-
search is recognised [37] (e.g., by patient advocacy groups like Citizen Endo [28] and the
Endometriosis Society [38]), currently available systems are often limited to user-logged
symptom tracking (mood, discharge, pain levels) [26, 27, 39] and wearable fitness trackers
[40] that measure parameters such as heart rate variability, body temperature, sleep, phys-
ical activity. Expanding these at-home systems to include molecular biomarker tracking
represents a promising opportunity to 1) empower women to identify the early signs of
endometriosis and seek a diagnosis earlier and 2) provide researchers studying endometri-
osis with an additional dimension of data to move closer to a deeper understanding of this
disease and eventually lead to a replacement or triage test to inform clinical decisions.

However, current state-of-the art techniques for biomarker quantification such as en-
zyme linked immunosorbent assays (ELISAs) and mass spectrometry are impractical for
at-home, longitudinal (over a minimum of 2 menstrual cycles is recommended, but as
many as possible is ideal [41]) screening across the multiple biomolecular classes that are
believed to play a role in endometriosis (e.g., hormones, proteins, nucleic acids) as they

incur a high overall cost, limiting community-based studies.
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Figure 1.2: Biomarker tree for endometriosis.

Showcasing the wide array of physiological functions and systems affected by endomet-
riosis mirrored in the large number of potential biomarkers that have been identified for
this disease. Image source: May et al. [42]

1.3 Electrochemical biosensors: opportunities and lim-

itations

Electrochemical biosensors provide an opportunity for addressing the limitations of
current bioanalytical tools owing to their low-cost, mass-manufacturability and ease of
miniaturisation and multiplexing. These sensors have already had an impact on health-
care and disease management (e.g., home glucose monitoring) and have consistently shown
a strong potential for tackling a wide array of medical [43-47] and environmental [48-51]
challenges, reducing the time and costs associated with multi-analyte investigations across

a spectrum of biomolecular classes [52, 53].



Typically, electrochemical biosensors feature biological recognition molecules (e.g., an-
tibodies, DNA, polymers, enzymes), which may be attached to the surface of an electrical
conductor (electrode - e.g., gold, carbon, platinum) [54, 55|, plastic wells [56], functional
particles (e.g., magnetic beads) [57, 58] and more [59]. The interaction between the target
analyte and the biorecognition layer gives rise to a measurable change in the electrical
properties of the system which can be probed using a potentiostat instrument and related
back to the concentration of the target present in a sample (Figure 1.3).

Despite their inherent advantages, the translation of these sensors from the laboratory
bench into widespread commercial use remains challenging [60], as discussed in greater
detail by myself and colleagues in our recent publication [61]. Many improvements are
still needed to ensure their deployability at the point-of-need such as increasing their
detection sensitivity - particularly in complex bodily media [55, 62|, storage stability,
reproducibility and multiplexing capabilities [60]. Consequently, a large body of research
has been dedicated to improving some of these aspects for instance using surface modi-
fications [62], tuning the bioreceptor orientation [54] or decreasing the electrode size [63].
However, many of these approaches exponentially increase the sensor production cost and
manufacturing complexity.

One solution to this challenge that has been explored has been embedding these sensors
within low-cost microfluidic devices [51, 64-66]. The inherent synergy between electro-
chemical biosensors and microfluidics has allowed unprecedented levels of detection par-
allelisation, signal enhancement, automation and lowering of the quantity of expensive
reagents used [65, 66]. Yet despite this, microfluidic use remains scarce in the electro-
chemical sensing community, with only around 6% of research outputs featuring fluidic
integration (Web of Science, 2020-2025)2. Some of the likely drivers for that are the high
entry costs of microfluidic device fabrication and actuation (e.g., syringe pumps, pressure

controllers, photolithography equipment) and additional processing time these techniques

2Search terms: topic = (electrochem* OR impedimetric OR amperometric OR voltammetric OR
potentiometric) AND biosens*) [AND (*fluidic* OR droplet OR lab-on-a-chip OR total analysis system)].
The search was constrained to research articles (excl. reviews) published in the English language between
2020-2025). [...] was used to determine the % of articles featuring fluidic integration



incur (e.g., post-processing of devices) which can make it impractical or unfeasible for elec-
trochemistry labs to adopt this on top of their sensor developmental workflows. Therefore,
one of the goals of this thesis has been to address these limitations by producing a set of

accessible tools that may promote microfluidic use in the community.

Biorecognition and Transduction Signal Processing Data Acquisition

Antibodies
DNA/RNA

Screen Printed
Electrode

Transducer

Enzymes
Polymers

Figure 1.3: Typical outline of an electrochemical biosensor

The transducer with surface immobilized recognition molecules (antibodies, single
stranded DNA or RNA, enzymes, and polymers — list not exhaustive). The transducer
is exposed to the analyte solution which contains a patient’s sample with the target
molecule. The interaction between the target and its receptor alters the electrical
properties of the transducer and the output current from the transducer is amplified
and processed using a microcontroller aboard the main analytical instrument (tabletop
potentiostat) before being displayed on a laptop or tablet for analysis.

1.4 Target analytes chosen for this work

Given the vast array of potential biomarkers of endometriosis and the time required
to develop sensors for these, the selection process was narrowed down using the following

factors:

1. Sensitivity - the ability of a biomarker to identify positive cases
2. Specificity - the ability of a biomarker to identify negative cases

3. Whether they meet or approach the criteria for a replacement or triage? test [21]:

3These thresholds were described by Vicky Nisemblat et. al[21] and represent clinically informed
benchmarks for comparing the performance of different biomarkers. The exact purpose of triage tests
can vary according to the clinical context and the patient’s priorities, but overall, the goal with them is
to avoid unnecessary surgery and prioritise surgical treatment for those that show a high likelihood of
having endometriosis. For biomarkers intended to rule in disease (SpIN), a specificity exceeding 95% is
prioritised by the authors to minimise false-positive results, thereby ensuring that a positive test result
provides strong evidence for the presence of disease. In this case, sensitivity is of lesser importance, as



« Replacement test = sensitivity > 94 and specificity > 79 (based on the accuracy

of laparoscopy in successfully diagnosing endometriosis [67])

o SnOUT triage test (rules out diagnosis if result is negative) = sensitivity > 95

and specificity > 50

« SpIN triage test (rules in diagnosis if result is positive) = sensitivity > 50 and

specificity > 95

4. Panel heterogeneity i.e., pertaining to multiple biomolecular classes and perform-
ing a diverse array of functions congruent with the systemic pathophysiology of

endometriosis.
5. Non-invasive sampling method i.e., urine, blood or saliva.

6. Detectable by electrochemical methods?.

Based on these criteria, two highly promising markers from literature [18, 21, 68] were
chosen for the initial developmental stages: I11-6 (an inflammatory protein) and cortisol
(hormone). IL-6 has been extensively used in biomarker studies for endometriosis [18]
and shown to meet the criteria for a SpIN test when used in combination with other
biomarkers such as TNF-a, a pro-angiogenic inflammatory cytokine (Sensitivity: 70%;
Specificity: 100%) or CRP (Sensitivity: 75%; Specificity: 100%) [18]. Additionally, IL.-6
has been extensively targeted in electrochemical biosensing studies [69] and thus there is
a wealth of literature available on its molecular binding mechanisms and how they may
be exploited for electrochemical biosensing. Although another biomarker (urocortin) was

closer to meeting the criteria for a replacement test on its own [18], it has never been

the principal objective is to maximise confidence in positive diagnoses (rather than detect every affected
individual). Consequently, a minimum sensitivity value of 50% was considered sufficient by the authors.
Conversely, biomarkers intended to rule out disease (SnOUT) require a sensitivity greater than 95%
to minimise false-negative results, ensuring that a negative result reliably excludes disease. Although
specificity remains relevant, it is of secondary importance because false-positive results can typically be
resolved through subsequent confirmatory testing; therefore, a minimum specificity of 50% was deemed
acceptable.

4The molecular sensitivity/thresholds depend on the specific biomarker and sample type. As currently
no single biomarker or panel has been identified as a suitable replacement or triage test for endometriosis,
there are no clinical concentration thresholds defined, thus these ranges were approximated based on
literature reports of individual biomarkers identified for endometriosis that satisfy criteria 3-5 above.



targeted by electrochemical biosensing studies. Therefore, the choice to target I1L-6 was
motivated by an intention to de-risk the project and simultaneously ensure that the final
product of this work is applicable not only to endometriosis but to other inflammatory
diseases in which IL-6 plays a central role (e.g., rheumatoid arthritis, sepsis, depression,
cardiovascular disease and COVID-19) [69].

Cortisol is an emerging biomarker in endometriosis research [70-72]. Its role spans mul-
tiple areas of the body including the immune, reproductive, cardiovascular and digestive
systems as it helps orchestrate the body’s ‘fight or flight’ response to stressors. Its diverse
roles within the human body match the multifactorial nature of endometriosis and could
provide interesting new insights into the pathogenesis and progression of this disease [72].
Animal studies to date have also indicated a promising link with endometriosis [70] and
cortisol has very frequently been targeted by electrochemical biosensing studies [73].

Literature reports have indicated that clinically relevant ranges for serum IL-6 and
salivary cortisol for endometriosis are around 0.5 - 50 pg/ml (IL-6) [74, 75] and 0.1 - 20
ng/ml (cortisol) [76, 77], which are suitable ranges for quantification by electrochemical

measurements.

1.5 Electrochemical detection strategies

Although some of the advantages of electrochemical sensors have been listed in Section
1.3, the question remains of why this work aims to use these sensors specifically (rather
than another platform of equal merit in terms of mass manufacturability, low cost and
multiplexing potential for this specific application - such as a bio field-effect transducer or
BioFET [78, 79]). While developing a BioFET implementation for the biomarkers chosen
in this thesis would have been an equally worthwhile endeavour, the focus on electro-
chemical sensors arose for a few key reasons as follows.

Firstly, electrochemical sensors are, by comparison, less sensitive to sample ionic strength

and Debye screening effects [79, 80] as they rely on different biorecognition transduction



mechanisms (e.g., Faradaic reactions), meaning that the size of the bioreceptor used is
less constrained [79] (Debye length in physiological sample is around 0.7 — 2.2 nm [81],
smaller than that of an antibody which is typically around 12 nm [82]). This allowed
more flexibility in choosing the bioreceptors and combining multiple different receptors
into the same platform. Secondly, the manufacturing infrastructure is more mature for
electrochemical sensors given the widespread use of glucose meters and electrochemical
analysers such as the Abbott I-stat; whereas the synthesis process of the materials re-
quired for functionalising and operating BioFETs is currently still immature and prone to
variability [78]. This was important to maximise the scalability of the solutions developed
in this thesis on a faster time scale.

The standard detection layout for an electrochemical biosensor is the 3 electrode cell
(although 2 or more than 3 electrodes may also be used). This setup consists of a work-
ing electrode, which is where the electrochemical reaction of interest is taking place, a
counter electrode which effectively closes the electrical circuit and a reference electrode
which maintains a constant voltage acting as an internal measurement reference point.

Silver /silver chloride is typically used as a reference electrode in electrochemical meas-
urements because the reversible equilibrium between Ag, AgCl and Cl establishes a stable
and predictable electrode potential [83]. Since the activities of the solid Ag and AgCl
phases are effectively constant, the potential depends primarily on chloride activity. By
maintaining a constant chloride concentration and drawing negligible current from the
electrode, Ag/AgCl provides a reproducible electrochemical reference against which the
potential of the working electrode can be accurately measured.

However, integrating a standard Ag/AgCl macroelectrode into a low-cost, portable
system is not practical due to its size and geometry, meaning that it cannot be integrated
within mass manufacturing systems such as roll-to-roll processing (which typically feature
a planar 2D format). It is common therefore to use a quasi-reference electrode made of
Ag/AgCl ink to replicate the behaviour of a true Ag/AgCl reference electrode [84-86],
but this represents a compromise as the reference electrode is directly exposed to a sample
which may have different chloride concentrations. However, that is often not significantly
influencing the outcomes of a measurement in many situations as 1) the magnitude of

signal drift is often sufficiently low (1 mV /h) [87] over typical experimental timescales (a
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CV scan from -0.5 to +0.5 V for ferri-ferrocyanide for instance only takes a few seconds)
so as not to substantially impact the measurement; 2) calibration and measurement can
take place under the same conditions; and 3) the composition of the testing solution can
be controlled for instance using consistent measurement buffers with the same chloride
concentrations (which is what was done for example in Chapter 2 of this thesis). All
experiments in this thesis used electrode arrays containing a Ag/AgCl ink quasi-reference
electrode.

The 3 electrodes (working, reference and counter) are submerged in a conductive me-
dium containing a redox active species with a supporting electrolyte (e.g., NaCl, KCI)
which electrically connects the 3 electrodes. The electrochemical properties of the me-
dium may be probed using a suite of techniques such as cyclic voltammetry (CV), dif-
ferential pulse or square wave voltametry (DPV and SWV), chronoamperometry (CA)
and electrochemical impedance spectroscopy (EIS) which provide different insights into
the system properties such as redox reaction reversibility, capacitive behaviour, charge
transfer across the electrode-liquid interface, the electrical double layer, reaction kinetics
and more [83]. All of these techniques can be used for target species quantification with
EIS, DPV and SWV featuring higher sensitivity compared to CA and CV but also higher
noise interference. CV and CA may also be used to prepare the electrodes for affinity
molecule attachment and subsequently enhance detection sensitivity. EIS particularly is
very commonly used in the literature, often in tandem with techniques such as Raman
spectroscopy [83] to study the effect of surface modifications (e.g., alkane thiol, anti-
body or aptamer attachment) on discrete properties of the electrochemical system such
as charge transfer resistance or double layer capacitance [88]. Since these techniques are
employed extensively throughout this PhD, their fundamental principles are explained

briefly in the following section.
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1.5.1 Electrochemical techniques

Cyclic voltammetry

Cyclic voltammetry is a very powerful electrochemical technique used to study reduc-
tion and oxidation (redox) processes and has found extensive use in biosensing applications
[89-93]. Figure 1.4 displays a typical cyclic voltammogram for a single electron transfer
redox reaction - commonly referred to as the ’duck’” plot. In a cyclic voltammetry meas-
urement, the potential is scanned over a voltage window in which the redox reaction is
known to take place (for instance for the redox couple ferri-ferrocyanide that is typically
between -0.4 to 0.6 V vs Ag/AgCl). Following ITUPAC convention, as the potential is
scanned anodically from negative to positive potentials (from point A to point B), the
concentration of reduced species (in this example ferrocene - Fe) is steadily oxidised to
ferrocenium (Fe+). Once the voltage threshold for the oxidation reaction to occur is ex-
ceeded, there is an exponential increase in the current flow within the system as all the
charges in the proximity of the electrode are depleted. Once the peak current is reached
(point C), the rate of the reaction is limited by the arrival of additional Fc from the bulk
solution, a slower process mirrored in the sharp decrease of the current down to point D
where the scan direction is reversed. This results in the appearance of a matching reduc-
tion peak (point F), similarly followed by a decrease in the current until the end of the
voltage window (point G). The theoretical separation between the oxidation and reduc-
tion peak in an electrochemically reversible system at 25°C is 57 mV [94]. This behaviour
and the relationship between the electrochemical potential of the cell (E), the relative
activities of the redox components (e.g., concentrations) and the standard potential of

the species (E?) is captured by the Nernst equation:

RT  [Ox]
E=E"+—1I
T F " Red]

(1.1)
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where R is the universal constant of gas (8314.3 J/mol K), T is the temperature (K), F
is Faraday’s constant (96485 C/mol) and n is the number of electrons exchanged in the
redox reaction, which in the case of ferrocene and ferrocinium and ferri-ferrocyanide is 1.
Where there are multiple sequential electron transfer reactions within the same voltage
window (for instance in the case of the chromogenic ELISA substrate TMB interacting
with the enzyme HRP in the presence of hydrogen peroxide, a 2-electron process [95]),
2 distinct peaks may emerge on the same forward and reverse scans. Throughout this
work, cyclic voltammetry was used in conjunction with sulfuric acid (H»SO4) as a means
of cleaning the electrode surface by lifting absorbed impurities and dissolving any organic
contaminants. Typically the voltage is cycled until the peaks begin overlapping, which
suggests that the electrode surface has been adequately cleaned [94]. Cyclic voltammetry
has also been used within this work with ferriferrocyanide ([Fe(CN)g]?~/[Fe(CN)g]*~,
denoted in this text as FF-Cy), a standard and well characterised redox couple [96], to

evaluate the electrode surface cleanliness and electron transfer characteristics.

end- G
<
E (<]
o £ D
= =
=
(&)
1 start — A
Fc*+e — Fc E:
LI L L L | L | L | | |
03 -02 -01 00 01 02 03 E; E,
Potential (V vs Fc*/Fc) Potential

Figure 1.4: Cyclic voltammetry technique

Cyclic voltammogram (left) and the potential scanning regime used to generate it (right)
[94]. The potential is scanned within a voltage window where the reaction of interest is
known to take place which results in the appearance of the characteristic ’duck’ shape in
the case of a single electron transfer reaction such as the redox reaction of ferrocene (Fe)
and its oxidised form, ferrocenium (Fe+) (displayed here). The graph highlights different
points of interest detailed more in the text.

13



Differential pulse voltammetry

Differential pulse voltammetry is another popular electrochemical technique which in-
volves the application of short (5-100 ms), low-amplitude (10-100 mV) pulses superim-
posed on a linear DC voltage ramp (Figure 1.5). A current measurement is taken before
the pulse application and late in the pulse before the drop, and the difference between
those values is plotted - hence the ’differential’ name. While it can provide some sim-
ilar insights to CV, DPV has a suppressive effect on the capacitive background current
due to its differential nature yielding higher sensitivity and narrower voltammetric peaks
which makes it easier to discern species with similar oxidation potentials [83]. Through-
out this work, DPV has been used to study the cleanliness and electrochemical properties
of electrodes as well as in the fluidics characterisation work to determine the minimum
time required for different flow rates to completely remove redox active species for the
electrochemical cell.
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Figure 1.5: Differential pulse voltammetry technique

The voltage waveform applied to the electrochemical cell featuring short, small-amplitude
step voltage pulses superimposed on a linear ramp (left) and the resulting current response
in a differential pulse voltammetry measurement [83](right)
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Electrochemical impedance spectroscopy

In electrochemical impedance spectroscopy (EIS), the electrochemical cell is exposed
to a series of sinusoidal voltages (V) of varying frequencies (@) and the resulting current
(1) is measured. This allows the determination of impedance (Z), which is related to the

voltage and current using a generalised form of Ohm’s law:

V=1IxZ (1.2)

Typically, the two sinusoids (V and I) are out of phase from each other by a quantity
known as the phase angle (¢). For a purely resistive circuit, the phase angle is 0 and
for a purely capacitive one it is m/2; for a mix of the two it takes on a value in-between.
For convenience, it is common to represent these quantities (V, I and Z) using complex

notation. For instance the impedance is typically denoted as:

Z=7—jx7" (1.3)

where Z’and Z” are the real and imaginary components of impedance respectively. Purely
resistive components are encompassed by the 'real’ part of the impedance, while capa-
citive components contribute to the 'imaginary’ part. Electrochemical impedance data is
typically displayed in the form of a Nyquist plot where Z” and Z” are plotted for varying
frequencies (Figure 1.6). The multi-frequency aspect of this measurement allows probing
of events taking place on multiple time scales. Namely, at high frequencies (left side of the
Nyquist plot) one can visualise chemical events that occur quickly upon the application

of voltage such as charge transfer across the electrode/liquid interface and double layer
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formation. Conversely, at lower frequencies (right side of the Nyquist plot) the dominant
mode of action is mass transfer which is a slower process.

As the electrochemical cell is essentially an impedance "black box’, it can be represen-
ted using equivalent electrical circuit models - series and parallel arrangements of resistors
and capacitors. A very popular example is Randles equivalent circuit (Figure 1.6) - an
electrical circuit widely used to model semi-infinite diffusion-limited Faradaic reactions on
planar electrodes [97]. This model consists of a solution resistance (Rsol) in series with a
parallel grouping of a charge transfer resistance (Rct) and double layer capacitance (Cdl)
with a Warburg impedance (W) — an element denoting the semi-infinite diffusion.

In EIS, electrical current is carried by different charge carriers in different regions of
the electrochemical cell. Within the electrode, charge is transported by electrons, whereas
within the electrolyte solution, it is carried by the migration of positively and negatively
charged ions [83]. At the electrode—electrolyte interface, the applied alternating potential
produces both capacitive (non-Faradaic) and Faradaic responses, if a redox substance is
present (e.g., ferri-ferrocyanide) [98].

The capacitive response arises from the periodic accumulation and depletion of elec-
tronic charge at the electrode surface, accompanied by the redistribution of ions within
the adjacent electrical double layer. This behaviour is captured by the double-layer ca-
pacitor (Cdl) circuit equivalent (Figure 1.7). In parallel (and physically occurring in
the same place i.e., at the electrode interface), electroactive species undergo reversible
electron-transfer reactions with the electrode, with the kinetic resistance to this process
represented by the charge-transfer resistance (Rct). The solution resistance (Rsol) rep-
resents resistance to ionic conduction through the bulk electrolyte, while the Warburg
impedance (W) describes the contribution of mass transport arising from the diffusion of
electroactive ions towards and away from the electrode surface.

For fitting circuit models on experimental impedance data, proprietary potentiostat
data aquisition software such as PsTrace by PalmSens include equivalent circuit fitting
functionalities. Similarly, open source versions based on the fminsearch MATLAB func-

tion such as Zfit and ZfitGUI by Jean-Luc Dellis are also available [99].
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https://uk.mathworks.com/matlabcentral/fileexchange/19460-zfit
https://uk.mathworks.com/matlabcentral/fileexchange/69811-zfitgui?s_tid=srchtitle
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Figure 1.6: Electrochemical impedance spectroscopy technique

Example Nyquist plot and Randles equivalent circuit (simulated using an online tool
available at: http://lacey.se/science/eis/simulation-randles-circuit/). An input sinusoidal
voltage of varying frequencies (each point on the Nyquist plot represents a different fre-
quency) is applied at the input and the output current is measured. The resulting real
(Z’) and imaginary (Z”") components of the impedance (calculated using Ohm'’s law) are
then plotted and fitted using Randles equivalent circuit — an electrical model that cap-
tures charge transfer and diffusive phenomena taking place in the electrochemical cell by
using electrical analogues such as charge transfer resistance (Rct), double layer capacit-
ance (Cdl), solution resistance (Rsol) and a Warburg element (W).
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Figure 1.7: Equivalent circuit components and their meaning

Panel 1 - Ions (cations and anions) move through solution carrying an ionic current.
Rsol represents the resistance to ionic conduction. Panel 2 - Electrons accumulating or
depleting at the electrode surface attract counter ions in solution, leading to the creation
of a double layer (Cdl). Panel 3 - Electrons are transferred between the electrode and
the ferri-ferrocyanide redox species. The resistance to this process is captured by Rct.
Panel 4 - Redox species diffuse from the bulk solution to the electrode surface. Warburg
element (W) models mass transfer limitation to that. Figure created using BioRender

Chronoamperometry

Another technique commonly used to measure the concentration of analytes of interest
is chronoamperometry (Figure 1.8). In this technique, a step voltage is applied to the
working electrode and the faradaic current that arises is measured as a function of time
to gain information about chemical and diffusional processes taking place in the electro-
chemical cell. The behaviour of the Faradaic current response, ¢ (A), is predicted by the

Cottrell equation:

_ nFACYD
-

where n in the number of electrons exchanged in the reduction /oxidation of one molecule of
analyte, F'is Faraday’s constant (C/mol), C is the initial concentration of the redox active
component (mol/cm?), A is the effective area of the electrode (cm?), D is the diffusion

coefficient of the redox species (cm?/s), and t is time (s). Upon initial application of the
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step voltage at t = 0 there is a sharp increase in the observed current as the charged
particles in the proximity of the electrode are reduced or oxidised. After that the current
gradually declines as the system enters the mass-transfer-limited phase, until it reaches
a steady state value that depends on the ease of diffusion of the electroactive species
from the bulk solution. Although not as sensitive as DPV and EIS, CA has found broad
applicability in electrochemical biosensing studies [100], particularly with enzymatic-based
detection systems [101-103], because of its simplicity and the fact that it can be integrated
within point-of-care devices with relatively inexpensive and less complex electronic control

systems [104].
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Figure 1.8: Chronoamperometry technique
Input and output in a chronoamperometry measurement. The input is a step voltage
applied to the WE and the output is current as a function of time. Adapted from the
book ‘Dielectric Phenomena in Solids’ by Kao [25]
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1.5.2 Electrochemical immunoassays

The electrochemical biosensor literature is abundant in studies that have produced
highly impressive sensors for IL-6 and cortisol using a variety of biorecognition (e.g.,
nanobodies [105], aptamers [106, 107], molecularly imprinted polymers [108, 109], I1L-6
receptors [110]) and signal transduction systems (e.g., microelectrodes [111], nanomaterial
decorated electrodes [112, 113]) [69]. Antibody-based detection systems have unsurpris-
ingly been a popular choice among these for this application [114] because of their high
selectivity and reliability, stemming from their extensive commercial use in bioanalyt-
ical products and wide breadth of documentation available for developing immunoassays
[115-117]. Although antibodies may be used in conjunction with a whole suite of surface
attachment chemistries and detection layouts, direct attachment to the sensing surface
via spontaneous absorption (physisorbtion) presents the most cost effective option from
a manufacturing standpoint as it does not rely on any further electrode modifications or
hazardous chemicals [69]. However, the main disadvantage of this method is the chaotic
orientation of the antibodies assembled on the detection surface which results in a lower
detection sensitivity compared to oriented systems (e.g., antibodies with thiol termina-
tions, or immobilised via an intermediary with a cysteine terminal), which means that
higher antibody concentrations are required per sensor to meet sensitivity requirements
which drives up the cost of these assays [55].

Microfluidic strategies have been proposed as a low-cost avenue to increase the sensit-
ivity of these sensors through minimization of environmental contamination, speeding up
of reaction times and decreasing reagent volumes [65, 66, 118]. However, as mentioned in
Section 1.3, presently there is still a high entry barrier for microfluidic manufacturing fa-
cilities into everyday laboratories — as not all may have access to clean rooms or specialist
equipment [119]. Thus, one of the goals of this thesis was to produce a low-cost, accessible
microfluidic strategy for increasing the sensitivity of electrochemical immunoassays based
on physisorbtion (Chapter 3). This was demonstrated using a sandwich-based electro-
chemical immunoassay for 1L-6, a common detection scheme employed in literature for

its high detection specificity. Figure 1.9 highlights the difference between an optical and
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electrochemical immunoassay and the typical steps involved in preparing these. Typically,
in the optical format a primary antibody for the molecular target of interest is attached
to the bottom of a 96 well plate which is subsequently backfilled using for example bovine
serum albumin, SuperBlock or similar to prevent non-specific absorption to the walls of
the plate. Following this, sample is added to the wells and incubated for a certain amount
of time to allow the target to bind the primary antibodies. A secondary antibody is then
added which forms an immunocomplex with the target and surface immobilised primary
antibody. This secondary antibody may be pre-conjugated or become conjugated during
the assay with an enzyme (e.g., horseradish peroxidase or alkaline phosphatase) capable
of converting a chromogenic substrate into a secondary form which is typically accom-
panied by a colour change in the detection medium. The amount of coloured substrate
is measured using a standard absorbance reader and related back to the concentration of
target present in a sample typically through the generation of a calibration curve. The
electrochemical format follows a similar preparation sequence but the immunocomplex
may be assembled on the surface of the working electrode and at the end, the chromo-
genic substrate (e.g., 3,3 ,5,5 -Tetramethylbenzidine or p-Nitrophenyl Phosphate) may be
measured electrochemically using techniques such as chronoamperometry by poising the
potential step to a value within the mass-transport governed window of the redox reac-
tion. This effectively removes the need for a highly expensive, lab-confined reader and
reduces the amount of reagents used.

In between all of the immobilisation steps for both the optical and electrochemical ver-
sion of this technique, the detection surface where the immunocomplex is being assembled
is washed after each step using a buffer such as phosphate buffer saline (PBS) containing
surfactants to remove any excess unreacted components before the next step is carried
out. The necessity for wash steps and the involved, multi-step nature of this assay type
are some of the main challenges that have so far limited its deployment (both in optical
and electrochemical format) at the point-of-care (PoC). The answer to this challenge lies
in a concerted approach combining biochemical advancements toward a one-step-only as-
say and engineering innovation on the automated, fluidic handling of reagents and sample

processing to remove the need for trained operators and a laboratory environment.
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Why an enzyme linked assay?

Immunoassays come in different formats that can be broadly classified into labelled and
label-free [114, 120]. Labelled sensors typically involve the attachment of an electroactive
reporter to the biorecognition element (non-competitive) or directly to the target analyte
(competitive format). Upon target binding and immunocomplex formation, the reporter
gives rise to a measurable signal which can be related back to the concentration of target
present in a sample. Different molecular components can be used as a reporter, such as
redox probes (e.g., methylene blue [121], ferrocene (Fc) [122], thionine [123], Toluidine
blue [124]), enzymes (e.g., HRP [125], alkaline phosphatase [126]), nanoparticles (e.g.,
quantum dots [127]) and nanozymes [128]. A core advantage of many labelled sensors is
their ability to generate a one-to-many relationship between target recognition and signal
generation 7.e. a single binding event gives rise to multiple detectable species or events,
which is particularly useful for low abundance (< 5 pg/ml) targets.

In contrast, label-free immunoassays rely on the immunocomplexes’ ability to influence
the properties of the detection interface for instance by blocking or opening charge access
to the electrode surface or modulating the intercalation or electrostatic affinity of an
external redox species [120]. This approach is very attractive from a final cost of assay
perspective as it requires fewer processing steps and less reagent, and thus potentially
a less complex manufacturing process. However, signals generated using this approach
are typically of lower magnitude than labelled systems resulting in less sensitive assays.
Additionally, label-free approaches tend to be more prone to non-specific binding events
[120].

Although there are significant merits and drawbacks for each of these methods which
have been summarised and discussed in detail in several review articles [114, 120, 129],
it was decided in this thesis to employ an enzyme-linked immunoassay system for the
detection of IL-6. This decision was made because IL-6 is a low abundance marker (< 5

pg/ml in serum in healthy individuals) and because enzyme-linked immunoassays are the
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most common format available for this target [120] — meaning there is extensive literature,
documentation and many validated off-the-shelf antibody kits available. The focus of this
thesis was not to develop another biosensor for IL-6, but to create a reliable test bed assay

for the fluidic automation tools developed in Chapter 4.
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Figure 1.9: Optical and electrochemical enzyme linked immunosorbent assays
The typical layout of a sandwich based immunoassays with (top) optical and (bottom)
electrochemical readout. These assays typically involve the immobilisation of a primary
antibody specific to the target analyte to either a 96 well plate or the surface of the
working electrode, backfilling to minimise non specific binding, sample addition, second-
ary antibody addition and enzyme attachment. Once the sandwich immunocomplex is
assembled, a colorimetric substrate is added (e.g. 3,3’,5,5-tetramethylbenzidine or p-
Nitrophenyl phosphate) which reacts with the enzyme label giving rise to a colour change
in the detection medium which can be measured optically e.g., with an absorbance reader
or electrochemically using a potentiostat.
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1.5.3 Electrochemical aptamer-based (E-AB) sensing

Another approach that has been particularly popular because of its high commercial-
isation potential is the use of aptamers as the biorecognition element. Aptamers are
small oligonucleotide sequences which in the presence of their specific targets undergo 3D
morphological changes and have numerous advantages over traditional antibody-based
bio-recognition systems, namely they can be synthesized on a large scale at a significantly
lower price point, and they have superior storage stability - only requiring a brief heating
cycle to return to their primary active shape. However, compared to antibodies which
have been predominantly used in commercial analytical assays for decades, aptamers are
a newer development (the first papers were published in the 90’s [130, 131]), with many
unknowns and challenges remaining - particularly pertaining to their integration as affin-
ity reagents within electrochemical detection systems [132, 133].

(CSS.1 is an aptamer discovered by the Stojanovic group in 2017 and optimized for
detachment from its complementary ‘capture’ aptamer in the presence of cortisol, a mech-
anism termed duplex dissociation or strand displacement [134]. This mechanism (Figure
1.10) has been used for cortisol sensing in a lateral flow format [135] and recently in an
electrochemical format employing indium-tin oxide electrodes modified with mesoporous
silica nanochannels for signal amplification [136]. CSS.1 was one of the first aptamers
discovered to have strong affinity for cortisol (k; = 30-140 nM whereas previous reports
could only reach 6-10 uM [137, 138]) and since its discovery it has been proven to bind
cortisol using various methods including fluorescence tagging [134], label-free fluorescence,
isothermal titration calorimetry and AuNP-based colorimetric assays [139], and thus was
deemed a strong affinity molecule for building a label-free electrochemical sensor. Such a
sensor has not been developed previously based on this aptamer sequence and its label-free
format (based entirely on the conformational change in response to cortisol as opposed to
using a redox-tag) would result in an ultralow cost sensing system compared to any other
cortisol measurement system currently available [140]. The strand displacement mech-
anism is also attractive for potentially creating a continuous cortisol monitoring system

(as in theory the cortisol aptamers may be replenished after each use). Such a system
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could be invaluable for tracking a rapidly changing molecule such as cortisol which fluc-
tuates in accordance with the circadian rhythm and is sensitive to acute stressors (e.g.,
blood draw). However, many unknowns remain about the behaviour of CSS.1 within
electrochemical sensors and the optimal conditions for its function within this detection
layout. Chapter 2 explores some of the various experimental parameters of importance
for optimal biosensor performance including buffer composition, aptamer concentration
and direct versus indirect gold surface attachment which will hopefully inform and guide

further research into this aptamer.
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Figure 1.10: The strand displacement mechanism for cortisol detection used
in this work

The strand displacement detection mechanism employed for cortisol detection in this
thesis. An anchor aptamer is attached to the surface of a gold electrode via a thiol
termination at the 5" end and connected to a cortisol specific aptamer (CSS.1) via a 13-
mer complementarity zone towards the 3’ end. The surface of the electrode is backfilled
to prevent non-specific interactions. Upon sample addition, cortisol interacts with the
aptamer duplex, releasing the cortisol-specific aptamer from the anchor which creates
space for electric charges to more easily penetrate to the electrode surface which should
result in a decrease of the charge transfer resistance of the surface as shown by Luan et
al. with their electrode modified with mesoporous silica nanochannels [136].
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1.6 A crucial missing tool for researchers

Both aptamer and antibody-based electrochemical sensors follow a similar sequence of
manual preparation steps involving pipetting small reagent deposits on detection surfaces,
followed by incubation and pipette washing. Unavoidably, this exposes the sensor to con-
taminants and evaporation, and each electrode may experience different shear stresses
during washing causing variability. One potential solution to this is enclosing the re-
agents within a fluidic system and functionalizing the biosensors using consistent flow
regimens [66]. This approach has gathered much interest in the sensing community [141-
143] and different solutions have been proposed based for instance on the electrowetting-
on-dielectric (EWOD) effect [144], flow-injection [145, 146] or centrifugal systems [147],
droplet [148, 149] and paper-based [150] microfluidics or capillary-based devices [151] in
an effort to transition away from manual processes prone to error and reliant on trained
operators and expensive lab facilities. So far, EWOD has seen some commercial applic-
ation in the area of electrochemical sensing but the devices are typically prohibitively
expensive and too complex to be practical in a lab or clinic environment [60]. At the
opposite end of the cost spectrum, paper and capillary-based fluidics feature very low
cost but accurately tuning and controlling their flow profiles is more difficult compared to
using a flow-injection system where the flow rate is determined by an external controller.

Some authors have developed platforms that can not only manage the multi-reagent
process of functionalising electrochemical biosensors but also retain accessibility and a
small form factor, ensuring their deployability at the point-of-need. For example, the
eSiren system developed by Zhao and colleagues (shown in Figure 1.11 a) can be inter-
faced directly with off-the-shelf electrodes and employs a small pressure pump and 5-way
solenoid valve to direct the sample and reagents from the on-chip storage reservoirs to
the electrode surface to achieve the DNA-based detection of SARS-CoV-2 RNA [152].
The MiSens device (Figure 1.11 b) is another example of such a platform developed by a
different group designed to be interfaced with a bespoke electrode cartridge and featuring

a reagent carousel, pump, potentiostat and LCD display all of which can be controlled
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wirelessly from a user-friendly interface. The authors have validated this platform with
electrochemical detection schemes for prostate-specific antigen (PSA) [153], E. coli [154],
and aflatoxin [155] - a toxigenic and carcinogenic fungal metabolite. Dulay and colleagues
also proposed an impressive fluidic platform based on gold electrodes produced by litho-
graphy and interfaced with a polymeric microfluidic chip from the microfluidic ChipShop
[156]. In their platform, displayed in Figure 1.11 ¢, each reagent reservoir is equipped
with an in-line peristaltic pump which can be individually controlled from a user friendly
interface. However, the nature and placement of the valves upstream of the detection
chip inadvertently adds a large amount of dead volume into the system. This issue is mit-
igated in the design presented by Kadimisetty et al. (Figure 1.11 d) where the reagents
are pre-loaded inside on-chip chambers and sequentially delivered to the sensing surface
through a serpentine channel [157].

While the design of those platforms is well suited for their eventual deployment in the
field, currently, to the best of of our knowledge, there is no fully integrated, automated
platform commercially available or reported in literature ° that can allow flexibility to
the electrode geometries and detection layouts used. Additionally, some concerns still re-
main regarding the stability and sensitivity of biofunctionalised sensors to hydrodynamic
conditions which warrants further study [145].

In Chapter 4, a fully automated platform for electrochemical sensor preparation is
described, that can be adapted to fit different electrode formats and explore the effect
of fluidic control on sensor performance. This platform was specifically designed using
a modular approach meaning that its components can be carried through into a point-
of-care configuration once the focus shifts from sensor development to commercialisation.
This platform may find use as part of the electrochemical biosensor developer’s toolkit,
and bridge the gap that currently exists between electrochemical biosensor research and

their commercial use.

5While other similar platforms of equal merit to those discussed above have been produced for other
measurement methods such as those with an optical readout [158, 159], the focus of this work was
specifically on those used in conjunction with electrochemical biosensors.
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Figure 1.11: Biosensing assay automation tools reported in literature

(a) The eSIREN tool proposed by Zhao and colleagues [152] (b) The MiSens device with
integrated reagent carousel and chip docking station on the side [153] (c) Automated
microfluidically controlled platform for electrochemical biosensor preparation developed

by Dulay et al. [156] (d) The electrochemiluminescence assay proposed by Kadimisetty
et al. [157]
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1.7 Aims and research questions

The overarching aim of this PhD is to develop an automated and reliable IL-6 and
cortisol detection system that can be easily deployed to further endometriosis research.

To achieve that, the following research questions were investigated:

1. Can reliable and low-cost electrochemical sensing of IL-6 and cortisol be
achieved using commercial electrodes? (Chapters 2 and 3)
Technical objective(s): Development and exploration of low-cost electrochemical
sensing strategies for cortisol and IL-6 using antibodies and aptamers.

Success criteria:

« Reproducible (CoV < 15% [160, 161]) attachment of biorecognition elements

(aptamers and antibodies) to low-cost electrodes.

o Demonstration of electrochemical response to the target analyte across the
relevant concentration range (0.5 - 50 pg/ml IL-6 [74, 75] and 0.1 — 20 pg/ml

cortisol [76, 77, 162]) and discrimination from appropriate controls (blanks).

2. Can the sensitivity of electrochemical sensors be improved using easy-
to-implement microfluidic solutions? (Chapter 3)
Technical objective(s): Development of a low-cost and accessible fluidic strategy for
enhancing the performance of electrochemical assays.

Success criteria:

« Development of a microfluidic approach that can be quickly (< 5 min) manu-
factured using limited expertise and readily integrated with commercial elec-

trodes.

o Demonstration of improved sensor sensitivity compared with an equivalent

conventional electrochemical assay.
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3. Can the performance of these sensors be further improved with fluidic
automation? (Chapter 4)
Technical objective(s): Development of a fully automated platform for biosensor pre-
paration to standardize fabrication and enhance the performance of electrochemical
sensors during the research phase.

Success criteria:

o Development of a platform capable of automatically executing the required
multistep sensor functionalisation workflow (minimum 8 steps for a sandwich

assay).

« Demonstration of improved sensor-to-sensor variability (CoV < 10% [160, 161])

compared with manual preparation.

o Demonstration that automation maintains or improves sensor analytical per-

formance.

o Successful application of the platform to up to 3 different electrochemical as-

says to demonstrate flexibility.
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Chapter 2

Development of a low-cost
electrochemical sensing strategy for

cortisol
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Highlights

o The CSS.1 cortisol aptamer sequence and its complementary strand were integrated
for the first time in an impedimetric biosensor based on planar, unmodified gold

electrodes.

o Different factors affecting sensor performance (e.g., dilution buffer, reducing agent,

sensor preparation procedure) were explored to maximise detection sensitivity.

Data partially presented in

Dobrea, A., Blake, R., Macdonald, D., McKenzie, C., Corrigan, D. K. & Jimenez, M.
WAFFLE — an automated platform for enhancing the performance of electrochemical

biosensors. Lab Chip 2026; 26 (6): 2035-2046.

Conference presentations

A. Dobrea, D. K. Corrigan, R. Ghannam, M. Jimenez (2023) Development of a label-
free electrochemical cortisol aptasensor and automated plug-and-play sensor preparation
strategy based on consumer-grade materials and processes., Aptamers 2023 Conference,

Oxford, UK.
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2.1 Introduction

Electrochemical biosensors are a very useful technique for decreasing the costs and time
associated with biomarker investigations across a wide spectrum of biomolecular classes,
and thus could accelerate research into systemic diseases such as endometriosis. This
chapter describes the developmental work towards realizing such a sensor for cortisol - an

emerging biomarker of endometriosis, using an aptamer-based affinity system.

Cortisol aptamer-based electrochemical sensor development

Cortisol is a small (~300 Da) steroid hormone secreted by the adrenal gland and regu-
lated through the action of the hypothalamic-pituitary-adrenal (HPA) axis. Because of its
small size and lipophilic nature, cortisol can migrate through the lipid bilayer of cells and
thus can be found throughout the body and is measurable in blood (2 - 25 pg/ml), sweat
(8 - 142 ng/ml), saliva (0.1 - 12 ng/ml), hair (18 - 153 pg/mg )[73] and even nails [163]
and tears [164]. Although infamously known as the ’stress hormone’, orchestrating the
body’s ‘fight or flight’ response to real or perceived stressors!, cortisol performs a plethora
of physiological functions of importance in health and disease, for instance in regulating
inflammation and metabolism, controlling blood pressure and the sleep-waking cycle [165,
166]. As cortisol fluctuates in accordance with the circadian rhythm and is responsive
to daily activities [167, 168] or standard sampling techniques (e.g., blood draw) [169],
gaining a true insight into its activity requires integration into wearable or minimally
obtrusive portable devices, making it an ideal target candidate for electrochemical based
sensing.

Given their low-cost and ease-of-scalability, aptamer-based electrochemical sensors spe-

cifically have been a prime target for development of cortisol monitoring systems [170-174].

LA stressor is usually defined as a threat to homeostasis that exceeds the person’s ability to resolve.
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Mohammadi and colleagues [175] have provided an excellent overview of aptamer-based
sensors for cortisol (including but not limited to electrochemical) from 2018-2023 which
details some of the recent achievements on this topic. Of particular note is the rapid,
label-free field-effect-transistor system developed by Wang et al. integrated into a wear-
able patch format complete with an LCD screen, pH and temperature sensors [176]. They
demonstrate a limit of detection down to 0.36 pg/ml for cortisol using a newly discovered
aptamer sequence, and used their system to test diurnal salivary and iontophoretically
induced sweat cortisol levels in 88 participants. A similar wearable system design with
an integrated mini potentiostat, named ’Captain Patch’ was developed by another group
recently, based on a redox-concatenated aptamer structure attached to gold electrodes
produced in-house [177]. The surface of their electrodes was engineered to resemble the
roughness of human skin featuring microscale ridges and grooves, a strategy they em-
ploy to boost the aptamer loading density and improve the signals generated by their
sensor during voltammetric interrogation. Their system produced a limit of detection in
spiked human sweat of around 181.3 ng/ml. Ganguly and colleagues also demonstrated
an impressive autonomous cortisol monitoring platform in submicroliter volumes of sweat
without any active sweat induction, capable of acquiring real-time cortisol level data for
up to 8 hours [178]. Their transduction platform is a nanoporous ZnO-modified screen
printed electrode, upon which a thiolated aptamer monolayer encapsulated in a hydro-
philic polymer matrix was deposited. This system was shown to outperform in terms of
saturation behaviour an equivalent sensing system based on cortisol antibodies. Singh
et al. also demonstrated sensitive sensing of cortisol in undiluted serum samples by at-
taching their methylene blue-tagged aptamers to a gold electrode via a nanocomposite
antifouling layer [179]. Although redox-tagged aptamers are advantageous over label-free
variants in that they do not require any external redox probes to study the detection sur-
face, consequently simplifying the overall device design, any modifications to the aptamer
structure and underlying electrode platform (e.g., nanostructures) incur additional pro-
duction costs and manufacturing steps which can negate some of the cost advantages of

aptamer-based systems [132].
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The focus of this chapter was the development of a low-cost, label-free, impedimetric
aptasensor for cortisol based on the CSS.1 cortisol aptamer discovered by the Stojanovic
group in 2017 [134]. When this work started, the only use of the CSS.1 aptamer and its
complementary strand within a biomarker quantification system was the lateral flow de-
tection format published by Dalirirad and colleagues [135]. In their implementation, the
cortisol aptamer duplexes were immobilised onto gold nanoparticles using thiol chemistry,
and the spaces inbetween aptamers are backfilled using MCH. The functionalised nano-
particles are added to samples containing cortisol and then applied to a nitrocellulose pad
with a test and control zones. When the aptamer duplex comes in contact with cortisol in
a sample, the cortisol-specific aptamer is detached from its complementary strand. This
allows the strand still immobilised to the AuNP to bind to a complementary sequence
present on the test zone, leading to particle aggregation proportional to the amount of
cortisol present in the sample. This aggregation is visually confirmed by a distinctive
colour development in the test band which is quantified using a camera and subsequent
image analysis by ImageJ. While lateral flow systems have the advantage of being low-cost,
electrochemical biosensors allow for lower detection limits and, particularly important for
hormones like cortisol which fluctuate in accordance to the circadian rhythm and daily
activities, are amenable to being integrated within continuous monitoring systems. To the
best of our knowledge, this aptamer has only once to date (in 2024) been integrated with
an electrochemical transduction system [136] which featured a indium-tin oxide electrode
decorated with mesoporous silica nanochannels, a sensitive but high cost system. The
aim of this work was to decrease the cost of a detection system based on this aptamer
and concurrently, shed light into its behaviour within electrochemical detection systems
featuring unmodified planar electrodes. Two distinct detection methods were trialled:
one based on the strand displacement mechanism of a surface immobilised duplex (the
scheme which this aptamer and its complementary strand were originally developed for)
and one based on the direct attachment of CSS.1 to the electrode surface. The difference
between those two methods and the general fabrication process for both of these methods
is summarised in Figure 2.1. While the strand displacement method has the advantage
of potentially forming the basis of a wearable continuous cortisol monitoring system (as

in theory the cortisol aptamers may be replenished after each use), the direct attach-
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ment has the advantage of simplicity and low cost, and could be easily manufactured
and deployed within a portable cortisol monitoring system. To that end, the cleaning
method of electrodes, buffer composition, thiol reduction and duplex assembly method,
and optimal aptamer concentration for detection were investigated. Aptamer sequences
with a fluorescein (6-FAM) at the 3’ end were also used to optically validate some of the
electrochemical results®. The assay was developed for quantification in impedance mode

due to the high sensitivity and non-destructive nature of this technique [132].
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Figure 2.1: Aptamer immobilization strategies explored

Top panel shows protocol for electrode functionalization using the single strand aptamer
layout where the target induces a morphological change in the aptamer which blocks
the access of charges to the electrode surface consequently altering the current passing
through the electrode. Bottom panel shows the duplex aptamer immobilization protocol
and detection strategy. In this case, the presence of the target displaces the cortisol
aptamer from its anchor, allowing more charges to reach the surface of the electrode.

2Tt was demonstrated in prior literature using the same aptamer structure as the one used in this
thesis that attachment of a fluorescent probe at either end of the sequence does not interfere with its
binding capability [134, 136]
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2.2 Materials and methods

Chemicals

1,4-Dithiothreitol (DTT), Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), so-
dium chloride, Trizma base (Tris), 6-Mercapto-1-hexanol (MCH), NaH,PO,4 - H,O (mono-
basic; m.w. = 138), NayHPO,4 (dibasic; m.w. = 142), hydrocortisone, potassium ferri-
cyanide and ferrocyanide, sulfuric acid (98%), magnesium chloride (MgCl,), phosphate
buffer (PBS) tablets were purchased from Merck. Nuclease-free water was sourced from
Fisher Bioreagents and ultrapure water (18.2 MQ.cm) was obtained from an Elga Purelab

Chorus water purification system.

Aptamers

HPLC-purified DNA aptamer sequences (Table 2.1) were sourced from Sigma-Aldrich.
To attach the thiolated aptamers to the surface of the gold working electrodes, the di-
sulfide bond of the thiol groups was reduced to its active sulfhydryl form by incubating
the aptamers in 100 mM DTT solution in sodium phosphate buffer (pH 8.3 - 8.5) at
room temperature for 1 hour. By-products of this reaction were then filtered using a
NAP-5 column (Cytiva LifeSciences). The output of the filtration columns was fraction-
ated into individual Eppendorf tubes (2 droplets per tube) and aptamer concentrations
were quantified using a Quibit 4 fluorometer with an ssDNA Assay Kit from Invitrogen™
(Q10212). The final working concentration of aptamers (200 nM) was obtained by di-
luting the filtered aptamer solution in a buffer containing 0.15 mM NaCl, 0.05 M Tris,
0.25% Triton X-100 (pH = 8.0) in nuclease-free water as reported elsewhere in literature

[135]. Aptamer working concentration was chosen based on literature accounts of sim-
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ilar detection systems [180, 181]. Where a duplex aptamer strategy was chosen, a 1:2
ratio of capture to cortisol aptamer was used. To induce folding of the aptamer into its
three-dimensional shape, the cortisol aptamer solutions were heated to 95°C for 5 minutes
using a benchtop mini-PCR machine (miniPCR bio) and immediately cooled to 4°C right
before use.

Table 2.1: Aptamer sequences used in this work
The folding structure of the cortisol aptamer predicted using mfold [182] can be found
Appendix A A.

GY) NO.
Component 5-3" Sequence L
Aptamer (SH) (thiC6) - CTC TCG GGA CGA CGC OCG CAT GTT
SRAptatmer CCA TGG ATA GTC TTG ACT AGT CGT CCC
Capture Aptamer () (CE) - TTT TTT TTT TTT TTT TTT TTG TCG g

TCC CGA GAG

Cortisol Aptamer (A) CTC TCG GGA CGA CGC COG CAT GTT CCA
P TGG ATA GTC TTG ACT AGT CGT CCC

Capture Aptamer (A) ~(thiC6) - TTT TTT TTT TTT TTT TTT TTG TCG
- FAM TCC CGA GAG - (6FAM)
Cortisol Aptamer (A) CTC TCG GGA CGA CGC CCG CAT GTT CCA

- FAM TGG ATA GTC TTG ACT AGT CGT CCC - (6FAM) ol

Aptamer biosensor functionalization

The electrode format used throughout this work is an 8 individually addressable?® gold
(Au) working electrode (WE) platform with common Au counter and Ag/AgCl pseudore-
ference electrode (Figure 2.2a) which connects to a PalmSens 4 potentiostat via a 3D
printed electrical connector made in house shown in Figure 2.2b. The functionalization
strategy of these electrodes is depicted graphically in Figure 2.1. Before attachment of

biorecognition molecules, the electrodes were cleaned by voltage cycling between 0 and

3The electrode platform was designed that way because of a trade-off between generating an adequate
number of repeats per condition, time required to measure them all in one experimental session and to
minimize the overall size of the platform.
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1.6 V in 0.1 M sulfuric acid for 10 cycles. Following the DTT reduction of the sulfthy-
dryl group, the thiolated aptamers were immobilized by placing 2 ul of aptamer solution
on each working electrode and incubating it overnight (~18 h) in a humidity enclos-
ure at 4°C. The next day, sensors were washed using 3 consecutive rinses with 1 ml of
aptamer buffer to remove any unbound compounds. This wash step was repeated after
each immobilisation step of the fabrication procedure. Once the single strand aptamer
was attached to the surface, the electrode surface was passivated by depositing 1 uM
MCH in molecular-grade water on the working electrodes. The electrodes were incubated
at room temperature for approx. 2 hours before rinsing unbound MCH with aptamer
buffer. If the duplex strategy was employed, the cortisol aptamer was immobilized to
its complementary strand by placing 2 ul of the aptamer solution on each working elec-
trode and incubating at room temperature for a further 2 hours. This was followed by
an MCH backfilling step similar to that performed on the single strand aptamer. To ob-
serve the dose dependent response of the functionalized biosensor, different hydrocortisone
concentrations were prepared in aptamer buffer and 100 pl of each concentration were
placed on top of the working electrodes and incubated for 1 h at room temperature. The
electrical properties of the electrode-electrolyte interface in response to cortisol addition
were probed using 400 ul of 2 mM Fe[CN]g* —i—Fe[CN]g* (Ferri-Ferro Cyanide solution)
in 1xPBS drop cast on electrode platforms and running an electrochemical impedance
spectroscopy measurement before and after cortisol addition. During development, an
EIS measurement was also was taken after each step of the functionalisation procedure to
track the binding events. The EIS measurement was taken over a frequency window from
0.1 Hz to 100 kHz (50 frequencies) against the open circuit potential of the cell with an
AC potential of 10 mV.
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Figure 2.2: (a) Electrode platform used in this work. This was reproduced
from [183] with permission from Springer Nature.

Image (a) shows the counter (CE) and reference (RE) electrodes and the 8 working elec-
trodes (WE) and (b) the experimental set-up where the PCB is placed inside a custom
3D printed connector and the sample media is placed on top of all the electrodes for
measurement.

Data fitting and statistical analysis

The Nyquist plots generated by the EIS experiments were fitted to Randles equivalent
circuit using the Levenberg-Marquardt algorithm. High frequency noise from the instru-
ment was filtered by setting a threshold on 7906 Hz which is where the noise appeared
to stop (only frequencies below this were used for the analysis). The average chi squared
value for the fits was 0.005 (£0.001). All experiments were performed using n = 8 working
electrodes unless otherwise noted in the figure caption. When multiple experimental con-
ditions were compared, one-way analysis of variance (ANOVA) with Fisher post-hoc test
was performed using Minitab 19 to detect any statistically significant differences between

the different groups. Statistical significance was accepted for p < 0.05.
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2.3 Results

Figure 2.3 presents the first reported attempt at translating the fundamental principles
underlying the CSS.1 duplex dissociation system demonstrated by Dalirirad et al. [135]
into an impedimetric format based on low-cost unmodified planar gold electrodes. As an
additional test condition, a thiol modified cortisol aptamer was directly attached to the
surface to investigate whether the conformational change of the aptamer alone in response
to cortisol presence is enough to generate a detectable impedance change. Such a system
would substantially simplify the sensor preparation process, reducing the fabrication cost
and potential sources of variability.

In this first test, it was observed that after the first washing step following the immob-
ilisation of thiolated aptamers, the impedance would substantially decrease likely due
to a strong change in the hydrophilicity of the surface generated by the presence of the
Triton-X surfactant in the aptamer buffer (Figures 2.3 a,b). A hydrophilic surface exhibits
a hydrated interfacial layer that can improve electrolyte wetting and thus facilitate the
transport of redox species to the electrode surface, thereby enhancing electron-transfer
kinetics and reducing Rct, an effect that has been observed in prior work [184-186].
Moreover, the surface of the electrode platform became so strongly hydrophilic that it
was impossible to drop cast reagents (aptamers or redox media) onto it without them
leaking over the side of the electrode platform. Therefore, the following experiment,
depicted in Figures 2.3 ¢ and d, was performed with a buffer devoid of this surfactant
which allowed significantly easier handling of the electrode platform and a clear discrim-
ination of the individual SAM assembly steps on the electrode surface. Each step of
the functionalisation procedure resulted in an increase of the charge transfer resistance
(Ret) suggesting effective assembly of the detection layer on the electrode surface. It was
also noted however that the baseline level of charge transfer resistance (Rct) was higher
which suggested that either the cleaning protocol chosen for the electrodes was not strong
enough to effectively remove surface contaminants across this batch of electrodes and/or

the absence of surfactant resulted in aptamer aggregation resulting in non-uniform surface
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attachment across different electrodes. Consequently, a new electrode cleaning protocol
based on oxygen plasma was trialled. Oxygen plasma has been previously demonstrated
to be a more effective electrode cleaning method compared to electrochemical techniques
[187, 188] as it does not rely on a liquid/electrode interface. However, that is not a blanket
rule across all gold electrode substrates as demonstrated in depth in section 3.3 of this
thesis. Figures 2.3 e and f demonstrate that in the case of this particular electrode batch,
plasma cleaning produced substantially less variable electrode baseline resistances (CoV
= 8.4%) compared to acid cleaning (CoV = 28.2%).

Although in some cases the Rct decreased following the addition of cortisol as illus-
trated in the Nyquist plots shown in Appendix C — Figure 3, which indicates removal
of aptamers off the electrode surface in both the duplex and single aptamer cases, it
was overall difficult to discern any significant differences between the response of fully
functionalised electrodes and those exposed to cortisol, both in the case of directly at-
tached cortisol aptamers and those attached via a thiolated ’anchor’ aptamer. In terms of
variability, the duplex functionalisation method resulted in slightly lower CoVs (19.0%)
compared to the single strategy (27.3%) and thus from this point onward it was decided
to focus primarily on the duplex system as opposed to the target-induced conformational
change system as the latter effect would likely be more challenging to accurately detect
without further electrode modifications to boost sensitivity given the small lenghtscale
of this effect compared to the removal of an entire 15 kDa structure off the surface of
the electrode (based on prior work, the Ret value could be expected to drop by up to
42-63%, or in absolute values 2.5-15 k€, as a result of sample induced aptamer strand

displacement [189, 190]). This allowed a more targeted approach going forward.
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Figure 2.3: Translating the lateral flow assay demonstrated by Dalirirad et al.
(2020) into an impedance-based detection format for rapid signal read-out
Two different strategies were investigated (a,c,e) Direct attachment of a thiolated cortisol
aptamer (SH) to the electrode surface (b,d,e) Attachment of the cortisol aptamer (CApt)
to the gold surface via an anchor aptamer (Capture). The surface was backfilled with
6-Mercapto-1-hexanol (MCH) to prevent non-specific binding and the assembly of the
surface monolayer was tracked using Ret. (c,d) The effect of removing Triton-X from
the buffer composition due to difficulty handling electrodes treated with this surfactant.
(e,f) The effect of plasma compared to acid cleaning on the variability of electrodes.
Individual sensors were identified using different data markers (circle, square and triangle)
and each data panel a-f represents a different set of sensors. Experiments were conducted
using n = 8 working electrodes per tested condition (if less than 8 markers appear it is
because of electrode damage i.e., gold stripping during the measurement rendering the
WE unusable). Statistical differences between the different groups was assessed using
t-tests where ns - non-significant, * - p < 0.05, ** - p < 0.01, *** - p < 0.001 and **** -
p < 0.0001. Box plots represent the upper and lower interquartile ranges, the horizontal
line denotes the median and the whiskers represent the minimum and maximum values
recorded.
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Aptamer buffer optimisation

As the aptamer buffer composition is one of the determining factors of aptamer func-
tion, the next step was to optimise its composition, as the buffer reported by Dalirirad et
al. might not be directly transferable to an electrochemical detection system. Typically,
aptamers function optimally in the buffer that they have been selected in [191]. That is
one of the core advantages of aptamers compared to other detection molecules as they can
be selected specifically for detection in specific sample matrices such as blood, urine or
saliva. Figure 2.4 a showcases the effect of different buffers on the SAM assembly on the
electrode surface, comparing the buffer used by Dalirirad et al., PBS, the SELEX buffer
of the study that first reported the discovery of CSS.1 (20 mM HEPES, 1 M NaCl, 10
mM MgCl,, 5 mM KCI, pH 7.5) [134], with varying concentrations of different Tween-
20 surfactant - a more gentle non-ionic surfactant compared to Triton-X. It was found
that the SELEX buffer resulted in less variable assemblies of thiolated aptamers on the
surface of electrodes (CoV = 15% compared to 27% for PBS and 21% for the Tris-based
buffer [135]) and particularly, the SELEX buffer containing 0.1% v/v Tween-20 led to the
clearest discrimination between blank cortisol samples and two different concentrations
of cortisol (Figure 2.4 b). This condition was then repeated using a wider concentration
range (0.1 - 10 ng/ml) and the individual functionalisation steps were tracked using EIS
to confirm SAM assembly (Figure 2.4 ¢). The aptasensor behavior demonstrated a de-
crease in the charge transfer resistance with increasing cortisol concentration (Figure 2.4
d) which was congruent with the expected behaviour of an impedance detection scheme
based on strand displacement. With increased detachment of cortisol aptamers from the
detection surface, the physical barrier they impose to electrical charges reaching the elec-
trode surface is removed, resulting in a decrease in the apparent charge transfer resistance
of the electrode/liquid interface.

However, repeating this result with a different batch of electrodes from the same man-
ufacturer resulted in a very different sensor response where the different concentrations
of cortisol could not be clearly distinguished from the baseline. The issue of batch-to-

batch variation with electrochemical sensors has been previously highlighted [192]. Tt is
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likely that the gold material was changed by the manufacturer as the SAM assembly for
the different functionalisation steps was substantially different compared to the previous
electrode batch as shown in Figure 2.5, with wider Ret distributions and likely ineffective
surface attachment as suggested by the decrease in impedance caused by the backfilling
step - suggestive of aptamer removal by the MCH. Thus, a series of experiments were
performed to unpick the different contributing factors and reoptimise the system to the

new electrode platform.
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Figure 2.4: Aptamer buffer optimisation, stepwise tracking of functionalisa-
tion steps and calibration curve in spiked buffer

(a) Comparing the effect of different buffers on the attachment of aptamers to the elec-
trode surface (n = 24 working electrodes except the first buffer and SELEX buffers with
Tween which only had 7 and 16 respectively due to gold stripping). Electrodes belonging
to the same array of 8 have been grouped using the same marker colours. The SELEX
buffers (Yang et al., 2019) led to lower variability compared to PBS and the buffer re-
ported by Dalirirad (2020). The SELEX buffer + 0.1 % Tween-20 yielded the lowest
variability per electrode (indicating the variability came from differences between dif-
ferent electrode platforms rather than the SAM) and reasonably high aptamer coverage
compared to the other concentrations of Tween-20 tested as well as the best separation
between the different cortisol concentrations tested. All groups were statistically different
from each other except 0.025 and 0.05% Tween buffers, and PBS and the 0.1 % Tween
buffer (b). Only the 0.1% Tween cortisol response showed a duplex dissociation behavior
expected for this detection layout (n = 3 working electrodes, each condition represents a
different sensor array). (¢) SELEX BUFFER WITH 0.1 % TWEEN-20, plasma cleaned
electrodes, overnight incubation steps - tracking the individual SAM assembly steps using
EIS (n = 30 working electrodes; Electrodes belonging to the same array of 8 have been
grouped using the same marker colours.) and (d) dose-response of the biosensor to dif-
ferent concentrations of cortisol (n = 3 working electrodes per concentration, meaning 18
working electrodes total for the full calibration curve; each concentration dot is the aver-
age over the 3 measurements, whiskers represent 1 standard deviation and the horizontal
dashed line is the average blank 4+ 1 standard deviation). Box plots represent the upper
and lower interquartile ranges, horizontal line the median and the whiskers represent the
minimum and maximum values recorded.
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Figure 2.5: Repeat of previous dataset (Figure 2.4 ¢ and d) with a different
batch of electrodes from the same manufacturer

(left) n = 6 working electrodes for all except MCH step which had an n = 16 (2 different
devices); Box plots represent the upper and lower interquartile ranges, horizontal line the
median and the whiskers represent the minimum and maximum values recorded. (right)
n = 3 working electrodes per concentration. Each concentration dot is the average over
the 3 measurements, whiskers represent 1 standard deviation and the horizontal solid line
is the average blank and the dashed line is the average blank + 1 standard deviation).

DTT vs TCEP

Although recommended by the aptamer manufacturer for reducing the disulfide bond
at the end of the aptamer sequence in preparation for gold immobilisation [193], DTT
has been previously demonstrated to preferentially bind to gold surfaces, competing for
the available binding sites with thiolated molecules [194]. TCEP is typically used as an
alternative to DTT in biochemical applications as it does not exhibit gold affinity and
is a more powerful and stable reducing agent [195]. Figure 2.6 a displays the effect of
different concentrations of TCEP compared to DTT in the attachment of aptamers to the
electrode surface showing a significant decrease in overall variability, suggesting a more
effective and repeatable reduction of the disulfide bonds and aptamer attachment. An
additional advantage of TCEP over DT'T is that it does not require filtration, fractionation
and quantification of aptamer solutions prior to gold attachment. This simplification of
the preparation process reduces not only the aptamer loss inherent with filtration, but

also removes an additional potential source of error and variability by removing some of
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the handling steps. From the concentrations of TCEP tested, 10 mM was determined to
be optimal as it resulted in higher aptamer loading density compared to 5 mM, and was
non-significantly different from 20 mM. These results also showed good agreement with
microscopy data taken of fluorescent-tagged aptamers attached to the electrode surface
using the same protocol (Appendix C - Figure 6). Maximising aptamer loading was chosen
as an optimisation criteria as it is known to be a key driver of sensor sensitivity [196-198|
and stability [136, 199, 200] as denser SAMs are more resistant to the deleterious effects

of DNAses, enzymes which are ubiquitous in living systems.
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Figure 2.6: Optimisation work on the newer batch of electrodes

(a) Comparison between control protocol (DTT reduction of disulfide bonds as per man-
ufacturer’s instructions and different concentration of TCEP (n = 8 working electrodes;
each condition represents a different sensor array). (b) The difference between aptamer
duplexes sequentially assembled on the detection surface and pre-hybridised in liquid
form prior to surface attachment (n = 8 working electrodes; each condition represents
a different sensor array). (c) The response of different aptamer layers deposited at dif-
ferent concentrations of anchor aptamer (ratio of capture to cortisol aptamer was kept
constant at 1:5) to cortisol addition (23 ng/ml) (n = 3 working electrodes per aptamer
concentration condition). (d) Final dose response of the optimised sensor (n = 3 working
electrodes per concentration point). * - p < 0.05, **** - p < 0.0001. Each concentration
dot is the average over the 3 measurements, whiskers represent 1 standard deviation and
the horizontal dashed line is the average blank 4+ 1 standard deviation.
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Order of immobilisation

Next, the order of the biosensor assembly steps was varied to study the effect on the
SAM. Particularly it was of interest whether prehybridisation of the aptamer strands
prior to being attached to the surface as opposed to sequentially assembling them on the
surface would be beneficial. For clarity, in the sequential version, the anchor aptamer is
incubated on the surface of the electrode overnight and the next day the surface is washed
and the cortisol aptamer is attached before backfilling the surface with MCH. Conversely,
in the prehybridised workflow, the anchor and cortisol aptamers are incubated together
for one hour during the TCEP reduction step and drop cast on the working electrodes
and incubated overnight before washing and backfilling the surface the next day. The
advantage of a prehybridised system is the elimination of one of the preparation steps
and thus one potential source of variability in the sensors. It was found, as displayed in
Figure 2.6 b that prehybridisation resulted in a lower aptamer loading density compared
to sequential hybridisation on the electrode surface. This effect was also observed with
the fluorescein-tagged aptamers (Appendix C - Figure 6). It is likely that this is due to
the fact that smaller molecules (the anchor is only 10 kDa, whereas the cortisol aptamer
is an additional 15 kDa) pack more tightly on the surface of the electrode. Whereas
larger molecules such as the aptamer duplexes may incompletely attach to the surface
due to steric interference and be more readily displaced by washing and subsequent back-
filling with MCH. Therefore, since the aim was to maximise the aptamer loading density
onto the surface of the electrode, the sequential functionalisation method was taken for-
ward. Although it is possible that a more tightly packed SAM in itself can lead to poorer
detection by blocking cortisol access due to steric interference, this can be modulated ex-
perimentally by decreasing the concentration of aptamers deposited on the surface or by
co-incubating the anchor aptamers with MCH to ensure they are more spaced out [197].

Another order that was optimised (Chapter 4) relevant to this discussion, is the back-
filling step. Appendix C - Figure 4 shows the effect of backfilling the surface of the
electrode as the second step of the functionalisation procedure (after anchor aptamer at-

tachment) or as the third step (after cortisol aptamer attachment and duplex formation).
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Interestingly, backfilling after anchor aptamer attachment (same way that it is typic-
ally done in immunoassays) leads to a more insulating layer but a poorer discrimination
between blank and positive (23 ng/ml) cortisol samples. However, the overall trend follows
the behaviour expected from a strand displacement system where the average ARct was
lower compared to the blank. Conversely, backfilling after the duplexes have been formed
on the detection surface leads to a significant 30% increase in ARct with cortisol addition
compared to the blank which is suggestive of a strand retention mechanism, where the
conformational change of the aptamer in response to cortisol creates a barrier to electron
transfer across the interface. However, given the noise on the blank measurement, this
change was not sufficient to breach the 3 standard deviation zone required to determine
the limit of detection. One area of future work could be to attempt the co-immobilisation
of aptamers with the MCH backfiller, which has previously been demonstrated to be a
robust method of controlling the aptamer deposition density [197]. Additionally, while
MCH is one of the most commonly used alkanethiols for this application [198], different
lengths of alkanethiols are also available (shorter ones such as 3-mercapto-1-propanol or
longer such as 1l-mercapto-1-undecanol). Longer alkane thiols produce more ordered
SAM structures with improved stability and antibiofouling characteristics [198], but they

can also produce more insulating layers which hinder electron transfer [201].

Aptamer concentration optimisation

One possible way of modulating the aptamer deposition density on the electrode sur-
face is through varying its deposition concentration. Whereas maximising the aptamer
loading is critical to ensuring good detection sensitivity, there is an upper limit beyond
which steric effects become dominant and impede target binding and/or aptamer con-
formational change. The effect of varying the concentration of the anchor aptamers and
its effect on detection sensitivity is displayed in Figure 2.6 c¢. It was possible to clearly
discriminate between the different levels of aptamer coverage, mirrored in the increas-

ing charge transfer resistance with increasing aptamer concentration. It was noted that
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200 nM concentration was the only condition which resulted in a significant decrease in
ARct in response to cortisol addition (50 ng/ml). Thus, this concentration was taken
forward. Unfortunately, repeating this condition over a wider concentration range did
not produce a distinct dose response with none of the concentration points breaching the
99% confidence zone around the blank reading. It is likely that the poor sensor response
was due to the insufficient sensitivity of the transduction platform, which featured an
unmodified gold electrode. The effectiveness of the cortisol aptamer at capturing cortisol
was validated using it in competition with cortisol antibodies from a standard optical
cortisol ELISA kit where standard curves with and without the aptamer present at its
working concentration (200 nM) were generated. This result is shown in Appendix B.
Cortisol aptamer addition resulted in a net 30% decrease in the observed colorimetric
signal produced in the wells which confirmed that the aptamer was binding as expected.
In future work, the signal output from this sensor could be improved as discussed in the
introduction, through attaching a redox active tag to one of the terminals of the cortisol
aptamer and detecting its presence through a technique such as differential pulse voltam-
metry. Additionally, the active surface area of the electrode could be increased (and thus
the current and available surface for aptamer binding increased) as described by Wan
and colleagues [202] by electrodepositing gold nanostructures using chronoamperometry
- a method successfully used by Raykova et al. for the aptamer-based electrochemical

detection of tetracycline residues in cow’s milk [203].

2.4 Discussion and conclusion

Cortisol is a key biomarker linked to endometriosis, and in combination with other
biomarkers (e.g., IL-6) has the potential to unlock new insights into the pathophysiology
and development of this disease, yet no commercially available platform currently exists

that can detect both in a cost-effective format. This chapter was focused on the develop-

52



ment of a low-cost electrochemical biosensor for cortisol based on aptamers.

The cortisol assay was based on an aptamer structure previously reported in literature
and demonstrated to perform well in a lateral flow assay and more recently on an elec-
trochemical sensing strategy employing mesoporous silica nanochannel modified electrode
[136]. The goal of this work was to explore whether this detection principle could be rep-
licated in a low-cost format using unmodified gold electrodes. While initial data following
optimization of the dilution buffer showed promise with a detection limit down to ~ 200
pg/ml, switching to a different electrode batch from the same manufacturer (featuring a
different gold material) produced sensors with a much more variable response and poor
detection sensitivity. This was followed by a series of experiments aiming to unpick the
different contributing factors that may play a role in the performance loss on the new
gold substrate. The factors included the reducing agent used for attaching the aptamers
to the electrode surface, the sequence of the monolayer assembly (whether the aptamer
duplex was prehybridized prior to surface attachment or hybridized on the surface as well
as the order of the steps) and the concentration of aptamers used. The results of these
experiments in impedance mode were validated using fluorescently tagged aptamers.

It was found that dilution in the original selection buffer with a 0.1% v/v concentra-
tion of Tween-20 and using 10 mM TCEP compared to DTT while preparing the aptamer
sequences for gold attachment produced the most consistent sensors. Sequential assembly
of the duplexes on the electrode surface (as opposed to pre-hybridisation in liquid phase)
resulted in the highest and thus most efficient aptamer loading density on the electrode
surface. Tittering the anchor aptamer concentration down to 200 nM also produced the
most sensitive sensor response to cortisol. Whereas these experiments did not produce a
sensor with a well-defined cortisol response in the end, they uncovered some important
aspects regarding the integration of this aptamer sequence into electrochemical biosensors
based on unmodified gold electrodes. This line of work was then re-opened and tackled
from an engineering angle in Chapter 4 using an automated biosensor fabrication platform
which was shown to decrease the variability of the sensors and lead to a more pronounced
discrimination between positive and negative cortisol spiked samples suggesting the need
for automation strategies in these types of assays.

Potential avenues for improvement which could be explored in the future include the
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co-incubation of the anchor aptamer or aptamer duplex with the backfilling agent to
more precisely control the spacing of the aptamer units on the detection surface [197,
204]. Additionally, different sizes of backfilling agents [205] or intermediate linkers [206]
may be trialled. In this case, MCH was used due to its popularity in aptamer-based
electrochemical sensing literature and its size relative to the aptamer sequences used, but
smaller variants such as mercaptopropionic acid (MCP) could be explored. Another av-
enue which could be explored is varying the length of the aptamer and thus adjusting
the spacing between the aptamer binding site and the electrode surface [207] or poten-
tially adding sequence intercalators [208]. It is likely that a substantial signal boost will
be provided by using an internal redox active probe (e.g., ferricyanide) rather than an
external one as used in this work, however that was avoided here due to that technique
being under patent protection [209].

Integration within fluidic devices has also been previously demonstrated to enhance
assay sensitivity [210] and automate the manual steps associated with preparing these
sensors in research settings [65] which invariably introduce variability that can negatively
impact measurement reliability [211]. This approach was explored in Chapters 3 and 4 as

the last tested strategy to improve the sensor response.
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Chapter 3

A plug-and-play,
easy-to-manufacture fluidic accessory
to significantly enhance the
sensitivity of electrochemical

immunoassays
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Highlights

o A flow cell design was created to enhance the sensitivity of electrochemical assays
which can be fully assembled and integrated with an electrochemical biosensor in

< 1 min.

e The proposed implementation of the flow cell increased the sensitivity of the elec-
trochemical immunosensor for IL-6 by a factor of 7 in neat unprocessed human

serum.

e The flow cell highlighted for the first time a spontaneous peroxidase-like reaction
taking place at the Ag/AgCl pseudoreference electrode and a protocol was proposed

and demonstrated to minimise it.

Published work

Dobrea, A., Hall, N.; Milne, S., Corrigan, D. K. & Jimenez, M. A plug-and-play, easy-to-
manufacture fluidic accessory to significantly enhance the sensitivity of electrochemical

immunoassays. Sci. Rep. 14, 1-11 (2024).
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3.1 Prologue

In Chapter 2, different sensor preparation factors were explored to improve cortisol
detection using an impedimetric aptamer-based biosensor. Unfortunately, following this
optimisation, a convincing and clinically useful dose response could not be produced. This
workstream could have been continued down the biochemical and surface chemistry route
(in turn, varying all the relevant parameters, adding and removing steps until a mean-
ingful response could be seen), but this would have taken a significant amount of time
and increasing the assay complexity would quickly begin negating the cost benefits of an
aptamer-based platform. A more straightforward and low-cost approach that has been
previously shown to improve the performance of electrochemical assays is their embedding
within fluidic systems. This has been demonstrated to simultaneously boost assay sensit-
ivity while remaining selective to the target of interest and improve fabrication variability
through the elimination of manual handling steps. To assess if this approach could be
beneficial for the cortisol assay, an easy-to-assemble, low-cost flow cell (an enclosed cham-
ber consisting of laser cut PMMA and double sided tape, installed on top of the sensor)
was developed and tested with a more well-established electrochemical immunoassay for
IL-6 to demonstrate proof-of-concept. Through this work, it was realised that although
(micro)fluidics present a suite of practical advantages such as increased sensitivity, low re-
agent volumes, minimizing contamination, multiplexing, etc., it remains an underutilized
resource with less than 6% of the research outputs on electrochemical biosensors featuring
a fluidic component (Web of Science, 2020-2025).

Two factors which may contribute to that are 1) the high upfront technological entry
barrier (setting up an in-house manufacturing facility, purchasing and commissioning
equipment, training users) and 2) the recurring time cost. Because it is very common
for electrochemical biosensing labs to manufacture their own biosensors or order custom
ones in large quantities, there is a wide range of designs and geometries reported in lit-
erature. Additionally, during the initial development stages, these geometries may also

undergo rapid prototyping cycles before landing on a suitable design. Given the custom
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and rapidly evolving nature of these platforms, there are very few off-the-shelf fluidic
options available to be directly interfaced with them, which often forces production to
take place in house. Depending on manufacturing process, this can be quite costly and
time-consuming (e.g., photolithography) as specialized expertise and equipment is often
required e.g.., ovens, degassing pumps, oxygen plasma machines. Rapid prototyping pro-
cesses such as 3D printing offer more flexibility and have a lower entry cost but require
post-processing (e.g., ethanol bath, drying) and have low throughput incurring a high
recurring time cost.

This recurring time cost consists not only of fluidic system manufacturing but also
implementation within biosensing research workflows. Typical electrochemical biosensor
preparation and testing from start to finish can range from 3 to 8 hours depending on the
detection mechanism employed. To maximize adoption, fluidic integration should incur
minimal disruption to the sensor fabrication workflow (i.e., add very little time) and be
readily manufactured in bulk quantities, even by non-fluidic experts. For instance, Asri et
al. presented a manufacturing process for integrated microfluidic and gold leaf sensors us-
ing crafting-grade materials and processes such as transparency and heat and bond films,
conductive silver pen, a laminator and an electronic craft cutter. Faster and easier manu-
facturing and prototyping may be realized by using high throughput processes such as laser
cutting. While previously confined to specialized manufacturing labs, laser cutters have
now become a standard consumer crafting equipment and are widely available through
community-based ‘makerspaces’ such as the FabLab network (www.fabfoundation.org).
This chapter presents a low-cost, easy-to-implement fluidic device based on consumer
grade fabrication processes (laser and electronic craft cutting), shown to produce an up
to x7 increase in the detection sensitivity of the IL-6 immunoassay in spiked undiluted
human serum.

First, the cleaning protocol of the electrodes had to be re-optimised. Whereas previ-
ously in Chapter 2 oxygen plasma could produce highly consistent biosensors with low
inter-electrode variability, the new gold substrate seemed to respond much better to
voltage cycling in sulfuric acid, with a concentration of 0.1 M being optimal. Secondly,
fluidic integration highlighted for the first time, a spontaneous peroxide-like reaction oc-

curring at the Ag/AgCl pseudoelectrode on board the sensor platform affecting sensing
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reliability. This was determined to be due to the presence of metallic silver in the Ag/AgCl
paste and its effect was minimized through the anodization of the reference electrode in
a 1 M NaCl solution for 1 minute at 1 V.

Finally, it was found that by adding the flow cell at the final step of the sensor pre-
paration workflow (enzymatic amplification of the colorimetric substrate), a significant
increase in the signal generated by the sensor could be observed due to the confinement
of the detection media in the proximity of the electrode surface, where it is more readily
available for detection (for further detail on dose response shapes and possible mechanism
for this enhancement please see Appendix E). The manufacturing processes presented here
is fast (fluidic device assembly and electrode attachment time < 1 min) and highly flexible
and thus well suited to be easily adapted to any planar electrode design. Furthermore, the
implementation suggestion (i.e., only adding it at the final step of the sensor preparation
process) adds minimal disruption to the biosensor fabrication workflow which encourages
widespread adoption within the community. The fluidic system assembly principle de-
scribed here can also represent a building block for more complex fluidic designs. This was
demonstrated later in Chapter 4 which describes the development of a fully integrated
platform for automating the entire sensor fabrication workflow, tested with both IL-6
and the cortisol assay described in Chapter 2. Additionally, to increase the relevance for
clinical use, future work could focus on integrating plasma separation strategies directly
on-chip [212] (for instance by embedding a filtration membrane within the flow cell inlet
or inside a dedicated filtration chamber) for automated sample processing rather than

relying on centrifugation.

This work was published in 2024 in Scientific Reports and has been included in its
entirety following this prologue. The supplementary materials can be found in Appendix
E of this thesis and at the following URL. The supplementary videos may be accessed
at https://www.nature.com/articles/s41598-024-64852-5Sec26. My contribution included
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designing and manufacturing the flow cells, conceiving and conducting the experiments
and analysis, data interpretation and manuscript writing and editing under the guidance
of Dr Melanie Jimenez and Prof. Damion Corrigan. Permission to reproduce this work

in this thesis has been granted by Springer Nature.
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3.2 Introduction

The early detection of biomarkers is instrumental in ensuring the best possible patient
outcomes and minimizing the economic burden on healthcare systems through a person-
alized and preventative approach to disease. Omne of the gold standard techniques for
quantifying biomarker levels in patient samples are enzyme linked immunosorbent assays
(ELISAs); ELISAs exploit the high affinity between antibodies and their specific antigens
to optically detect a biomolecular target, and are routinely used in care settings to detect
a variety of conditions from bacterial [213, 214] or viral infections [215, 216], to autoim-
mune disorders [217], and cancer [218]. Despite their wide use, the incurred high running
costs and instrumentation footprint make standard ELISA approaches poorly suited for
deployment at the point-of-care [219].

Electrochemical immunosensors have been long hailed as the potential answer to this
problem [220]. These sensors harness the reliability and selectivity of antibodies, small
instrumentation size, low sample/reagent volumes, and the ability to be mass produced at
low costs. Compared to their optical counterpart, electrochemical biosensors detect the
antibody-antigen binding event through changes in the electrical profile of the medium
e.g., using amperometry, voltammetry, potentiometry or impedance spectroscopy. An-
other key strength of this sensing mechanism resides in its multiplexing capabilities [221],
which is critical for diseases that have a diverse biomolecular signature, and its strong
point-of-care potential has already been demonstrated for e.g., cardiovascular diseases
[222] and cancer [43].

Translating ELISAs into an electrochemical format has however not been devoid of
challenges. Without proper signal amplification strategies the sensitivity of these sensors
has generally been quite low, particularly in complex media such as blood [55]. Con-
sequently, a large body of research has been dedicated to improving the signal output
using for instance surface modification with polymeric or metallic nanomaterials to in-
crease the conductive and catalytic activity [62], modulating the orientation of surface

immobilized antibodies [54, 55| e.g., through pH, click chemistry or covalent immobiliza-
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tion via SAM assembly (EDC/NHS), using nanobodies (shortened version of an antibody
only including the active site), nanoparticles (AuNPs, IrOx etc.) and magnetic beads for
increased surface area and conductivity [223, 224], or decreasing the electrode size into
the micrometer realm [63]. Importantly however, all these modifications exponentially
increase the production cost and manufacturing complexity of these sensors. Microfluidic
strategies have also been proposed as a low-cost avenue to automate and increase the
sensitivity and throughput of these sensors through minimization of environmental con-
tamination, speeding up of reaction times (e.g., through temperature control), decreasing
the volume of sample and reagents, and gaining the ability to measure multiple biomarkers
simultaneously through spatial separation of the fluid path [65, 66, 118, 225, 226]. Myriad
microfluidic devices have been designed and presented mainly using polydimethylsiloxane
(PDMS), glass etching, 3D printing, paper-based flow, CNC machining, thin film depos-
ition and digital microfluidics [65, 227-229]. While these manufacturing methods all have
their merits and the choice of material and fabrication process is highly dependent on
the nature of the final application, they still present some substantial limitations from a
user adoption perspective in electrochemical biosensor development. PDMS devices for
instance require an involved and somewhat lengthy fabrication process [119] (mold design
and production, degassing, curing, mold detachment, etc.), tend to swell over time when
exposed to certain reagents and are prone to protein absorption [230]. 3D printed devices
produced using stereolithography or fused-deposition techniques require post-treatment
and curation to ensure that the photocuring agents do not foul the electrochemical trans-
ducer, and the surface finish is sufficiently smooth to not interfere with the flow or create
air pockets [231]. Thin film deposition of microfluidic channels, while ideal for a final
product, typically rely on high volume production methods and thus have limited proto-
typing flexibility and high start-up costs — the same applying to CNC machining [232].
Digital microfluidics have high power requirements and need complex engineering to set

up, and thus might not be suitable or accessible for everyday research [227].
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While the clear benefits of microfluidic integration in electrochemical sensing have
been previously demonstrated, microfluidic use in the community remains scarce, with
only 4% of research outputs on electrochemical biosensors having a microfluidic element
(Web of Science, 2020-2024).To improve user compliance, integration of a microfluidic
element should have minimal disruption to the sensor testing workflow and should be
easy to manufacture in bulk, even by non-microfluidic experts. Asri et al. [233] recently
reported for instance a simple and accessible way to manufacture both microfluidic devices
and electrodes for electrochemical biosensors using consumer grade materials (gold leaf,
silver ink pen, double sided tape, photocopier transparency film and heat and bond film)
and processes (lamination, electronic craft cutting) for glucose sensing. Easier fluidic
manufacturing could be achieved by working with existing, commercial electrodes and
using consumer grade processes such as laser cutting, which is widely available within
community-based ‘makerspaces’ such as the FabLab network (www.fabfoundation.org)
[119].

In this study, we explore this avenue and propose a new approach based on PMMA laser
cutting for easy-to-manufacture and easy-to-assemble fluidic chambers that can improve
the sensitivity of commercial electrodes. This approach is versatile, easily adaptable
to different electrode designs, and can improve signals even in the absence of pumps to
drive the flow — which can facilitate adoption by non-microfluidic experts. The principle is
demonstrated here for an ELISA-based electrochemical detection of IL-6, an inflammatory
cytokine produced by the immune system in response to an immunological challenge such
as injury or infection. With relevance in a range of conditions such as sepsis, COVID-19,
cancer or Alzheimer’s, I1-6 has garnered a high level of interest in the electrochemical
biosensor community [69]. Using the proposed fluidic chamber, which is only added
during the final step of electrochemical sensing to minimize interference, we demonstrate
an increase in sensitivity (defined here as the change in current over the linear portion
of the sensing range) of 5.5-fold in buffer, 5.8-fold in 10% v/v serum and 7-fold in neat,
freshly extracted human plasma. This work consequently presents a rapid, low-cost and

minimally invasive approach to enhance the signal of electrochemical sensors that can
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further enable deployment for point-of-care testing. The approach presented is unique
in that in was specifically developed to facilitate uptake by the electrochemical biosensor
community and we believe it can break down the barriers associated with microfluidic

integration in these systems.

3.3 DMaterials and Methods

Chemicals and electrodes

Sulfuric acid (98%), potassium ferricyanide (99+%, for analysis), potassium ferrocyanide
trihydrate (99+%, for analysis), human serum (H4522) and PBS tablets were all purchased
from Merck. Ultrapure water (18.2 MQ.cm) was obtained from an Elga Purelab Chorus
water purification system. Primary and secondary IL-6 antibodies, IL-6 standard and
x40 horseradish peroxidase concentrate (HRP) were all purchased from R&D Systems Inc
(Minneapolis) as part of a Human IL-6 DuoSet ELISA kit (DY206). Reagent diluent x10
(1% BSA in PBS, pH 7.2-7.4, 0.2 pm filtered, DY008B), TMB substrate (DY999B) and
PBS plate-coating buffer (DY006) were also purchased from the same manufacturer. The
Au electrodes used in these experiments were manufactured by FlexMedical Solutions
(Livingston, UK) and feature 8 working electrodes and a common reference and counter
electrode on each chip. The Ag/AgCl (CHI111) and Au (CHI101) macroelectrodes used
for the anodization experiments were purchased from IJ Cambria Scientific Ltd. The 0.2

{m membrane syringe filters were from Whatman (cat. number 6780-2502).
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Cleaning experiments

In these series of experiments, two common cleaning methods were compared to determ-
ine the optimal protocol for removing contaminants from the Au electrode surface and
facilitate sensing: sulfuric acid voltage cycling and oxygen plasma etching. Three different
acid strengths were investigated including 0.1, 0.2 and 0.5 M. Before use, the electrodes
were rinsed with ultrapure water and dried under stream of argon. Following this, 600
ul of acid was drop cast onto the electrode platform ensuring that all electrodes were
adequately covered. The potential was then scanned on each working electrode between
-0.5 and 1.6 V using a scan rate of 0.1 V/s for 10 cycles using a PalmSens4 potentio-
stat equipped with a MUX-R2 multiplexer unit from PalmSens. The software PSTrace
5.9 was used to control the potentiostat. After cleaning, the electrodes would again be
rinsed with ultrapure water and dried with argon making them ready for use. For plasma
cleaning, we used a Zepto plasma asher (200 W) connected to an oxygen gas cylinder set
to different time and power settings. 3 electrodes were placed inside the asher chamber
during the cleaning process. To characterize the electrodes, we used a 2 mM solution of
Fe[CN]g_ +Fe[CN]g_ (Ferri-Ferro Cyanide) redox couple in 1xPBS (made from tablets)
and interrogated the system using cyclic voltammetry, differential pulse voltammetry
and impedance spectroscopy. For the cyclic voltammetry measurement, we scanned the
potential between -0.4 and 0.5 V in 0.01 V steps using a scan rate of 10 mV/s. The
same voltage window, step size and scan rate were used for the DPV characterization.
EIS measurements were performed against the open circuit potential of the cell, over the
range 0.1 — 100,000 Hz (83 frequencies) with an AC potential of 10 mV. To extract the Rct
values, data was fitted in PsTrace 5.9. using Randles equivalent circuit with a constant
phase element (CPE) instead of an ideal capacitor (Figure 3.1 a inset) to account for
non-ideal sensor behaviour. The Rct values for individual electrodes were averaged and

the error was calculated as 1 standard deviation from the mean.
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Fabrication and assembly of the flow cell

The flow cell was constructed using 2 distinct layers: a inlet/outlet layer made from
3 mm laser cut acrylic with two holes (1.3 mm diameter) and a channel layer made
from double sided tape cut using a Cricut® Maker 3 to delineate a channel exposing all
electrodes. The PMMA sheet for the inlet/outlet layer was purchased from Stockline
Plastics Ltd (Glasgow, UK) and the 230-um thick double sided polyester tape was from
RS Components (RS Stock No.: 468-380). The geometry for the inlet/outlet layer was
created in Serif DrawPlus X8, which can upload the design directly to the laser cutter.
The geometry for the channel layer was created in the Cricut Design Space App which is
available with all Cricut cutters. To cut the inlets layer we used an Epilog Mini 50-Watt
laser cutter set to 30% speed, 100% power, 5000 Hz frequency. For the channel layer,
since the tape was on a roll format, it had to be unraveled and placed on a temporary
release silicone film before being placed on a Strong Grip Cricut® cutting mat (12" x 127).
Masking tape was also added at the edges to ensure that the silicone film remains in place
during cutting. The cutting settings used were the standard Cricut® ones for double-
sided adhesive which resulted in a clean cut of the double-sided tape. For introducing
the reagent into the flow cell, we used mini female luer adaptors from the Microfluidic
ChipShop (Fluidic 631) and a pipette to mini luer adaptor from the same supplier (Fluidic
391). The adaptors were attached to the flow cell via adhesive rings cut to size (Fluidic

699).
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IL-6 sensor preparation procedure and interrogation

After cleaning with 0.1 M sulfuric acid, some of the silver pseudo reference electrodes were
anodized by submerging in a 1 M NaCl solution and applying a 1 V potential for 60 s
with a 0.1 s time interval which changed them to a dark brown color. This was to prevent
the spontaneous reaction between the Ag/AgCl pseudo reference and the TMB substrate
observed during preliminary experiments. To begin the sensor preparation, 2 ul of 100
pug/ml primary IL-6 antibody diluted in ELISA plate coating PBS buffer was pipetted
on each working electrode. The electrodes were then incubated overnight at 4 °C inside
a humidity chamber. The next day, the electrodes were gently washed 3 times with 1 ml
of 1xPBS to remove any unbound antibodies. This wash step was repeated after each
incubation step. Next, the electrodes were incubated with reagent diluent (1% BSA in
PBS) for 1 hour at room temperature to minimize any non-specific interactions with the
detection surface. Standard dilutions of the target were then prepared in the medium of
interest (PBS, filtered or unfiltered dilute serum and plasma), placed on the individual
electrodes and incubated for 1 h at room temperature. I1-6 secondary antibodies were
then prepared in 1x reagent diluent at double the concentration stated in the certificate of
analysis (in our case this was 100 nM, but this may change between different batches) and
incubated for a further hour. HRP was then diluted to 1x in reagent diluent and placed
on the electrodes for 20 minutes, washed off and then 400 ul of TMB substrate was added
covering all electrodes (including the counter and the reference) and incubated for 20 more
minutes. If the flow cell was used, the release liner would be peeled off the bottom of the
channel layer and the flow cell manually installed using the edge of the electrode platform
and installation guide lines laser engraved onto the top side of the flow cell to ensure
proper alignment (Video S2 - available at https://www.nature.com/articles/s41598-024-
64852-5Sec26). The flow cell was then filled with 40 ul of TMB using a pipette and a
pipette to mini luer adaptor (Fluidic 391). The last 2 incubations steps were performed

in the dark (electrode storage boxes were wrapped in tinfoil). After the final incubation
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step, the presence of target was indicated by the production of a blue product (oxidised
form of TMB) which was measured using chronoamperometry by applying -0.2 V for 60
seconds with a 0.1 s time interval. The stable value of the current after 60 s was then

extracted from PSTrace and plotted in MATLAB R2022a.

Extraction of plasma from blood samples

The study was approved by the ethics committee of the University of Strathclyde (UEC23/05).
Whole human blood was acquired from Research Donors (https://researchdonors.co.uk)
in a 10 ml lavender topped K2EDTA blood collection tube. To extract the plasma, the
blood was centrifuged for 5 minutes at 4100 x g and then the supernatant was extracted

into a clean 15 ml Eppendorf tube and used the same day.

Scanning electron microscopy (SEM) and energy dispersive X-

ray spectroscopy (EDS) analysis

Electron microscope scans were acquired using a Hitachi TM-1000 tabletop microscope
and elemental analysis was conducted using an Oxford EDS unit connected to the main
SEM unit. The microscope and EDS unit were connected to a laptop with the TM-1000
and SwiftED EDS data acquisition software installed. The acquisition time for the EDS
data was 8 seconds and all measurements were carried out with an n=10, taken at different

locations along the sample.
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Data fitting and statistical analysis

The peaks in the voltammetry data was extracted using the PSTrace 5.9 software and
the impedance spectra was modeled using a standard Randles equivalent circuit with
a constant phase element instead of an ideal capacitor and fitted in PSTrace using the
Levenberg-Marquardt algorithm to extract the equivalent circuit parameters (e.g., Ret).
The chronoamperometry dose response curves were fitted using a 4-parameter logic re-
gression model by least square fitting. The limit of detection was determined as the first
experimental point outside of the +3 standard deviation zone around the blank value (0
pg/ml IL-6). Further details on the means and standard deviations of all blank readings
presented in this work can be found in Table S3. Graphics were produced in Origin 2022
graphing software and MATLAB R2022a.

3.4 Results and Discussion

Reliable cleaning procedures of commercial electrodes are critical

for reproducible electrochemical sensing

Gold (Au) is an excellent material for electrochemical sensing due to its high stability,
chemical inertness and high electrical conductivity which yields highly sensitive sensors
with low background noise. As presented in Figure 3.1, commercial electrodes out of the
box (OOTB) can however have contaminants on their surface, introduced either during
the manufacturing process or during storage and transport, which can lead to a large
variability in the electrode’s response. To prevent this, cleaning procedures must be

deployed to remove these impurities; this is particularly important in sensors employing
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non-covalently attached antibodies, where the sensitivity may already be lower due to
the non-uniform orientation of the attached antibodies and consequent blocking of some
of the active binding sites [54]. Sulfuric acid voltage cycling and plasma etching are two
popular non-destructive techniques for electrode cleaning [234-237] that were tested in
this work. Both techniques work by removing the top layer of gold and any attached

contaminants without substantially altering the surface morphology [238].
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Figure 3.1: Comparison of the efficacy of oxygen plasma and sulfuric acid
voltage cycling in removing contaminants from the gold electrode surface

(a) The charge transfer resistance (Rct) of the surface of commercial electrodes is measured
through impedance spectroscopy without treatment (out of the box electrodes, OOTB),
with plasma treatment at different powers (% of 200 W) and exposure times, and different
sulfuric acid molarities. Data was fitted using Randles equivalent circuit (inset) to obtain
the Rect values (Rsol=solution resistance, CPE=constant phase element, W=Warburg
impedance). Datapoints represent different thin-film electrode platforms with 8 work-
ing electrodes (n=24 except 20% power 21s which had n=16). Each box delineates the
interquartile range (IQR), the straight line denotes the median, the hollow square repres-
ents the mean and whiskers denote the range within 1.5xIQR. (b) Examples of Nyquist
plot, (c¢) Cyclic voltammogram and (d) Differential pulse voltammogram of an electrode
without treatment (OOTB, grey) in comparison with one treated with the optimal plasma
(95%, 62 s, red) and acid cycling cleaning (0.1 M, blue) protocols identified (n=8). The
response was measured using 2 mM ferri-ferrocyanide in 1xPBS.
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Evaluation of the electrode surface using cyclic voltammetry, differential pulse voltam-
metry and impedance spectroscopy in a standard redox media (2 mM Fe[CN ]27 +Fe|CN ]g*
in 1xPBS) shows that treatment with both plasma and acid cleaning significantly (p <
0.01, Student’s t-test) reduced the charge transfer resistance (Rct) from 9593.8 + 3189.1
Q to 4961.3 £+ 1025.7 Q (62s 95%) and 5569.7 + 599.6 Q (0.1 M) respectively, suggest-
ing improved accessibility of charges to the electrode surface (Figure 3.1 a and b). The
peak separation voltage of the cyclic voltammogram (AEp) was also reduced from 201.1 +
35.0 to 107.9 + 6.6 and 106.6 £+ 6.6 mV respectively (Figure 3.1 ¢), indicating improved
reaction reversibility and electrode cleanliness. In an ideal system, where the reaction
is chemically and electrochemically reversible, AEp should be ~57 mV (at 25°C) [239];
deviation from this value could be attributed to imperfections in the electrode surface or
the presence of trace amounts of contaminants remaining on the surface after cleaning.

Although plasma cleaning is a faster process (~ minutes to clean multiple electrodes)
and is thought to have a more uniform and reproducible effect on the electrode surface
compared to liquid solvents [187, 240], acid cleaning yielded lower coefficients of variab-
ility (CoVs) compared to any of the plasma settings investigated (Table S1). This could
be due to the formation of gold oxides on the topmost layer of gold following O, plasma
exposure behaving in a contaminant-like fashion [237] or acting as a protective layer which
consequently decreased the cleaning efficacy. The best settings identified for plasma in
terms of CoV was a 95% power (or 190 W) for 62 s, but this already started damaging the
electrode connector pads which began to shrink and fold in, likely because of overheating
in the areas where the largest amount of gold was present. In terms of differential pulse
voltammetry (DPV) peak currents (Ipeak) — and as shown in Figure 3.1 d— both plasma
and acid treatment substantially reduced the variability of the sensors. Although plasma
etching typically produced higher currents compared to acid (Figure S2 - Appendix E),
the variability between different sensors was much higher (12.76% compared to 4.96% for
acid cleaning). With the aim of minimizing variability between electrodes, acid cleaning
was deemed the best approach here. No statistically significant difference was observed in
terms of the parameters of interest across the different acid molarities tested for sulfuric

acid treatment, thus the lowest molarity (0.1 M) was selected for the rest of the work.
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Fluidic chambers can be designed and manufactured for easy in-

tegration with commercial electrodes

The benefits of minimizing sample volumes during electrochemical measurements have
already been demonstrated [118, 241]. While this is traditionally done via microfluidic
integration, most fluidic manufacturing processes are challenging to couple with commer-
cial (plastic) electrodes such as the ones used in this work (Figures 3.2 a and b). In
Figure 3.2 ¢, we introduce the flow cell — a fluidic chamber that consists of only 2 lay-
ers: an inlet/outlet layer with 2 holes for the inlet and outlet adaptors made of laser cut
3 mm acrylic, and a channel layer made of 230 pm thick double-sided tape, cut using
an electronic cutter (cf Materials and Methods). The two layers are designed so that
the working, counter and reference electrodes are all covered, while the layers are easily
bondable (via the double side tape) to plastic electrodes. The use of laser and electronic
cutting enables rapid alteration of the fluidic design to fit different electrode formats
available off-the-shelf. The top layer is designed to work with off the shelf connectors,
here pipette to mini-luer adaptors for sample addition. This allows fluid manipulation in
a pump-free manner, substantially cutting down the cost and complexity of the system
while retaining the advantages of having a microfluidic device (lower reagent volumes,
minimal contamination, and reduced evaporation of the liquid). The flow cell can be
used in different ways by changing the connectors e.g., it can be connected to a syringe
pump for automated sample/reagents injection. The bonding strategy proposed can with-
stand flow rates of dozens ml/min without leaking, although when working with sensitive
reagents such as antibodies, flow rates at the lower end of the working range may be
preferable (< 1 ml/min). The total cost for one flow cell is only £2.7, cost that can be
further lowered if other fluidic connectors are used (here off-the-shelf connectors are used
as they are easily accessible and versatile for non-experts) or directly embedded in the

platform design (see Table S2 for a breakdown of the materials cost).
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Figure 3.2: Low-cost, easy-to-assemble flow cell developed in this work

(a) The commercial thin-film electrode platform used in these experiments features 8
individual working electrodes (WEs) and a common Ag/AgCl pseudo reference (RE)
and Au counter electrode (CE). (b) The typical experimental set-up with the electrode
platform placed inside a 3D printed connector made in-house and the reagents drop-cast
on top of the electrodes. (c) Proposed flow cell design consisting of a laser cut inlet/outlet
layer made from PMMA, channel layer made from double sided polyester tape cut to size
using a Cricut® electronic cutter and off-the-shelf mini luer fluidic adaptors attached to
the PMMA using circular adhesive rings. (d) Before and (e) after flow cell attachment to
the electrode platform.

Without flow cell, the minimum volume needed to cover all the electrodes is 400 pl
(Figure 3.2 d); with the flow cell this volume can be reduced to 40 pl, or a 10-fold reduction
(Figure 3.2 e). To encourage user adoption, we investigated here addition of the flow cell
only at the final step of the preparation procedure, where the enzymatic reaction to detect
IL-6 gives rise to a colorimetric signal measurable by chronoamperometry. This decision
is motivated by the fact that preparation procedures for electrochemical sensing can be
lengthy (typical sandwich ELISA biosensor preparation and measurement protocols can
take around 7 hours from start to finish) and addition of the flow cell earlier can be
seen as disruptive for established workflows. Once the individual components of the flow
cell are fabricated, assembly only takes ~1 minute per flow cell (Video S1 - available at

https://www.nature.com/articles/s41598-024-64852-5Sec26).
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Spontaneous reaction between the pseudo-reference and TMB

can be observed in micro-environments

3,37,5,5 -tetramethylbenzidine (TMB) is a chromogenic substrate typically used in
ELISA assays for signal amplification following binding of the target analyte. In the
presence of enzymes such as horseradish peroxidase (HRP) and hydrogen peroxide, the
reduced form of TMB (clear) becomes oxidized, which changes its colour to blue. The
more target that is bound by the capture antibody, the more enzymes will be present at
the end of sensor functionalization process (before addition of TMB), and consequently
a stronger color change will be developed in the medium. However, this reaction can in
some cases be modulated through the presence of certain catalysts e.g., metallic silver
(Ag™), which can either enhance [242, 243], inhibit [244], or even reverse [245] this reac-
tion in a pH-dependent manner.

During initial experiments, the silver pseudo-reference electrode was observed to spon-
taneously reduce the TMB substrate, changing its color back to clear, acting in a peroxidase-
like fashion (Figure 3.3 a inset). This reaction took place quickly (<1 min), without any
external voltage, and the volume affected accounted for approx. 10% of the total volume
within the flow cell. Consequently, the amount of oxidized TMB available for detection
was decreased, which could lead to an underestimation of target presence. To resolve this
issue, 2 possible solutions were investigated: exposure of the Ag/AgCl pseudo-reference
to a solution of 10% v/v sodium hypochlorite (NaClO, more commonly known as bleach)
and anodization in a 1 M solution of sodium chloride (NaCl) (Figures 3.3 b,c insets). Both
methods aim to increase the amount of AgCl (non-reactive) relative to Ag on the surface
of the reference electrode through chlorination, which was indeed the case as shown in
Figure 3.3 d where the percentage of elemental Cl is substantially increased following
both treatments. Anodization appeared to deposit more Cl on the electrode surface and
resulted in a more uniform surface coverage compared to bleaching (Figures 3.3 b and c¢).
In fact, with bleaching, the original Ag/AgCl crystals became difficult to distinguish on

the scanning electron microscope scan compared to the out of the box (OOTB) condition
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(Figure 3.3 a main figure) hinting that this technique may damage the surface of the
reference electrode. It was found that, out of all the conditions investigated, anodization
was the only modification capable of stopping the pseudo reference interaction, whereas
bleaching only delayed it for a short amount of time (~5-10 minutes) — the later could
be due to the presence of large gaps present in the surface following treatment leaving a
large portion of Ag still exposed and able to react with the substrate. None of the modi-
fications statistically significantly affected the electrochemical charge transfer properties
of the system (Figure 3.3 e), but as shown in Figure 3.3 f, anodizing after acid cleaning
seemed to alter the variability of the sensors to a lesser extent (compared to doing it the

other way around) and therefore this method was taken forward.
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Figure 3.3: Spontaneous reaction between the detection substrate TMB and
the reference electrode and protocol developed to minimise it

(a) Spontaneous reaction taking place between the Ag/AgCl pseudo-reference electrode
and 3,3’.5,5-tetramethylbenzidine (TMB) locally reducing the oxTMB produced by the
HRP-TMB reaction taking place on the detection surface superimposed on SEM scan
of the reference electrode surface. (b) The Ag/AgCl reference after being submerged in
10% v/v bleach for 30 minutes exposed to a solution of oxTMB - the cross-reactivity
is reduced but not eliminated and the surface appears damaged by the bleach. (c¢) The
Ag/AgCl reference after anodization in 1 M NaCl exposed to a solution of oxTMB — the
cross reactivity with TMB is minimized and the integrity of the Ag crystals appears to be
maintained. (d) Elemental composition analysis of Ag/AgCl reference electrode surface
and the impact of anodization and bleaching treatments by energy dispersive X-ray Spec-
troscopy (bars and SD are based on 10 different measurements taken in different locations
across the reference electrode surface). (e) The effect of bleaching and anodization treat-
ment and interplay with sulfuric acid cleaning (pre or post Ag/AgCl treatment) on the
charge transfer resistance of the Au surface. Each box delineates the interquartile range
(IQR), the straight line denotes the median, the hollow square represents the mean and
whiskers denote the range within 1.5xIQR. (f) The difference between the peak current
of the differential pulse voltammogram when the Ag/AgCl electrode is anodized before
(pre) as opposed to after (post) sulfuric acid cleaning highlighting that for best results
cleaning must be carried out before anodization. Statistical significance is indicated by *
where *** denotes p<=0.001. n.s. = non-significant.
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The flow cell significantly enhances electrochemical detection of

IL-6 in samples

Next, we isolated the effects of anodizing the silver pseudo-reference and adding the
flow cell at the end of the sensor preparation procedure on the performance of the IL-6
electrochemical sandwich immunosensor in a non-complex sample (PBS buffer). It was
noticed that when the substrate was drop cast onto the electrodes, anodizing the silver
electrode shifted the current dose response curve downwards by around 19.7 nA (Figure
3.4 a). This can be attributed to a potential shift of 50 mV in the TMB oxidation
peak registered by the electrode (Figure S4 - Appendix E), which was not corrected in
the step voltage applied during the chronoamperometry measurement. Since the overall
dose-response in the case when the substrate was dropcast onto the electrode (as opposed
to being introduced to the sensing surface via the flow cell) seemed to be unaffected by
anodisation except for the 19.7 nA current offset, for further experiments this modification
was only applied when working with the flow cell.

Adding the flow cell not only lowered the limit of detection (LoD) from 1875 pg/ml to
468 pg/ml (Figure 3.4 b), but it also improved the sensitivity of the sensor around 5.5-
fold over the higher concentration range (468-3750 pg/ml). This increase in sensitivity
is also evident in the time dependent current transients showing a much wider response
range compared to before (Figure 3.4 ¢). This boost in performance was attributed to
the spatial confinement of the oxidized TMB in the region directly above the detection
surface, which limits diffusion of electroactive species into the bulk solution where they
are harder to detect.

A dramatic increase in sensitivity (x5.8) was noted with the flow cell for IL-6 spiked
in 10% human serum (0.2 pm filtered — Figure 3.5 a). An additional control experiment
was also carried out at confirming the importance of the primary antibody within the
detection scheme and assay specificity to IL-6 (Figure S5 - Appendix E). However, in our
previous work we have demonstrated more extensively the specificity and selectivity of

these reagents for their target and their suitability for this type of application [105, 111].
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Unprocessed human serum and neat human plasma (Figures 3.5 b and ¢) had a very
poor response when the flow cell was not present, with only high concentrations (>3
ng/ml) eliciting a response. Upon addition of the flow cell, the LoD was considerably
lowered, and the dose-dependent curve could be clearly distinguished. The LoDs of the
biosensor in different media before and after the addition of the flow cell are summarized
in Table 3.1 below. The dose-response behaviors of the sensor with the flow cell are also
compared in Figure S6 - Appendix E. The lowest limit of detection was achieved when
testing the sensor in neat human plasma, whereas the highest sensitivity over the higher
working range (>1 ng/ml) was in PBS and filtered dilute serum. This improvement
in the LoD in the most complex samples tested could be attributed to the presence of
molecular factors that are critical to antibody function and stability (e.g. albumins,
protease inhibitors) [246] that are absent in ‘cleaner’ media such as PBS. This result
also showcases that the additional filtration step may actually remove some of these
critical compounds leading to a slightly higher LoD. However, this mechanism may vary
depending on the antibody-target combination. In future work, we plan on exploring the
effect of the flow cell on different assays to further elucidate this. Another interesting effect
was noted when comparing the behavior of the sensors modified with the flow cell over the
ultrahigh working range with and without anodisation of the reference electrode — Figure
S7 - Appendix E. It was hypothesised that more substantial effects will likely take place
at these higher concentrations as more of the TMB will become oxidised and consequently
diffuse towards the reference electrode. What we saw is that for non-anodised electrodes,
a Hook effect appears to be taking place around 10 ng/ml whereas that appears to be

damped in the anodized configuration.
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Figure 3.4: Dose response of electrochemical IL-6 immunosensor showcasing
the effect of annodisation of the Ag/AgCl reference electrode and adding the
flow cell at the final step of the sensor preparation procedure

(a) The difference between the dose-dependent responses of the electrochemical immuno-
sensor to IL-6 spiked in PBS for unmodified (red) and anodized (blue) electrodes during
fully manual preparation (no flow cell present). Top (red) and bottom (blue) dashed
lines represent the average blank reading — 3 SDs for unmodified (n=8) and anodized
electrodes respectively (n=6). (b) The effect of adding the flow cell at the final step of
the sensor preparation procedure compared to fully manual preparation and testing (IL-6
spiked in PBS). Both responses are with anodized electrodes. Each marker in (a) and (b)
represents the average over all measurements +/- 1 SD and the top (blue) and bottom
(purple) dashed lines represent the average blank reading — 3 SDs for the ‘without’ and
‘with flow cell’ conditions respectively (n=6). Further details on the blank means and + /-
3 SD interval can be found in Table S3. (c¢) Dose-depended transient current response to
different concentrations of IL-6 spiked in PBS without (dashed, blue lines) and with the
flow cell (purple, solid lines) showing increase in sensitivity upon addition of the flow cell
(single measurement per line). Both datasets were acquired with anodized electrodes.
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Figure 3.5: The effect of flow cell addition on the electrochemical IL-6 immun-
osensor challenged in 10% filtered and unfiltered serum and neat, unprocessed
human serum

(a) Dose-dependent response of the electrochemical immunosensor to IL-6 spiked in 0.2
nm filtered human serum (10% v/v) with and without the flow cell present at the final
detection step showing a large increase in sensitivity following the addition of the flow cell.
(b) Dose-dependent response of the electrochemical immunosensor to IL-6 spiked in 10%
unfiltered human serum with and without the flow cell present at the final detection step
showing a substantial increase in sensitivity and the limit of detection following the addi-
tion of the flow cell. (c) Dose-dependent response of the electrochemical immunosensor to
IL-6 spiked in neat unprocessed human plasma before and after integrating the flow cell
into the preparation protocol. Each marker represents the average over 8 measurements
+/- 1 SD and the horizontal dashed lines represent the average blank reading (0 pg/ml)
— 3 SDs (n=8). Further details on the blank means and +/- 3 SD interval can be found
in Table S3.

LoD ml
Sample tested With flow cell (I\)Ag/i/tho)ut flow cell
PBS 468 937
10% (v/v) Human Serum (0.2 pm filtered) 234 468
10% (v/v) Human Serum (un-filtered) 468 3080
Neat Human Plasma <234 1875

Table 3.1: Limits of detection (defined as the first data point falling outside of
the 99% confidence interval around the blank reading) before and after flow
cell addition - a comparison between different sample types.
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3.5 Conclusion

This paper presents a low-cost flow cell design that can be easily fabricated using con-
sumer grade materials (PMMA sheets, double sided adhesives, and off-the-shelf fluidic
adaptors) and methods (laser and electronic cutting). The fabrication method proposed
is accessible to researchers from a non-microfluidic or engineering background, allows for
rapid and accurate prototyping cycles and, once a suitable geometry has been identified,
the production of large numbers of fluidic cells in a short time frame which can be stored
until ready for use. We validated this flow cell using a commercial gold electrode platform
and a sandwich electrochemical immunoassay format for detecting IL-6, an inflammatory
cytokine of interest across a variety of different pathologies. First, we determined the
optimal electrode cleaning protocol to ensure that the Au detection surface was devoid
of contaminants that could interfere with the electron transfer processes. We found that
electrochemical voltage cycling in 0.1 M sulfuric acid for 10 cycles yielded sensors with
substantially lower overall variability compared to O, plasma etching. Once we started
using the flow cell with the immunoassay detection format, we observed a cross-reactivity
between the Ag/AgCl pseudo reference and the ELISA substrate (TMB), which was de-
creasing the amount of oxidized TMB produced by the target-antibody immunocomplexes
immobilized on the electrode surface. This effect was, in the absence of the flow cell, im-
possible to discern visually through the large volume of bulk fluid that is needed to cover
all electrodes during testing. With the aid of the flow cell, we also found that this effect
could be eliminated with minimal impact to the sensing quality by anodizing the reference
electrode in a 1 M Na(Cl solution for 1 min at 1 V DC.

Finally, we tested the sensor in 4 different types of media: PBS, 10% v/v 0.2 micro
filtered human serum, unfiltered 10% v/v human serum and neat human plasma. To
facilitate user adoption and minimize disruption to already established workflows, the
potential of the flow cell is demonstrated here at the final step of the electrochemical
immunosensor preparation protocol, when the signal amplification reaction takes place.

We showed that by confining the product of the enzymatic reaction to the vicinity of the
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detection surface, a substantial increase in the sensitivity of the sensor and decrease in
the limit of detection could be obtained in both spiked buffer and complex media such as
human plasma. We envision that in the future, the flow cell will become an invaluable
accessory in the electrochemical biosensor researcher’s toolkit, allowing faster and more
sensitive sensors to be developed at a low price point and eventually facilitate translation

of these sensors into the clinical environment.
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Chapter 4

WAFFLE - An automated platform

for enhancing the performance of

electrochemical biosensors
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Highlights

A novel integrated platform for standardising the fabrication of electrochemical
biosensors using the flow cell (termed the WAFFLE) was created and tested with

the IL-6 and cortisol assays discussed in earlier chapters of this thesis.

o The WAFFLE was demonstrated to increase the antibody loading density for the
IL-6 sensor which translated into a 4-fold increase in the detection sensitivity of this

sensor in spiked undiluted human serum.

o The WAFFLE also significantly decreased the variability of the cortisol aptamer-
based sensors and produced a clearer discrimination between positive and negative

spiked samples.

e A new method for impedance data fitting based on the Markov chain Monte Carlo
method was introduced and shown to improve the robustness of equivalent circuit

data fitting and resolve the issue of local minima trapping.

Published work

Dobrea, A., Blake, R., Macdonald, D., McKenzie, C., Corrigan, D. K. & Jimenez, M.
WAFFLE — an automated platform for enhancing the performance of electrochemical

biosensors. Lab Chip 2026; 26 (6): 2035-2046.
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4.1 Prologue

Although they hold promise in decreasing the costs and time associated with biomarker
investigations, electrochemical biosensor for targets beyond blood glucose have not yet
realized their full translational potential [60, 61]. One of the key contributing factors is
their high variability which may be linked to a lack of automation and standardization
tools available at research level.

This was a theme that was encountered throughout Chapters 2 and 3 of this thesis.
For instance, Chapter 2 reported for the first time the use of the cortisol aptamer CSS.1
within an unmodified gold biosensor operating in impedance mode. However, towards
the end of that work, the signal originating from aptamer target binding was difficult
to isolate from the background noise, which was attributed primarily to a change in the
underlying gold material on the supplier’s side. However, a significant contribution to
that noise likely originates in the manual preparation of these sensors, which typically at
research level involves drop casting reagent droplets onto the working electrodes followed
by pipette washing, an inherently variable multi-step process exposing the sensor to evap-
oration, contamination and interoperator variability. This was also further emphasized
by the addition of the flow cell at the final step of the sensor functionalization procedure
(Chapter 3). While it provided a significant boost in assay sensitivity, the flow cell also
acted akin to a magnifying glass, emphasizing the underlying variability between indi-
vidual sensors prepared manually.

Furthermore, the lack of standardization also expands beyond the preparation of these
sensors in the laboratory. Electrochemical impedance spectroscopy is a technique fre-
quently utilized during sensor development for studying the assembly of detection surface
monolayers [247-249] and biomarker quantification [114]. This technique is discussed in
detail in Section 1.5.1 but typically involves the measurement of an impedance spectra
of the biosensor, which is subsequently modelled and interpreted using electrical circuit
analogues to understand the difference impedance contributors (e.g., species diffusion,

bioreceptor assembly on the detection surface) — essentially treating the biosensor as an
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electrical ‘black box’. A very common approach used within literature for fitting electrical
models to impedance data is by relying on proprietary software e.g., PSTrace, ZView,
Nova with impedance fitting functions. However, a common limitation of those is the
tendency of the solver to become trapped in local minima due to sensitivity to the initial-
ization parameters and thus land on solutions that may not represent the global optimum
of the parameter space.

In this thesis Chapter, these challenges are tackled by introducing two new tools for
electrochemical biosensing research.

First, the Wee Ally for Flow Flunctionalisation of Low-cost Electrodes (WAFFLE)
is introduced - a fully automated platform designed for standardizing the preparation
of electrochemical biosensors. The WAFFLE platform revolves around a fluidic reagent
cartridge manufactured using a similar methodology as reported in Chapter 3, interfaced
with normally closed memory-shaped alloy microvalves by memetis. The flow within the
cartridge is actuated through a PID control system operating a mp-6 micropump by Bar-
tels mikrotechnik. The action of the valves and micropump are controlled from a custom
printed circuit board revolving around an ESP32 microcontroller. A graphical user in-
terface was also created for remote device operation and can be accessed from any WiFi
enabled device by simply inputting the microcontroller IP address into the preferred web
browser. In this Chapter, it is demonstrated that WAFFLE preparation can lead to a
4-fold increase in the detection sensitivity of the electrochemical IL-6 immunosensor (first
introduced in Chapter 3) in neat unprocessed human serum. This was attributed to an
increase in the antibody loading density on the electrode surface which is likely due to
the confinement effect observed in microfluidic channels [210] - please see Appendix F
for further explanation. Although the preparation of these sensors was conducted under
stop flow conditions (i.e., reagents were flown into the electrode chamber, then flow was
stopped during the duration of the incubation) it is likely that the initial flow used was
sufficient to improve the rate of antibody-target binding. It is also equally possible that
continuous flow conditions may further improve the sensitivity of this assay although this
has not been tested in this work [210].

The cortisol aptamer sensor reported in Chapter 2 was also trialed with the WAFFLE

platform and a substantial decrease in the variability of the sensors was observed, along-
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side an increase in the discrimination between negative and positive spiked samples. In-
terestingly, unlike the case of the IL-6 antibodies, WAFFLE preparation led to a lower
magnitude of the charge transfer resistance value of the sensors suggesting lower aptamer
loading onto the detection platform. Given the improved target response, it is possible
that the higher Rct for the manually prepared sensors was due to non-specific contam-
ination of the surface introduced during handling of the electrode, a contribution which
was minimized in the WAFFLE implementation (as the detection medium and electrodes
were enclosed and thus shielded from environmental contamination). While the benefits
of the WAFFLE for biosensor preparation have been clearly shown, the novelty of this
platform also consists in its use to automate the full assay preparation, whereas previous
reports typically conduct some of the preparation steps manually by dipping or pipetting
onto the electrodes before integration within fluidics. It is hoped that the WAFFLE will
provide a new avenue for standardizing electrochemical biosensor fabrication and help
accelerate their commercial deployment. Its flexibility is one of its key strengths — the
design of the fluidic cartridge may be easily modified and quickly prototyped to fit any
off-the-shelf or custom planar electrode design.

The second angle tackled in this Chapter was on the data processing side. As demon-
strated in this Chapter, common tools used for fitting and interpreting impedance data
are prone to becoming stuck in local optimization minima and thus landing on a sub-
optimal solution. This issue may however be corrected by integrating the Markov chain
Monte Carlo algorithm into the equivalent circuit fitting scheme. Since typical impedance
fitting software is proprietary, this was achieved by modifying an open-source impedance
fitting code — Zfit by Jean Luc Dellis [99]. In the final results section of this Chapter, it
is demonstrated that this modification can provide a more consistent estimation of key
circuit parameters for a variety of different circuit models and impedance spectra beha-
viours. The code for running the fitting was uploaded on GitHub and can be further
adapted for wider use within the electrochemical sensing community.

While there was not sufficient time left in the project to explore their diagnostic po-
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tential with samples from endometriosis patients, it is hoped that these two innovations,
the WAFFLE and the new approach for impedance data fitting, will provide a new frame-
work for increasing the reproducibility and robustness of electrochemical biosensors, and

accelerate further research on these systems for endometriosis diagnostics and beyond.

This work has been published in RSC Lab on a Chip in 2026 and has been included in
its entirety following this prologue. The supplementary information for this article can be
found in Appendix G. My contribution included designing, manufacturing and validating
the WAFFLE, conceptualisation, data curation, formal analysis, investigation, methodo-
logy, software, validation, writing and editing the original draft under the guidance of Dr
Melanie Jimenez and Prof. Damion Corrigan. Permission to reproduce this work in this

thesis has been granted by The Royal Society of Chemistry.
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4.2 Introduction

Electrochemical biosensors are powerful tools that have had a profound impact on
medical diagnostics and healthcare, particularly in diabetes care. With their commercial
potential and scalability, there has been substantial interest in developing these sensors
for a wider range of point-of-care applications, aiming to complement or replace more
time consuming and expensive techniques such as ELISA or mass spectroscopy [250-254].
However, their wider adoption beyond glucose monitoring is still untapped — with chal-
lenges remaining pertaining to sensor stability, assay multiplexing, reproducible formation
of homogeneous and well-defined surface assembled monolayers (SAMs) [255-257], and
detection sensitivity in complex media (e.g., blood) [60].

Microfluidics has long been identified as an ideal candidate to solve some of these chal-
lenges, offering clear signal enhancement and automation benefits [65, 66, 258]. Systems
based on digital microfluidics [144, 259, 260], droplet microfluidics [149, 261], paper-based
[262-264] or capillary-driven devices [265] for instance have all been proposed. Import-
antly however, most systems use microfluidics to enhance sample processing and/or auto-
mate some, but not all the biosensor preparation steps, therefore not fully harnessing
their potential for full assay automation, a factor critical towards in-field deployment. In
our previous work, we confirmed that fluidic confinement can improve the detection of a
target molecule (~7-fold improvement in human serum)[183], but fluidic integration can
also enhance the sensor preparation reliability [211].

Electrochemical immunosensor preparation depends on the assay layout but typically
comprises a series of steps for 1) Attachment of capture antibody to the electrode sur-
face e.g., through spontaneous absorption or chemical modification, 2) Backfilling the
surface to prevent non-specific interactions, 3) Sample addition, 4) Detection antibody
attachment which may be conjugated with an enzyme e.g., horseradish peroxidase or al-
kaline phosphatase and 5) Substrate addition which is converted by the enzyme into a
detectable signal (Figure 4.1). These steps are commonly performed manually, generating

an inherent sensor-to-sensor variability [211]. To explore automated sensor preparation
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(and thus minimise this variability) requires precise multiple-steps reagents control; this
often relies in the literature on syringe pumps [266-269], pressure controllers [270, 271]
and large multi-way valving systems [271-273], all providing excellent accuracy but often
sacrificing on device size and/or reagent volumes. Some papers have targeted this issue,
providing solutions where multiple fluid routing is possible with a small device footprint
and low reagent volumes. For instance, Zhao et al.. demonstrated a plug-and-play flu-
idic system that can be interfaced directly with off-the-shelf electrodes (eSIREN), for the
DNA-based detection of SARS-CoV- 2 from swab lysates. Their system uses a small
off-the-shelf pressure pump and a solenoid valve manifold controlled via a smartphone
[152]. In a similar vein, Uludag and colleagues presented an integrated system for reagent
dispensing over an electrode made in-house, demonstrating feasibility for E.coli [155] and
prostate specific antigen [153] detection. However, for both platforms, only the final steps
of the functionalisation procedure are performed using fluidics (steps 2-8 or 5-8 in Fig-
ure 4.1). That is also the case for Dulay et al. which created an automated platform
for electrochemical sensor preparation using multiple reagents reservoirs (each with their
own in-line peristaltic pump) [156] and Kadimisetty et al. who produced an impressive
platform based on a 3D printed fluidic chip with micropumps [157] (steps 5-8 in Figure
4.1).

In this work, we propose a system that can perform the full electrochemical sensor pre-
paration pipeline automatically, along with readout. The system, named WAFFLE (Wee
Ally for Flow Functionalisation of Low-cost Electrodes), has been designed to accommod-
ate a variety of functionalisation procedures and electrode designs, relies on accessible
fabrication methods and fully open-source documentation. The WAFFLE can be con-
trolled by any Wi-Fi enabled device via its bespoke GUI, and has been optimised for
miniaturisation, low power consumption, and low dead volumes. The robustness of our
approach not only relies on the hardware; we also developed a new signal processing
pipeline relying on the Markov chain Monte Carlo algorithm to significantly improve the
readout of the sensor. We demonstrate the advantages of the WAFFLE using 3 model
assays: 2 electrochemical immunoassays for IL.-6 and cardiac troponin respectively, and
one impedimetric aptamer-based sensor for cortisol. For all assays, a significant decrease

in the coefficient of variation and increase in the detection sensitivity is reported thus
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confirming the potential of the approach. The work provides a new avenue for biosensor
fabrication standardisation that will ultimately facilitate technology translation.
We strongly believe that the WAFFLE, alongside this new approach to data fitting

will become indispensable parts of the electrochemical biosensor researcher’s toolkit.
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Figure 4.1: Typical steps involved in preparing a sandwich-type electro-
chemical immunoassay using the standard N-(3-Dimethylaminopropyl)-N -
ethylcarbodiimide/N-Hydroxysuccinimide chemisorption mechanism

The electrochemical biosensor used in this work with the Ag/AgCl pseudoreference (RE),
gold counter (CE) and 8 working electrodes (WE) is shown on the left. The preparation of
these sensors involves the deposition of a thiol layer, in the case of this work a mixture of
11-Mercaptoundecanoic acid (MUA) and 6-Mercapto-1-hexanol (MCH), onto which the
capture antibody is attached via carbodiimide chemistry. The surface is then backfilled
to prevent non-specific binding before introducing the sample (e.g., human serum) con-
taining the target of interest which is captured by the antibodies present on the surface.
A biotinylated secondary (or detection) antibody is then added which forms an immun-
ocomplex with the captured target and primary antibody. An enzyme (e.g., horseradish
peroxidase) is then attached to the secondary antibody which in the presence of a chro-
mogenic substrate (e.g., 3,3',5,5-Tetramethylbenzidine) gives rise to a coloured product
which can be directly detected at the electrode surface. These steps are typically per-
formed manually using pipettes or by submerging the electrodes in the required reagents.
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4.3 Materials and Methods

Chemicals and materials

Sulfuric acid (98%), N-Hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N -
ethylcarbodiimide (EDC), sodium chloride (NaCl), magnesium chloride (MgCl), phos-
phate buffer (PBS) tablets, 6-Mercapto-1-hexanol (MCH), 11-mercaptoundecanoic acid
(MUA), fluorescein, potassium ferricyanide (99%), potassium ferrocyanide trihydrate
(99%), Tris(2-carboxyethyl)phosphine hydrochloride, hydrocortisone, 0.2 m Whatman fil-
ters and HPLC-purified aptamer sequences [134] (Table S1) were purchased from Merck.
Gibco™ PBS, 0.5 M MES buffer (pH 5.5) and molecular grade water were purchased from
Fisher Scientific. The ultrapure water (18.2 M{2.cm) used in the experiments was from an
Elga Purelab Chorus water purification system. IL-6 primary and secondary antibodies,
target protein and streptavidin-linked horseradish peroxidase were part of the Human IL-
6 DuoSet ELISA kit (DY206) and were purchased together with the reagent diluent (1%
w/v BSA in PBS), pre-made TMB substrate with hydrogen peroxide (DY999B) and plate
coating buffer (DY006) from Biotechne R&D Systems. Troponin primary (19C7) and
HRP-labelled secondary antibodies (4C2) were purchased from Novusbio and Biotechne
respectively. Recombinant human troponin I standards (81CR2) and troponin-depleted

human serum (8TFS2) were purchased from Hytest.

Electrode platform

The gold (Au) sensors used in this work are from FlexMedical Solutions (Livingston,
UK) and they each contain 8 working electrodes and 1 common Au counter and sil-

ver/silver chloride (Ag/AgCl) reference electrode per chip (Figure 4.1).
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Fluidics

Mini luer fluidic connectors (male and female), silicone tubing, 0.2 and 4.5 ml reser-
voirs, luer to mini luer fluidic adaptors were purchased from microfluidic ChipShop (Jena,
Germany). Mp-6 micropumps, mp-damper, Takasago valves and the mp-lowdriver chip
were purchased from Bartels Mikrotechnik (Dortmund, Germany), the normally closed
memory shape alloy valves were from memetis GmbH (Karlsruhe, Germany) and the flow
sensor from Sensirion AG (Switzerland). The mp-valveDriverM and mp-valveDriverT
were purchased from Darwin microfluidics. 3 mm thick PMMA sheets were purchased
from Stockline Plastics Ltd (Glasgow, UK), 0.1 mm thick PET spacer layers from ZHluja
(Amazon UPC 766972224591) with adhesive transfer tape (3M™ 468MP). PMMA sheets
are laser cut to the correct dimensions using an Epilog Mini 50 W laser cutter while PET

sheets are cut using a Cricut Maker 3.

Instrumentation

Multiplexing for the valves is achieved using a TPIC6C595 shift register (Texas In-
struments) with an SQ2364EES-T1 MOSFET (Vishay Intertech) on each valve control
line acting as an electronic switch. The 3 drivers and flow sensor are controlled by an
ESP32-S2-Mini development board (Espressif Systems) via the 12C communication pro-
tocol, while the shift register is controlled via the SPI interface. The graphical user
interface takes the form of a website and is created using HTML. The Arduino PID con-
trol library by br3ttb (https://github.com/br3ttb) was used in the code to automatically

adjust the voltage amplitude of the pump to return the desired flow rate. To minimise

93



the number of wires and size of the controller, the electrical circuit was converted into a
PCBA format using the KiCad software and ordered from JLCPBC (Hong Kong, China).
All the components were installed in a plastic enclosure designed in Autodesk Fusion360

and 3D printed using a Creality Ender 3 v3 ke printer in white hyper PLA filament.

WAFFLE assembly

The full protocol to build the WAFFLE step-by-step and all the design files have been
uploaded to the following repository: https://github.com/ADobrea797/WAFFLE.

Flow characterisation

To characterise the flow rate generated by the mp-6 micropump, flow sensor data was
displayed in real time in the ArduinolDE serial monitor and automatically captured in an
Excel worksheet using the Parallax Data Acquisition (PLX-DAQ) tool. The flowrate was
characterised across all the inlets in triplicate. To assess washing efficiency, the system
was filed with either concentrated fluorescent dye or 2 mM ferri-ferrocyanide solution and
then flushed with clean filtered 1xPBS. The decrease in fluorescent signal intensity over
time at varying flow rates was monitored via video recording using a Dinolite tabletop
digital microscope, with images analysed using ImageJ. For the ferri-ferrocyanide solution
washout, the decrease in the peak current of the differential pulse voltammogram data
over time at varying flow rates was recorded using a PalmSens4 potentiostat and laptop

running the PSTrace 5.10 software.
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Electrochemical sensor preparation

Before use, all sensors were rinsed with deionised (DI) ultrapure water and dried under
stream of Argon, before being cleaned by 10 cycles of voltage cycling (0 — 1.6 V) in 0.1
M sulfuric acid using a voltage step of 0.02 V and scan rate of 0.2 V/s. Following this,
the sensors are rinsed again with DI water and dried under Argon before being placed in

a clean storage box until ready to be used, which is always on the same day.

IL-6 and troponin detection

A 1:4 mixture of MUA and MCH (200 M MUA:800 M MCH) is prepared in 20% (v/v)
ethanol and 80% (v/v) 1xPBS and incubated for 1 h at room temperature with TCEP in
a 1:5 thiol to TCEP ratio to reduce the terminal disulphide bond and allow effective gold
attachment. This solution is then pipetted to cover all 8 working electrodes (for manual
preparation) or introduced using flow (for WAFFLEF preparation) to the sensing area
and incubated overnight at 4°C in a humidity chamber (critical for the manually prepared
sensors to prevent evaporation but not needed for the sensors prepared with fluidics).
The next day, unreacted thiols are washed away using 3 ml of DI water dispensed using a
pipette for the manually prepared electrodes or by flowing in DI water using the waftle set
to dispense 3 ml/min for 1 minute. A solution containing 5 mM EDC and 15 mM NHS
in 0.1 M MES buffer is then introduced to the sensing area (using a pipette or flowing
in for 15 s at 2 ml/min) and incubated for 15 minutes at room temperature. Next, the
EDC/NHS solution is taken off without washing and 12.5 pg/ml primary antibodies are
placed on the sensing area. Alternatively, for the WAFFLE, the antibodies are flown in
directly after the EDC/NHS solution at 2 ml/min for 15 s. Sensors are then incubated
for 1 h at room temperature. Following this incubation step, as well as in-between all

the remaining steps, the sensors are washed with 1xPBS (Gibco™) using 3 ml pipette-
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dispensed for manual preparation or using a 2 ml/min flow rate for 1 minute. The sensors
are then backfilled using reagent diluent (1% w/v BSA in PBS, pH 7.2-7.4, 0.2 m filtered)
for 1 hour at room temperature. The samples (PBS or neat serum) containing the target
protein (troponin or IL-6) are then introduced, followed by secondary antibody addition
and incubation for 1 hour each at room temperature. For the IL-6 assay, this is followed
by a 20-minute incubation with 1x Streptavidin-HRP in the dark at room temperature.
Finally, the sensor is washed for one final time before introducing the substrate solution —
a pre-made mix of Tetramethylbenzidine (TMB) and H,O, and incubated for 20 minutes
in the dark before measuring the solution by performing chronoamperometry at -0.2 V, 0.1
s time interval for 60 seconds. The value of the stabilised current for each measurement at
60 seconds is then extracted for data analysis and plotting. The limit of detection (LoD)
was defined as the first experimental datapoint falling outside the +3 standard deviation

zone around the average blank reading (0 pg/ml target).

Cortisol detection

For the cortisol electrochemical aptamer-based (E-AB) sensor, 2 ul of 100 uM anchor
aptamer was incubated with 10 mM TCEP in a 1:1 volumetric ratio for 1 h at room
temperature. The anchor aptamers were then diluted to the working concentration (200
nM) using aptamer buffer (1 M NaCl, 10 mM MgCl,, 5 mM KCl in molecular grade water,
pH 7.5)[134] with 0.1% (v/v) Tween-20 surfactant. 2 ul of aptamers were then pipetted
on each working electrode and the sensors were placed inside a humidity chamber and
incubated overnight at 4°C. For the WAFFLE, the aptamers were delivered to the sensing
area using flow. The following day, excess unbound aptamers were washed off using 3 ml of
aptamer buffer dispensed using a pipette for the manually prepared sensors or by flowing
in buffer at 2 ml/min for 3 minutes. Next, the surface was backfilled using 1 mM MCH
pipetted over the working electrodes or flown in at 2 ml/min for 15 seconds before another
overnight incubation at 4°C. The third day the electrodes were again washed to remove

unbound thiols. Cortisol specific aptamers were then diluted to 1 uM using aptamer
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buffer (1:5 ratio of anchor to detection aptamer) and folded by heating up to 95°C for
5 minutes using a miniPCR machine (miniPCR bio). Following this, the aptamers were
allowed to reach room temperature before being introduced to the sensing surface and
incubated for 2 h at room temperature. Finally, after a final washing step, cortisol spiked
aptamer buffer was introduced to the sensing area and incubated for a further hour. An
impedance spectroscopy measurement was taken after the last 2 steps, before and after
the addition of cortisol, against the open circuit potential, using 61 frequencies between
0.1 Hz and 100 kHz. All electrochemical data in this study is acquired using a PalmSens4

potentiostat with a MUXS8-R2 multiplexer unit from PalmSens (Houten, Netherlands).

Data analysis and plotting

Impedance data was fitted using Randles equivalent circuit model incorporating a
constant phase element rather than an ideal capacitor to account for non-ideal sensor
behaviour. Data fitting was performed either using the standard fitting tool of PSTrace
5.10 or the open-source impedance fitting code Zfit by Jean-Luc Dellis modified with the
Markov chain Monte Carlo (MCMC) method (full code attached in the Supplementary In-
formation — S6). All data was then exported, plotted and analysed using GraphPad Prism
10. Where only 2 distributions are compared, for instance in the Manual vs WAFFLE
graphs, a student’s t test was used to determine statistical significance. Where multiple
comparisons were made, e.g., a control group against multiple sequential treatments, a

one-way ANOVA with a Tukey post hoc test was used.
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Figure 4.2: The Wee Ally for Flow Functionalisation of Low-Cost Electrodes
(WAFFLE) Platform

(a) Reagents cassette employing the memetis normally closed memory shape alloy valves,
flow cell interfacing the electrochemical sensor, reagent reservoirs, tubing and fluidic ad-
aptors. The flow is actuated using an mp-6 micropump, Sensirion flow sensor and elec-
tronic control board (b) Exploded assembly of the multilayer reagents cassette which
includes (I) Inlets layer with holes for the reservoirs and in-line valves — 3 mm thick laser
cut PMMA, (II) Channels layer connected to the memetis valves for reagent selection —
2 layers of double-sided adhesive with a PET spacer , (III) Middle layer with spur gear
profile for allowing rotation to the next electrode under test and inlet holes for access
to the fluidic channel on the bottom side — 3 mm thick laser cut PMMA, (IV) Flow cell
splitter channels for selection of the desired flow cell to receive the reagent /buffer — double
sided adhesive with PET spacer, (V) Flow cell inlet/outlet layer to which the electrode
is attached via double sided tape delineating a channel on top of the electrodes. (c) 3D
printed Waffle enclosure with semi-opaque lid for protecting light sensitive reagents. A
two-chamber design with the electronics placed at a slightly higher elevation was employed
to separate the electronics from the fluidics (top). The inside of the Waffle showing place-
ment of components such as electrode connector, flow damper, flow sensor etc. (bottom)
(d) High level diagram of the electronic control unit using a bank of SQ2364 MOSFETs
with a a TPIC6C595 open drain shift register for valve selection via the user interface
and the drivers used for controlling the actuators.
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4.4 Results and discussion

This work proposes to integrate all the commonly manual steps depicted in Figure 4.1
for electrochemical sensing in the automated, portable WAFFLE platform. The platform
comprises 1) a flow cell to allow fluids to pass on top of the electrodes as described in our
previous work [183], 2) a carousel to handle all the reagents and buffers required to perform
the electrode preparation and assay of choice, 3) an electronic control board, and 4) a
user interface. Full instructions for manufacturing the WAFFLE have been uploaded to
GitHub and are available at https://github.com/ADobrea797/WAFFLE, with examples
of processing in Video S1 (available at https://doi.org/10.1039/d51c00988;).

WAFFLE features

The WAFFLE features reservoirs for all the reagents required for preparing a typical
sandwich immunoassay: for instance, thiol molecules for SAM formation, EDC/NHS
linker, primary and secondary antibodies, backfilling agent, enzyme label, sample and
chromogenic substrate (n = 8 reagents in total). Each reservoir connects to a side channel
that feeds into a larger main channel that directs the flow over the surface of the biosensor
(Figure 4.2a). An exploded view of the fluidic cartridge and the final assembled device
can also be seen in Figures 4.2b and c. Each side channel features a memetis valve, which
allows the selection of the required reagent. An mp-6 micropump is located downstream of
the sensor actuating the flow with the help of a Sensirion flow sensor and flow damper. The
damper serves to smooth the pulsatile flow created by the pump allowing the flow sensor
to record an accurate reading. The placement of the pump downstream of the electrodes is
to minimise the dead volume introduced into the system. The signal required for driving
the mp-6 pump is generated using the mp-lowdriver integrated circuit (IC) chip which

can provide the required waveform for running the pump up to 150 V amplitude and 2000
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Hz frequency. This IC was chosen due to its easy integration and low power requirements
which make it suitable for battery powered devices. Although the applied frequency can
also be adjusted to modulate the flow rate (Supplementary Figure S1 - Appendix G),
this was locked in this study at 100 Hz as per the manufacturer’s recommendation for
water-based liquids and flowrate setting was driven by the voltage amplitude applied to
the micropump. The voltage amplitude generated by the mp-lowdriver is adjusted in real
time using a proportional-integral-derivative (PID) element. To minimise the risk to users
as the electronics operate at high voltages, the electronics and fluidics were housed inside
of a 3D printed plastic enclosure with the fluidic zone designed to be slightly lower than
the electronics zone to prevent risks associated with leaks (Figure 4.2¢). A dark tinted
semi-transparent lid was also laser cut and installed into the 3D printed frame to protect
light sensitive reagents (e.g., TMB) while allowing the user to see the fluidic operations.
As the ESP32 MCU controlling the system (Figure 4.2d) is WiFi enabled, the graphical
user interface (GUI) created is a website which can be simply accessed by inputting the
unique IP address of the microcontroller e.g., ‘http:/192.XXX. XX/’ into the preferred
web browser. By controlling all the functions using a webpage interface, the need for
additional peripherals (e.g. LCD screen, push buttons, LEDs) is removed which improves
long term device reliability, and user accessibility is promoted through the use of free,
open access software (e.g., ArduinolDE) for running the device (Video S1 - available at
https://doi.org/10.1039/d51c00988;).

The total cost for one WAFLLE, without valves is £400 (544 USD). This price can be
further decreased to £150 (204 USD) by designing the drivers (AC voltage and constant
current generators) from scratch rather than buying them off the shelf. Currently, the
valves are the priciest element at £88.40 (120 USD) per unit. While enabling smooth

automation, the valving system can be simplified, e.g., by using manual valves.
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Fluidic characterisation

Preliminary data demonstrated some flow fluctuations across different reagent inlets
(Figure S2 - Appendix G), prompting the addition of a PID controller. After calibration
(Figure S3 - Appendix G), kp = 5, ki = 15, kd = 1 were the chosen parameters to produce
a rapid response (< 20 s) with a steady state error of 0.5% for all the inlets (Figures 4.3
a and b). The system was found stable in the 0.1 — 2.5 ml/min range (Figure 4.3 c), the
upper limit being imposed by the flow sensor.

Since the preparation of electrodes revolves around sequential addition of reagents with
washing phases in between, the system then had to be calibrated for washing time (i.e.,
time needed to fully fill or empty the sensor with a specific reagent). Washing times
were consequently characterised using a standard redox media consisting of 2 mM fer-
riferrocyanide or a fluorescent dye flushed by PBS. Figure 4.3d shows that it takes 15
seconds at 1 and 2 ml/min to remove the redox couple and return to the baseline cur-
rent of clear PBS. These results were in agreement with data acquired using the dye,
with the channel fully fluorescent after 15 s (Figure 4.3e, Video S2, available at ht-
tps://doi.org/10.1039/d51c00988j). All the assays presented hereafter are consequently

done with a flowrate of 2 ml/min for 15 seconds for reagents loading/unloading.
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Figure 4.3: Waflle Fluidic Characterisation

(a) Schematic view of the reagent cartridge with individual reagent lines (R1-8), mi-
crovalves (V1-8) and outlets (O1 and 2) (b) The returned flow rates across the different
inlets of the reagent cassette for a set point flow rate of 0.1 ml/min. Proportional-Integral-
Derivative (PID) control integrated into the platform code allows automatic selection and
real time adjustment of the voltage amplitude provided to the pump allowing automatic
harmonization of the flow rate across the different branches of the fluidic cassette. (¢) PID
control allows the selection of a wide range of setpoint flowrates with a <20 s response
time. (d) Washout times required by different flow rates to replace 1 mM ferri-ferrocyanide
in 1xPBS with clean buffer over the biosensor surface— a proxy experiment for sequential
delivery of different reagents to the biosensor surface. The signal was monitored using the
peak current of the differential pulse voltammogram. (e) Fluorescence microscopy images
acquired showing the middle of the flow channel on top of the electrodes while fluorescent
dye is flown in at 1 ml/min flow rate (inlet is on the right side).

Sensing advantages of the WAFFLE

The full automation of the WAFFLE was first tested for the detection of inflammation
marker IL-6. To evaluate the antibody loading density on the electrode surface, impedance
data of the functionalised surface was probed with a standard ferri-ferrocyanide couple,
and the response was fitted with Randles equivalent circuit. The Rct value increased

from 246.8 + 148.5 k2 to 579.1 + 71.7 k) and the coefficient of variability was reduced
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from 0.60 to 0.12 when the sensors were prepared with the WAFFLE platform compared
to manual preparation (Figure 4.4a). This suggested a higher antibody loading density
and more uniform and reproducible SAM formation across the different electrodes. Fur-
thermore, compared to the standard preparation of electrodes (fully manual and without
any microfluidic component), the WAFFLE displays a significant boost in signal for the
IL-6 dose response in PBS (Figure 4.4b). The LoD decreased from 400 to 211 pg/ml
with the WAFFLE preparation, and a sensitivity increase of 2.6-fold was observed over
the linear range of the sensor. A similar signal enhancement was found in human serum,
with a 4-fold increase in sensitivity when the sensor is prepared fully automatically (Fig-
ure 4.4¢). This signal enhancement might be linked to the creation of an antibody layer
on the surface of the electrodes that is less variable (perhaps due to the minimisation
of environmental contamination and evaporation) compared to manual preparation, and
with a higher antibody loading. The signal enhancement could be translated to other
assays. For troponin for instance, a cardiac biomarker, a signal enhancement of x1.67
was recorded in serum (Figure S4 - Appendix G). This enhancement could probably be
further increased by further optimising the flow regime or antibody attachment chemistry

to the gold surface (Figure S4c - Appendix G).
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Figure 4.4: Comparison between manual and WAFFLE-made electrochemical
sensors with antibodies attached via EDC/NHS coupling

(a) The difference between an IL-6 antibody layer deposited on the electrode surface
manually via pipetting or using the WAFFLE showing that performing all the functional-
ization steps automatically increases the amount of antibodies attached to the surface (n
= 16). Rct values were determined by fitting the impedance response with Randles equi-
valent circuit. (b) Dose responses of WAFFLE and manually made sensors to increasing
concentrations of IL-6 spiked in PBS and (c) neat human serum. Each marker represents
the average over 8 electrodes +/— 1 SD. Dashed lines represent the average blank reading
- 3SDs (n = 8) and are used to determine the experimental limit of detection. **** - p
0.0001. Blank averages with standard deviations for b and ¢ can be found in Table S2.
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For cortisol sensing, the mechanism of attachment to the electrode and detection prin-
ciple is different. As opposed to the previous assays, the sequence of automation of the
WAFFLE needs to include 1) anchor aptamer attachment, 2) backfilling the surface to
prevent non-specific binding, 3) immobilisation of the cortisol specific aptamer, 4) sample
introduction and 5) readout of the impedance signal through the introduction of a redox
mediator (Figure 4.5a). The aptamer loading density to the electrode surface was lower
when preparing the sensors with the WAFFLE compared to manually; however, the vari-
ability of these sensors was drastically reduced for both the anchor attachment (Figure
4.5b) and the duplex formation (Figure 4.5c). Interestingly, the response recorded with
WAFFLE-prepared sensors did not match the expected behaviour from a stand displace-
ment impedimetric system, where the charge transfer resistance would be expected to
decrease in the presence of the target. It appears that in our system the presence of
cortisol has an anchoring effect; this might be due to the increase dwelling time in the
buffer containing MgCl, preventing the removal of the cortisol aptamers by flow. While
more work would be needed to understand this phenomenon, the data still demonstrate

an increased sensitivity for cortisol detection in our system (Figure 4.5d).
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Figure 4.5: Schematic representation of the steps involved in preparing the
cortisol aptasensor and the effect of WAFFLE preparation

(a) The process involved attaching the anchor aptamer to the gold electrode surface via a
thiol termination at the 5" end. The surface is then backfilled using 6-Mercapto-1-hexanol
(MCH) before attaching the cortisol specific aptamer. Upon addition of the sample con-
taining the target, the interaction between cortisol and its specific aptamer gives rise to a
measurable change in the impedance characteristics of the bioactive surface. (b) Compar-
ison between aptamer deposition (direct aptamer attachment via thiol termination) using
the WAFFLE versus manual preparation. (c¢) Comparison between aptamer deposition
(full duplex assembly with mercaptohexanol backfill) using the WAFFLE versus manual
preparation. (d) Cortisol spiked in aptamer buffer detection using aptasensors prepared
manually versus with the WAFFLE platform. Data was fitted using Randles equivalent
circuit in PsTrace 5.10. —ve represents a blank sample i.e. 0 pg/ml cortisol and +ve is a
high cortisol concentration i.e. 23 ng/ml. ns-p > 0.05, * - p 0.05, ** - p 0.01, *** -
p 0.001, ****-p 0.0001. Box plots display the interquartile range (IQR), the straight
line denotes the median and the whiskers represent the minimum and maximum values
recorded.
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Markov chain Monte Carlo impedance data fitting

We have demonstrated so far that the WAFFLE is a hardware solution capable of
improving the sensitivity and reliability of electrochemical sensors for a range of detection
assays. As previously mentioned, beyond the hardware, data fitting is a key compon-
ent to extrapolate an analyte concentration. This is typically performed using black
box proprietary software also used for running the potentiostat (e.g., PsTrace) or equi-
valents [85, 105, 192, 274-277], but these tend to be strongly sensitive to initialisation
values, frequently leading to sub-optimal fits due to local minima. To promote robustness
throughout the whole sensing process, we propose a new fitting approach using the Markov
chain Monte Carlo (MCMC) method. MCMC has been widely employed for quantifying
uncertainties of data fitting, by cycling through the parameter space within defined upper
and lower bounds. By using this statistical approach, the most likely fitting parameters
can be extrapolated. To the best of our knowledge, we propose the first open-source code
to tap into the unique capabilities of MCMCs to solve data fitting challenges for imped-
ance spectroscopy (Supplementary Information — Section S6). While these capabilities
are demonstrated here with the WAFFLE, the code can be used on its own for any assay
relying on model fitting. Figure 4.6 compares side by side impedance data fitted using
PsTrace 5.10 (PalmSens proprietary software) and the proposed MCMC approach for
the 3 assays tested here (IL-6, first row; troponin, second row; cortisol, third row). The
electrical model for each assay was estimated using the observed impedance behaviour
(raw Nyquist plots of the impedance spectra in Supplementary Figure S5 - Appendix G):
Randles equivalent circuit with and without a Warburg element and a double parallel
RC grouping in series with a resistor. These datasets were specifically selected for this
exercise as they are more challenging to fit and/or assess visually (e.g., by not having a
clearly defined inflexion point at the end of the semicircle, or between a double semicircle
response). The initialisation value of Ret was varied from 1 to 100000 €2 to compare per-
formances, while all other parameters were locked in at unit value. As demonstrated in
Figures 4.6 a,b and c, optimisation using PsTrace can lead to significant variation in Rct

estimation (average CoV 0.92) depending on the initialisation. By contrast, the MCMC
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approach shows significantly less sensitivity, providing a consistent estimation for all the
tested initialisation values, and for all the models tested. This approach consequently
adds an extra layer of robustness, complementing the WAFFLE for a complete electro-
chemical process. The full code with 3 example circuits is available in Section S6 of the

Supplementary Information and can be adapted for wider use within the community.
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Figure 4.6: Comparison between different impedance responses fitted using
a standard ‘black box’ proprietary software (PSTrace 5.10; middle column)
and a modified version of Zfit using the Markov chain Monte Carlo (MCMC)
algorithm (right column)

(a) Standard Randles equivalent circuit featuring the solution resistance (Rsol) in series
with a parallel arrangement of the charge transfer resistance (Rct), Warburg element (W)
and a constant phase element (CPE). Ret values represent 8 different working electrodes
functionalized with IL-6 primary antibodies immobilized by physisorbtion. (b) Randles
equivalent circuit without the Warburg element. Rct values represent 8 different working
electrodes functionalized with troponin I primary antibodies immobilized by EDC/NHS
coupling. (c) Double RC grouping modelling a double semicircle impedance response.
Rct values refer to 8 different working electrodes functionalized with thiolated capture
aptamers. Data fitted in PsTrace 5.10 uses different initialization (‘Start’) values for Rct
(1 — 100000 €2) while all other parameters were initialized as unit value and shows the
values on which the algorithm converges (‘End’). Data fitted in the MCMC-modified Zfit
algorithm uses a larger (104) input sampling pool between predefined parameter bounds
which was illustrated by the larger line density in the right column.
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4.5 Conclusion

Electrochemical biosensors have already transformed medical diagnostics and are likely
to continue to do so in the coming decades. While significant research efforts are directed
towards the development of these sensors and their underlying chemistries, microfluidic in-
tegration remains an underrepresented topic in the electrochemical biosensing community
and its potential for full assay automation has not been fully explored. We hope to help
address this by providing two new tools that we believe will become indispensable in the
biosensor developer’s toolkit: the WAFFLE, an automated fluidic platform that replaces
the manual steps associated with fabricating these sensors (pipette dispensing of reagents
and washing) and a novel framework for analysing impedance data — one of the funda-
mental steps employed in electrochemical biosensor development. With the WAFFLE,
we demonstrate a notable decrease in the variability of the bioactive surface monolayer
and enhancement of the signal generated compared to manual preparation. We also un-
covered some interesting insights into the assembly of the active surface detection layer
under flow — a topic of much interest in the electrochemical biosensing community. We
also demonstrated that the robustness of impedance fitting can be substantially improved
by using the Markov chain Monte Carlo method. Together, we believe that these two
innovations could represent a fundamental shift in the way electrochemical biosensors are
developed and provide a springboard for accelerating their development and deployment

to the point of need.
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Chapter 5

Conclusions and future outlook
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As discussed in Chapter 1, electrochemical biosensors hold immense promise in decreas-
ing the time and costs associated with biomarker investigations, two important bottlenecks
currently limiting further research in the community into complex, systemic diseases such
as endometriosis. Yet despite having revolutionized diabetes management, electrochem-
ical biosensors have had limited translational success for targets beyond glucose. Two key
contributing factors to this are poor sensitivity in complex media and high variability,
issues arising in no small part due to a lack of automation and standardization tools avail-
able. This thesis set out to tackle these challenges by producing a plug and play biomarker
interrogation platform based on low-cost electrochemical biosensors for 2 key biomarkers
of interest in endometriosis, cortisol, a small steroidal hormone, and IL-6, an inflammat-
ory cytokine. In doing so, advancements to the field of electrochemical sensing were made,
from deepening our understanding of the integration of a novel cortisol bioreceptor into
a low-cost impedimetric detection format, to reporting on an easy-to-manufacture fluidic
accessory aimed at promoting microfluidic use within the electrochemistry community
which eventually culminated with the creation of a fully integrated platform for automat-
ing the manual steps involved in electrochemical biosensor development, along with the

readout.

Biosensor development

The first objective of this thesis was to develop a low-cost electrochemical biosensor
for cortisol. Initial work with the cortisol aptasensor highlighted some of the important
factors responsible for sensor performance and a set of optimal conditions to maximise
the target response. For instance, it was found that the biosensor performed best when
cleaned using oxygen plasma and used with the original selection buffer supplemented
with 0.1% (v/v) Tween-20 surfactant. However, a change in the gold substrate material
yielded sensors with significant batch-to-batch variability. Different factors were investig-

ated to correct for this including the aptamer-gold attachment procedure (thiol reduction
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agent, sequence of immobilization steps, deposition concentration), but the signal re-
mained largely obscured by the high background noise.

At the end of Chapter 2, different avenues for future work were suggested for improving
the sensing performance such as co-immobilisation, different backfilling agents, sequence
intercalators, electrode surface modifications and the use of an internal redox probe. How-
ever, it was cautioned that with increased assay preparation complexity, the final cost will
also rise and thus the balance of cost-benefit must be kept in check to produce a commer-
cially attractive system and not negate the cost advantages of an aptamer-based system.

As a significant amount of time was dedicated to the development and troubleshooting
of the cortisol aptamer-based assay, it was decided for the IL-6 assay to use a well-
established enzyme-linked protocol for the detection scheme as the overarching goal of
the work was to create a reliable test bed for validating the function of the automated
tool developed in Chapter 3, rather than create a novel detection strategy for this marker.

Although the detection range demonstrated for IL-6 in Chapters 3 and 4 were above
the clinically relevant concentration ranges for this biomarker in serum, extrapolation
of unknown sample concentrations could still potentially be achieved using for instance

standard addition methods [278] — however this was not tested in this thesis.

Development of low-cost, easy-to-assemble fluidic devices

for enhancing the sensitivity of electrochemical assays

As discussed in the Conclusion of Chapter 2 and Prologue to Chapter 3, microfluidics
provides a very attractive alternative for enhancing the performance of electrochemical
sensors without sacrificing on device cost. The benefits have been previously demonstrated
in literature and include increased sensitivity while retaining assay selectivity, improved
consistency and assay reliability, automation, lowering of reagent volumes required and
multiplexing capabilities. To explore how this may help with the cortisol assay, an easy-

to-manufacture and assemble flow cell was created (Chapter 3) and validated using a more
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well established, low-cost electrochemical immunoassay for IL-6 based on physisorbed an-
tibodies to establish proof of principle.

Through this work it became apparent that although the benefits of fluidic integration
are known within the electrochemical biosensing community, only a small fraction of re-
search outputs in this field (less than 6%) feature a fluidic component. The reasons for
this are multifaceted and will vary between different laboratories, but 3 significant factors
which may be at play are 1) a very limited range of off-the-shelf fluidic solutions available
to researchers, 2) the high entry barrier to microfluidics (setting up a facility and training
users) and 3) the recurring time cost i.e., how much time would adopting fluidics add to
a typical day in an electrochemistry lab. This reframes the question of ‘Why aren’t more
research groups using fluidics?” to ‘What are the logistical and user-experience barriers
to fluidic adoption?”.

The low-cost flow cell reported in Chapter 3 was designed specifically for addressing
these barriers by allowing rapid assembly (< 1 min) and integration within experimental
workflows with minimal disruption, and ease of manufacturing in bulk quantities without
a prior requirement for engineering or microfluidics expertise. The flow cell was demon-
strated to allow an up to 7-fold increase in the detection sensitivity of a low-cost electro-
chemical immunoassay for IL.-6 and additionally highlighted a spontaneous reaction taking
place between the Ag/AgCl pseudoelectrode and the detection substrate TMB affecting
sensing reliability, and allowed the investigation of different methods for minimizing it.
As this approach can be generalised and applied to any electrochemical immunoassay
based on surface-immobilised antibodies it is hoped that those findings would encourage
and inspire wider adoption of fluidics within the community and that the flow cell may

become a part of the electrochemical biosensor researcher’s toolkit.

113



Development of a fully automated assay for standard-

izing the fabrication of electrochemical biosensors

To further demonstrate the advantages of the flow cell, it was used in Chapter 4 as
a building block to create a fully automatic system for standardizing the fabrication of
electrochemical biosensors at research level.

As highlighted in Prologue to Chapter 4, one key factor currently limiting the transla-
tion of electrochemical biosensors is their variability which stems from a lack of automation
and standardization tools available at research level. This issue extends not only to the
hardware, but also the way in which data (e.g., electrochemical impedance spectra) is ana-
lyzed. This thesis tackled these issues through a two-pronged approach: the development
of a fully automated platform for standardizing the fabrication process of electrochemical
assays and the proposal of a new method for analyzing impedance spectroscopy data (an
important technique in biosensor development) based on the Markov chain Monte Carlo
algorithm. The WAFFLE was designed using a modular approach so that any of its con-
stituent subsystems (e.g., pumping system, valving system, fluidics) can be repurposed
and adapted to suit the needs of electrochemical assays based on planar electrodes. The
user interface is intuitive and may be accessed from any WiFi enabled device, making it
easy to integrate within larger Internet-of-Things systems and requires no previous soft-
ware development experience to operate.

WAFFLE was used to automate the full fabrication pipeline of the IL-6 and cortisol
sensors and was demonstrated to produce a 4-fold increase in the sensitivity of the 1L.-6
sensor in neat unprocessed human serum, a greater discrimination between positive and
negative spiked cortisol samples and a decrease in the coefficient of variability compared
to sensors prepared manually. This increase in performance was attributed to a mixture
between the microfluidic confinement effect and a minimization of environmental contam-
ination and evaporation of surface deposited reagents. Although in this work the reagents
were introduced using flow, followed by incubation under stop flow conditions, it is likely

that the confinement effect as described by Kang et al. is partly responsible for the sens-
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itivity increase seen [210]. It would be interesting to explore whether incubation under
flow conditions and in smaller channels (e.g., < 50 um height) than those described here
(~150 pum) would help further enhance this effect.

The IL-6 assay presented in Chapter 3 was conducted using physisorbed primary an-
tibodies, whereas in Chapter 4 the antibodies were immobilised to the surface wvia the
carbodiimide attachment mechanism EDC/NHS — which could explain why the LoDs are
different between the two Chapters. This change was necessary as it was found during
developmental work that antibodies attached by physisorbtion would be removed from
the surface during the automated washing cycle performed by the WAFFLE, and thus a
stronger surface attachment mechanism was necessary to hold them into place. The worse
LoD for the EDC/NHS protocol could be linked to the more limited assay development
and optimisation work conducted to push the sensitivity of this assay compared to the
physisorbtion.

The PBS and serum results shown in Figure 4.4 follow a similar absolute current mag-
nitude increase with increasing IL-6 concentration, but the PBS trace appears to have a
slightly steeper incline in the LoD region and an overall lower but consistent background
current across all the measured datapoints. This is likely a matrix-dependent offset,
caused by serum proteins or other nonspecific interactions with the sensing surface, and a
similar effect has been seen previously with IL-6 detected using an interdigitated electrode
array [279]. Furthermore, it is worth mentioning that the serum used in this work was
purchased off-the-shelf and pooled from a wide donor base. It is likely that if testing was
done with samples from individual patients, there will be a higher degree of variability
compared to PBS, however this was not tested in this thesis.

The impedance fitting algorithm, built upon the open-source MATLAB code Zfit, was
demonstrated in this work to eliminate the issue of local minima trapping commonly
encountered with impedance software (e.g., PsTrace, Nova), and thus provides a more
robust estimate of equivalent circuit model parameters. This approach is highly versatile
and may be applied to any data fitting problem by simply modifying the fitted equation
and parameter bounds.

Both the WAFFLE design and the MCMC code were uploaded on GitHub and made

freely available to promote wider use within the electrochemical biosensing community.
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Finally, an important limitation of this study is that all assays were performed by the
same individual (the author of this thesis), and thus to remove the potential of confirm-
ation bias, future work should include assays prepared by different operators to account

for this.

Suggested avenues for further development

As discussed in Chapter 1, endometriosis is a disease with a systemic manifestation and
the literature suggests that a multiplex biomarker panel presents the best opportunity for
replacing the invasive laparoscopy diagnostic test [280-282]. While this thesis introduced
the WAFFLE platform and demonstrated its sensing benefits for 2 biomarkers of interest
for endometriosis independently, further work could be directed at detection multiplexing,
introduction of a sample processing unit or improvements in the general usability of the
device.

For multiplexing the detection and allowing more flexibility in the number of assays
that can be performed on-chip, more reagent reservoirs and channels can be added. To
allow the addition of more reagents without drastically increasing the device footprint,
the valves could be re-located off-the-platform, upstream of the reagent reservoirs which
could instead consist of chambers inside the fluidic chip similar to the design described by
Kadimisetty and colleagues [157]. In such an implementation, the valves would serve as
on-demand air openings, allowing the selection of the required reagent without introducing
any dead volume into the liquid path. Alternatively, the multiplexed detection could be
tackled from an assay development angle, where multiple antibodies for different targets
(e.g., cortisol, IL-6 or others) are introduced simultaneously but each is labelled with
a different detection enzyme (e.g., alkaline phosphatase, horseradish peroxidase, glucose
oxidase), each producing its own distinct electrochemical signature.

From a full integration perspective, introducing a subsystem into the WAFFLE that

could automate the sample processing step (e.g., extracting serum from whole blood)
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and/or sensor calibration would also be beneficial and further decrease variability and
operator errors. The sample processing could for instance be achieved by embedding a
plasma separation membrane in the outlet of the sample reservoir or within the sample
channel to obtain serum from whole blood, rather than performing this step off-the-
platform via centrifugation [283, 284]. To account for samples with a high haematocrit and
a higher risk of clogging, several approaches have been reported in literature for instance
using filtration via lateral displacement [285] or cell margination [286]. In a similar vein, a
concentration gradient generator design [245] could be integrated immediately upstream
of the sensor detection area to automatically perform sensor calibration prior to sample
analysis [287].

On the electronics side, the pump driver used in the WAFFLE was chosen to deliver
the required flow rates based on the geometry of the channels used in this work and
to minimise power consumption and thus ensure portability. However, smaller channels
with higher flow resistances may require a more powerful version of the driver (e.g., mp-
driver or mp-highdriver rather than the mp-lowdriver) and/or multiple pumps in series to
generate the required flow rates. Similarly, some applications may require bi-directional
flow (e.g., to promote mixing) which can be achieved by using two micropumps in parallel.
Additional modules such as a piezoelectric or acoustic mixing or a heating module may
also be integrated underneath the detection zone to further enhance sensing performance
[288, 289]. Furthermore, the platform was designed to allow easy integration within
Internet-of-Things systems, so perhaps further work could focus on developing an in-the-
cloud version of the software which could be linked to other lab automation architectures
[290].

While the WAFFLE was demonstrated in this work to benefit electrochemical assays,
it is not solely confined to this application. For instance, it could provide the basis of a
low-cost, automatic discrete droplet dispensing system similar to the BioDot instruments
[291] or an antibody dispenser for small-scale production of lateral flow strips [292]. It is
likely that each new application of the WAFFLE may require small tweaks to the original
design, however it is hoped that the work presented here will provide a jumping off point

for further development.
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Clinical application to endometriosis

Endometriosis is a complex, systemic disease with a current time to diagnosis of around
9 years and 4 months [293]. Digital tools, such as apps (e.g., Phendo) where patients log
their daily symptoms, are an important medium through which the people affected can
translate their experience of pain into clinical language [25]. This serves to increase the
visibility of endometriosis-related pain, and recent work has indicated that digital tool
usage can potentially decrease the current time to diagnosis by up to 4.36 years [37].
Additionally, data generated through user activity and wearable systems, such as fitness
trackers, can help advance research into non-invasive phenotype classifications [34], the
prevalence of certain symptoms [35] and the interpersonal variability in the experience of
endometriosis-related pain [39]. Complementing these digital tools with biomarker track-
ing (e.g., inflammation markers play a central role in endometriosis [294]) could provide
an additional dimension to the generated data and encourage patients to seek a diagnosis
sooner, however no such platform currently exists that can allow at-home use.

The tools presented in this thesis, with further development on sample processing
(e.g., by enabling finger-prick blood collection, filtration and delivery to the sensing sur-
face), assay sensitivity, and further miniaturisation, could form the basis of a complement
to symptom tracking apps that patients can use at home given the portable, low-cost,
easy-to-multiplex nature of electrochemical biosensors and accompanying hardware. The
modular design of the WAFFLE platform also allows it to be adapted to different bio-
markers of interest by changing the reagents used for functionalising the sensors.

The WAFFLE could also be used to accelerate and standardise the development of
electrochemical sensors for newly discovered biomarkers of endometriosis. For instance,
the National Institute for Heath and Care Excellence announced its endorsement of a
new diagnostic test for endometriosis based on salivary miRNA which can be used in the
National Health System (NHS) [295]. Similarly, a distinct hormonal fingerprint has been
identified including 11-oxygenated androgen and 11-ketotestosterone which successfully

detected >95% of endometriosis patients in a blinded set of samples [296]. Other work us-
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ing omics techniques have uncovered new specific biomarkers and biomarker panels [280,
297, 298|, some previously unexplored for endometriosis such as afamin (liver protein),
coagulation factor XII (plasma protein) and proteoglycan 4 (glycoprotein) [280]. A low-
cost test targeting these markers could decrease barriers to accessibility in low-income

and resource-constrained environments.
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Appendices

A The CSS.1 aptamer secondary structure
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Figure 1: Secondary aptamer structure as predicted by mfold [182]
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B Validation of cortisol aptamer binding

Cortisol ELISA Standard Curves
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Figure 2: Calibration curve generated using an optical competitive cortisol
ELISA assay, and equivalent calibrant wells with 200 nM cortisol aptamers
added (gold stars). Cortisol addition resulted in am average 20% decrease in
the optical signal output out of those wells demonstrating competitive binding
against the cortisol antibodies present in the ELISA kit.
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C Further information on cortisol aptasensor

a. With Triton-X, acid clean C. Without Triton-X/plasma clean
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Figure 3: The effect of cortisol addition on the Nyquist plot of individual
working electrodes for different experimental conditions discussed in Section
2.3. Data represents 3 working electrodes before (at the MCH backfilling
step) and after cortisol addition (1 pg/ml) and demonstrated a decrease in
charge transfer resistance upon target binding suggesting removal of receptor
off the electrode surface.
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Figure 4: Signal to noise ratios of cortisol aptasensors backfilled after the
3rd or 2nd step in the functionalisation procedure respectively i.e. after the
anchor deposition or after the duplex assembly
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in lower coverage and sensitivity not significantly improved
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D Commentary of dose response shape and mechan-

ism of enhancement seen in Chapter 3

When plotted on a log scale, immunoassays like the one demonstrated in Chapter 3
typically display a sigmoidal response as demonstrated in Figure 3.4 and 3.5 of this thesis
(without the lower asymptote in the case of these figures as the experimental range was
too narrow to capture this; Figure S6 in the supplementary information of that paper,
shown in Appendix E, displays the lower plateau more clearly). This behaviour results
from the fact that antigen-antibody interactions are governed by the law of mass action
and are limited by the finite number of available binding sites [299], which progressively
saturate with increasing target concentration. The resulting curve is often described using

a 4-parameter logistic regression model [300]:

A—D
Ao
1+ (&)

where:

y is the measured assay response, such as absorbance or current.

x is the analyte concentration.

A is the response at the lower asymptote (lower plateau).

D is the response at the upper asymptote (maximum plateau).

C is the analyte concentration at the inflection point, corresponding to the midpoint

between the lower and upper response plateaus.

124



» Bistheslope (Hill slope) parameter, which determines the steepness of the concentration—

response curve.

At low analyte concentrations, there is insufficient target capture to produce a detect-
able signal, displaying as a lower asymptote. As the concentration increases towards the
inflection point, signal generation increases exponentially, which in log space translates
to a linear response. At high concentrations, the finite number of binding sites leads to

saturation, resulting in the upper asymptote.

In terms of the driver for the signal enhancement seen with the flow cell compared to
manual preparation in Chapter 3, liquid confinement ensures that there is minimal liquid
movement (and thus solution mixing) when the sensors are carried by hand from the dark
incubation chamber (pipette box) and into the electrode connector for measurement (see
Figure below). This reduces the convection of the oxidised (blue) TMB away from the
detection surface where it is being measured by chronoamperometry and translates into

a higher current magnitude.

Without Flow Cell With Flow Cell
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Table S1. Coefficients of variability across the different conditions investigated for plasma etching (different power and exposure
time settings) and sulfuric acid voltage cycling in sulfuric acids of various molarities (0.1-0.5 M) compared against out of the box
(OOTB) electrodes. Values were calculated across 3 different electrode platforms for an n=24 for each condition. NT=not tested

Power (% of 200 W) H2S04 (10 CV Scans) 0ooTB
20 50 80 95 05M | 02M | 0aM -
21  |34.95681| NT |28.79783 |37.93176
Time (s) 62 43.37948 | 49.21802 | 20.67388 33.24095
99 3676136 NT |22.65838| NT
DP pea o %
21 |10.97095| NT  |13.35211| 16.0161
Time (s) 62 13.94275 | 8.078009 | 10.23699 | 5.820916 5.820916
99 1053344 NT | 101379 | NT
21 |6.188177 NT 2.015955
Time (s) 62 |2.794081 |3.106236 | 1.785074 | 2.071971 | 3.502296 | 2.852956 | 2.969417
99  |2.715874| NT  |3.498075| NT
35
*
i d
30 - :
*
- : :
< s
=254 $
2 = &
a s ‘
= ]
® 204
- a
15+
10 -
00TB Oxygen Plasma Acid
- | 20% [80% | 95% | 20% | 50% [ 80% [ 95% | 20% | 80% [0.1m[o.2m[o.5m
nla 21s 62s 99s 1500 s

Figure S2. Comparison of the effect of oxygen plasma and sulfuric acid voltage cycling on the peak current of the differential
pulse voltammogram. Datapoints represent 3 different screen-printed electrode platforms with 8 working electrodes each for an
n=24 per tested condition. Each box delineates the interquartile range (IQR), the straight line denotes the median, the hollow
square represents the mean and whiskers denote the range within 1.5xIQR. OOTB=out of the box.

127



Table S2. Material costs for fabricating one flow cell. Prices are from Stockline Plastics Ltd. (Glasgow, UK), RS Components

(Glasgow, UK) and Microfluidic ChipShop (Germany).

Component Cost (£) No. of flow cells Cost/flow cell (£)
Clear acrylic sheet (3 mm thick) 750x500mm 11.64 717.70 0.02
Double Sided Polyester Tape (0.23mm thick, 50mx38mm) 29.26 3703.70 0.01
Stand alone mini female fluidic adaptor (pack of 10) 6.49 5.00 1.30
Mini female adhesive ring (pack of 10) 6.91 5.00 1.38
2.70

Current/pA

& Potential/V

Potential shift
of ~50 mV

Current/uA

Potential/V

Figure S4. Potential shift observed in the characteristic TMB cyclic voltammogram induced by the anodization of the Ag/AgCl
reference electrode. (Left) Non modified reference electrode (Right) Anodised reference electrode. Data acquired in PSTrace 5.9.
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Figure S5. Control experiment carried out in 10% v/v unfiltered serum spiked with IL-6 confirming assay specificity to IL-6 (n=8)
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Figure S6. Dose response curves of the biosensor to different testing media: 10% 0.2 um filtered and unfiltered human serum,
neat human plasma and PBS (n=8 per concentration point). Horizontal dashed lines represent the blank reading (0 pg/ml) — 3

SDs (n=8). Black dashed lines are the lines of best fit for each dataset (4 parameter logistic regression model).
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Figure S7. Side by side comparison between anodized and non-anodized electrodes with the flow cell attached and the effect on
the dose-response to IL-6 suggesting a dampening of the Hook effect over the ultrahigh concentration range. Datapoints are

average over 8 measurements (1 electrode platform/concentration point. Dashed lines represent the blank reading (0 pg/ml) — 3
SDs (n=8).
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Table S3. Blank (0 pg/ml IL-6) readings displayed in the main paper Figures

Condition/Sample tested
Non-anodised electrodes dose-

Figure
4a —red (top) line

Blank current value 3 SD (nA)
-155+2.2

cell/neat plasma

response/PBS

Anodised electrodes dose- 4a — bottom (blue) line -26.3+6.8
response/PBS

Anodised electrodes dose-response | 4b —top (blue) line (same | -26.3+6.8
(without flow cell)/PBS as 4a bottom/blue line)

Anodised electrodes dose-response | 4b —bottom (purple) line | -62.0+12.6
(with flow cell)/PBS

Non-anodised electrodes without 5a —top (blue) line -26.1+ 8.0
flow cell/10% (v/v) 0.2 um filtered

serum

Anodised electrodes with flow 5a — bottom (purple) line | -36.3 £19.0
cell/10% (v/v) 0.2 um filtered serum

Non-anodised electrodes without 5b —top (blue) line -21.2+5.7
flow cell/10% (v/v) un-filtered serum

Anodised electrodes with flow 5b — bottom (purple) line | -32.2+13.6
cell/10% (v/v) un-filtered serum

Non-anodised electrodes without 5c —top (blue) line -14.7+29
flow cell/neat plasma

Anodised electrodes with flow 5c — bottom (purple) line | -20.8 £ 8.2

131




F Commentary on the mechanism of enhancement

seen in Chapter 4

Microfluidic confinement has been suggested to enhance the sensitivity of electrochemical
immunoassays by leveraging the channel height and flow rate to increase the mass transfer
of target molecules from the bulk solution to the antibody-functionalised electrode surface

[210]. This relationship is described by the Levich mass-transfer coefficient (Eqn. 1), kpey:

D2Vf 1/3
kLeV - 0925 (W)

where kpe, is the mass-transfer coefficient, D is the diffusion coefficient of the target
analyte, V; is the volumetric flow rate, and & is the half-height of the microfluidic channel.

Equation 1 therefore shows that:

Koy o< V) Ph2/3

Thus, increasing the flow rate (V) or decreasing the channel height (&) increases the
mass-transfer coefficient, meaning that target molecules are delivered more efficiently
to the sensing surface. The effect of mass transport on antibody—antigen binding is

subsequently described by Equation 2 [210]:

aCA B —1
—B; 1, -1
o1 > = Kon,obs CA,bCB,s = (kon +kLev) CAbCBs (2)
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where c4_p, is the surface concentration of the antigen—antibody complex; # is time; kop obs
is the observed association rate constant; ca p, is the concentration of target analyte in the
bulk solution; cp is the concentration of available receptor or antibody binding sites at
the sensor surface; and kop is the intrinsic association rate constant of the target—receptor
interaction. The subscript b denotes species in the bulk solution, while s denotes those at
the sensor surface.

As the electrochemical response of an immunosensor is dependent on the amount of
target captured at the electrode surface through the formation of immunocomplexes, this
enhanced target accumulation produces a larger detectable signal within a given assay
time, which may account for some of the sensitivity enhancements seen in this thesis.
Additionally, similar to the case of the flow cell used without any flow (Chapter 3) liquid
confinement ensures that there is minimal liquid movement (and thus solution mixing)
when the sensors are carried by hand from the dark incubation chamber (pipette box)
and into the electrode connector for measurement. This reduces the convection of the
oxidised (blue) TMB away from the detection surface where it is being measured by

chronoamperometry and translates into a higher current magnitude.
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TABLE S1
APTAMER SEQUENCES USED IN THIS STUDY

Component 53" Sequence No. of bases
Capture Aptamer 33
(thiC6) - TITTTTTITTITTTT TTT TTG TCG TCC CGA GAG
€
Cortisol Aptamer ~ CTC TCG GGA CGA CGC CCG CAT GTT CCATGG ATA GTC TTG ACT 51

AGT CGT CCC
(A)

ss = single strand; thiC6 = thiol group
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Figure S1. The effect of varying the pump frequency on the resultant flow rate (n=3 repeats for each condition). Each
datapoint represents the average reading =1 standard deviation
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Figure S2. Differences in the resultant flow rates across the different inlets of the reagent cartridge as a function of the
sine voltage amplitude applied to the Bartels micropump. Each datapoint represents the average reading +1 standard
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Figure S3. PID algorithm tuning. Flow rate setpoint =1 ml/min
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Table S2. Blank (0 pg/ml target) readings displayed in the main paper Figure 3

Condition/Sample tested Figure Blank current value = 3 SD
(nA)
Manual dose-response IL-6/PBS 3b —-yellow (top) line -4.0+1.2
WAFFLE dose-response IL-6/PBS 3b -red (bottom) line -10.6+2.5
Manual dose-response IL-6/neat 3c -yellow (top) line -9.7+1.8
serum
WAFFLE dose-response IL-6/neat 3c -red (bottom) line -32.5+3.3
serum
Manual dose-response Tnl/neat 3e —yellow (top) line -4.6+1.5
serum
WAFFLE dose-response Tnl/neat 3e —red (bottom) line -8.9+1.2
serum
a 7 N\ a4 b ns
- C. 3000 ns
F b =
o ) L I R - 6000 =
g < T : g | T
b s = 4000 .S
: - leBHo L
o Manual o604 IR = — N
= WAFFLE | |
10 100 1000 10000 i 1 2 3 5
Tnl Concentration (pg/ml) Washing time (min)

Figure S4. (a) The difference between a troponin antibody layer deposited on the electrode surface manually via
pipetting or using the WAFFLE. (b) Dose responses of WAFFLE and manually made sensors to increasing
concentrations of troponin (Tnl) spiked in neat troponin-depleted human serum. Each marker represents the average
over 8 electrodes +/- 1 SD. Dashed lines represent the blank reading -1SDs (n=8). (c) The effect of additional washing
time on the troponin antibody layer (flow rate = 2 ml/min). Dashed line represents the impedance of the underlying
EDC/NHS layer +1 SD (n=8), demonstrating effective attachment to the carbodiimide SAM.
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Figure S5. Different Nyquist plots acquired for electrodes (n=8 WEs per pannel) functionalised with (left) physisorbed
IL-6 antibodies, (centre) Tnl antibodies attached by EDC/NHS chemisorbtion on MUA SAM and (right) CSS.1 anchor
aptamers attached to the surface via a thiol modification at the 5’ end. Redox couple used for acquiring this data was
1 mM ferri-ferrocyanide in 1xPBS.
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