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Preliminary development of a transistor-based biosensing platform

Incorporating an Extended Gate Field Effect Transistor design and Copper Free
Click Chemistry functionalization of Screen Printed Electrodes

LINNEA FRYKBERG

Department of Physics and Astronomy

Chalmers University of Technology

Abstract

Early detection of osteoarthritis remains challenging, as few diagnostic methods
combine accessibility, minimal invasiveness, and sufficient analytical sensitivity.
Biosensor-based detection of disease related biomarkers found in saliva represents
one promising route toward more practical and sensitive diagnostic tools. Elec-
trochemical biosensors employing Extended-Gate Field-Effect Transistor (EG-FET)
designs represent a viable approach due to their compact format and low cost im-
plementation.

This project presents the preliminary development of a transistor-based biosensing
platform using an EG-FET design coupled to an EmStat Pico potentiostat, repre-
senting an early step toward a system capable of detecting osteoarthritis biomarkers
in equine saliva. Screen-printed gold electrodes (Au-SPEs) were functionalized us-
ing copper free click chemistry, enabling selective surface modification for future
attachment of DBCO-coupled Fab’ fragments. The functionalization strategy used
in this work employed lipoamido-PEG4-azide as the linker molecule, followed by
DBCO-PEG4-alcohol passivation and BSA blocking prior to exposure to equine
saliva samples to evaluate non specific binding. Cyclic voltammetry, electrochem-
ical impedance spectroscopy and chronoamperometry were used to evaluate each
functionalization step and to assess the performance of the EG-FET system.

Both linker attachment and subsequent DBCO-PEG addition and BSA layers pro-
duced clear and reproducible electrochemical signatures when measuring with either
cyclic voltammetry or electrochemical impedance spectroscopy, confirming that the
functionalization protocol used was effective on the Au-SPE surfaces. Chronoam-
perometric measurements with the custom EG-FET system responded to surface
bound charge variations, demonstrating that the setup successfully enabled detec-
tion of electrochemical changes occurring at the gold electrode interface. However,
functionalization with molecules carrying a net neutral charge or positioned too
far from the surface resulted in no detectable transistor response, this underscores
the importance of understanding the system’s sensitivity to Debye screening effects.
Both the ionic strength of the surrounding medium and the physical length and net
charge of the functionalization molecules influence the effective sensing distance,
which in turn affects the transistor’s ability to detect future biomolecular binding
events. Further optimization of buffer conditions, molecular architecture, and elec-
trode geometry will therefore be essential to improve sensitivity and robustness.
Overall, this work represents a promising first step toward a transistor-based biosen-
sor for osteoarthritis related biomarkers. While the platform shows clear potential,
substantial development remains before a fully functional diagnostic device can be
achieved.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

Au-SPE Gold Screen-Printed Electrode
BGN262 Biglycan biomarker fragment

BSA Bovine Serum Albumin
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CE Counter Electrode

COMP?!*¢ Cartilage Oligomeric Matrix Protein biomarker fragment
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JFET Junction Field-Effect Transistor

LoD Limit of Detection

OA Osteoarthritis

OECT Organic Electrochemical Transistor
PBS Phosphate-Buffered Saline

PDMS Polydimethylsiloxane

PEG Poly(ethylene glycol)

R Charge-Transfer Resistance

RE Reference Electrode

SPE Screen-Printed Electrode

WE Working Electrode
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1

Introduction

Osteoarthritis (OA) is a common condition affecting both humans and animals.[1]
It is characterized by low grade inflammation in the joints that progresses gradu-
ally over time, leading to disability, pain and economic loss.[2][3][4][5] According to
estimations based on data from 2020, OA affects approximately 595 million peo-
ple, corresponding to about 7.6% of the world’s population.[6] Annual OA-related
direct costs vary widely across countries, ranging from a few hundred to nearly 20
000 USD depending on healthcare system and disease severity.[7] While this work
aims for the preliminary development of a biosensor later intended for horses, the
disease presents similarly across mammals and therefore diagnostic and therapeutic
approaches are promising to be transferable between mammal species.[1][2][8][9]

Today OA is most often diagnosed at an irreversible stage using radiography, mean-
ing that joint destruction is an inevitable outcome.[5][9][10] There is a need to de-
velop measuring methods that are able to detect OA in its reversible stages, as reli-
able tools for early OA detection could substantially benefit equine welfare. Prefer-
ably these methods would be cheap and give fast results while also be applicable in
the field, making it accessible to all horse owners. This would allow veterinarians
and horse owners to detect the disease before irreversible joint damage occurs and
implement suitable interventions. A simple and affordable method would also enable
regular follow up and better informed decisions during training and rehabilitation,
ultimately improving long-term clinical outcomes for the horse. Given the require-
ments for a cheap, fast and field-applicable method, biosensors represent a promising
approach as they can be developed to meet many of these demands. In the context
of equine OA diagnostics, the envisioned biosensor would first be developed and
validated in vitro, as initiated in this project. A future step would be to adapt the
system for ex vivo use in field settings such as stables, where saliva samples could
be applied directly to an exchangeable sensor. In the long term, the platform could
be further advanced toward in vivo integration for continuous monitoring in the oral
cavity during training, a development that would require extensive biocompatibility
testing and compliance with relevant ISO standards for medical devices intended for
oral contact.

The original plan of this project involved the complete development of a biosensor
that was later intended for ex vivo use, including immobilization of specific anti-
body fragments on the sensor surface to enable selective detection of two specific
OA related biomarkers. Due to a too tight time frame in obtaining the antibody
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fragments, the experimental work instead changed focus on establishing a proof of
concept surface functionalization strategy. The strategy used involves copper free
click chemistry with DBCO groups, being the same reactive group intended for fu-
ture antibody fragment immobilization using DBCO coupled Fab’ fragments. The
functionalization approach represented in this project is therefor broadly applicable
to any DBCO-terminated molecule, extending beyond the specific antibody frag-
ments associated with OA biomarkers.

The following sections in the introduction present the full biological and technolog-
ical background of the envisioned biosensor system, while the experimental work
in this project covers only the initial development of the platform and its proof of
concept surface functionalization without any Fab’ fragments.

1.1 Diagnostic needs in equine osteoarthritis

Several studies have explored the possibility of diagnosing OA before osseous dam-
age becomes visible. Approaches such as presymptomatic cartilage texture map-
ping based on Magnetic Resonance Imaging (MRI) have been tested, while positron
emission tomography (PET) and scintigraphy have been suggested as potential
alternatives.[9][10] Common for all these is that they require expensive equipment
and can be difficult to manage around a living horse.

A possible method for detecting OA in the presymptomatic phase involves the use
of biomarkers, defined as measurable indicators of biological processes or disease
states.[11] Several studies have searched for and investigated biomarkers relevant to
OA. Some biomarkers that have been shown to increase their levels before the on-
set of lameness are Interleukins 1 and 6 (IL-1 and IL-6), Matrix Metalloproteinases
9 and 13 (MMP-9 and MMP-13), Disintegrin and Metalloproteinase with Throm-
bospondin Motifs-5 (ADAMTS-5), Chondroitin Sulfate Epitope 846 (CS846), Gly-
cosaminoglycans (GAG), Hyaluronic Acid (HA), C-Terminal Telopeptide of Type
IT Collagen (CTX-II), as well as fragments of Cartilage Oligomeric Matrix Protein
(COMP) and Biglycan (BGN).[2][3][4][5][9][12][13] While all are possible candidates
for detecting OA in its presymptomatic phase, some are more specifically linked to
the disease than others. For instance, IL-1 and IL-6 are proinflammatory cytokines,
a part of the immune system, and can become activated by many other things than
OA, infections or trauma being common reasons. While COMP and BGN are more
specifically associated with changes in cartilage and bone structure.[3][4][5][9][13]
The intended fututre for the sensor of this project is to study two already identified
fragments of COMP and BGN, COM P% and BGN??, which were also used in a
previous study related to equine OA.[13] These fragments are also biomarkers for
which veterinarians can submit synovial fluid from an affected joint for laboratory
analysis when evaluating joint inflammation or suspected OA.[14]

BGN?? has been demonstrated to be detectable in equine saliva, as shown in a
recent study on salivary biglycan neoepitopes in horses.[4] For COM P15 salivary
detection data has been generated and is currently submitted for publication. Cor-
relation between salivary and synovial fluid concentrations has not yet been in-
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1. Introduction

vestigated. Saliva is considered an attractive screening fluid, as it contains many
molecules otherwise found in synovial fluid and serum and its composition reflects
the physiological and disease state of the body.[4] Because saliva is substantially
more accessible and minimally invasive to collect, these biomarkers could in prac-
tice be sampled directly by horse owners and a field applicable biosensor could enable
on site measurement, making routine monitoring far more accessible.

Numerous methods exist for quantifying soluble biomarkers. One of the most com-
monly used methods is the Enzyme-Linked Immunosorbent Assay (ELISA). This
technique is considered the gold standard for protein-based biomarker analysis and
assays can be validated for use under both Good Laboratory Practice (GLP) and
Good Manufacturing Practice (GMP), increasing the reliability and reproducibility
of concentration measurements.[15] Validated ELISA assays are available for both
COMPY5 and BGN?%2, The BGN?%? assay has been analytically validated and
published. [9] [4] For COM P an earlier version of the assay using a previous an-
tibody has been published [5], while the updated assay employing a newly developed
antibody has been analytically validated and is currently submitted for publication.
These ELISA assays provide a robust reference for quantifying both COM P56
and BGN?%? biomarkers and form the basis for calibrating future biosensor sig-
nals against known concentrations. While ELISA is a robust and well established
method, it is time consuming (48 hours in lab + delivery time) [14] and requires spe-
cialized laboratory equipment as well as multiple disposable components, limiting
its applicability for field-based settings such as stables.

The limit of detection (LoD) defines the lowest analyte concentration that can be
reliably distinguished from background noise and is therefore a key metric for eval-
uating the overall sensitivity of the sensing system. It is given by

LoD = ASblank + 3Ublank (11)

where ASpank is the mean signal measured for blank samples (saliva without tar-
get biomarkers) and ok is the corresponding standard deviation.[16] The blank
measurements should be performed on an active sensing surface under identical
conditions as the analytical measurements.

The required LoD of the future sensor is determined by the concentration levels
associated with healthy states for the target biomarkers. Threshold values for dis-
tinguishing healthy from osteoarthritic states for both biomarkers have been estab-
lished based on analyses of synovial fluid and saliva samples. For COM P'%¢, healthy
thresholds are typically <50 ng/mL in saliva and <500 ng/mL in synovial fluid,
with observed sample ranges spanning approximately 40-400 ng/mL and 200-5000
ng/mL, respectively.[14] For BGN?%? healthy thresholds are typically <500 ng/mL
in saliva and <2000 ng/mL in synovial fluid, with observed sample ranges spanning
approximately 50-1000 ng/mL and 500-8000 ng/mL, respectively.[14] These estab-
lished concentration intervals define the analytical range that a future biosensor
must be able to detect, requiring sensitivity at least down to the reported threshold
values for each biomarker in saliva and a dynamic range that extends beyond the

3
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highest concentrations observed in saliva.

1.2 Biomarkers COM P and BGN?%

COM P'% and BGN?%2 are biomarkers associated with cartilage and bone remod-
eling processes linked to inflammatory activity in synovial joints.[3][4][5][9][13]

COMP is a major protein, 524 kDa, playing a central role in articular cartilage
homeostasis while also cross-bridging the collagen network by binding to collagen
type II and IX in the extracellular matrix (ECM).[3][5] Articular cartilage is the
smooth tissue covering the ends of bones in joints, often getting damaged in OA.
Homeostasis in the articular cartilage refers to the balance between degradation
and repair mechanisms, which may be disrupted in OA, leading to loss of cartilage
ECM.[17] The ECM occupies the spaces between cells and contributes to the struc-
tural integrity and organization of tissues within an organism.[18] As OA begins to
develop, low grade inflammation causes the release of proinflammatory cytokines
such as IL-1 and IL-6, leading to fragmentation of ECM molecules.[5][12] The de-
struction of this matrix causes the release of unique fragments of COMP that are
only present in diseased cartilage. There can be different cleavage sites done to the
molecule, each resulting in different fragments. One fragment, with peptide sequence
"'SGPTHEGVGMAFAK" located in position 156 of the protein, has been shown to
be released early in the progression of OA. The same study show that COM P56
is significantly increased for joints with acute lameness compared to healthy joints,
joints with chronic lameness or joints during the late stages of OA.[5] This suggests
that COM P¥% may be a promising prognostic biomarker for the early stages of OA.

Biglycan (BGN) is present in both cartilage and skeletal bone, contributing to the
structural integrity and homeostasis of these tissues.[9] In skeletal homeostasis, BGN
plays a key role in promoting bone formation and facilitating interactions between
cells and the ECM, as well as supporting bone matrix mineralization.[4][9] Similarly
to COMP, BGN is gradually fragmented during inflammatory processes, causing
release of specific fragments. One such fragment, BGN?%2, corresponding to cleav-
age site 262GLGHNQIRM, has been shown to have 100% homology across various
species, including horses and humans, making it a promising diagnostic biomarker
also for humans.[9] The same cleavage site has been shown to reflect the response to
joint load as early as during the first 6-month interval of training in young racehorses,
highlighting its potential as an early biomarker for cartilage and bone changes in
the reversible stages of OA.[4]

Together, COM P and BGN?%? complement each other. COMP reflects early
cartilage changes, while BGN also provides information on bone related processes.
Measuring both biomarkers can help localize disease activity and assess the pro-
gression of OA, enabling detection of active joint related inflammation as well as
identification of OA in its reversible stages.

4
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1.3 Antibodies and specific bindning

To selectively capture and quantify targeted biomarkers, specific antibodies or anti-
body fragments are required, making antibody antigen interactions a fundamental
component of future biosensor designs for this work. Antibodies (immunoglobu-
lins) are large, Y-shaped glycoproteins generated by the adaptive immune system
to recognize and bind distinct molecular structures. Each antibody consists of two
identical heavy chains and two identical light chains.[19] In an IgG antibody, the
light chain is composed of two immunoglobulin (Ig) domains, whereas the heavy
chain contains four Ig domains.[20] Like all polypeptides, each immunoglobulin do-
main has an N-terminal and a C-terminal end. In both heavy and light chains, the
N-terminal amino acid sequences vary greatly between different antibodies. The
first Ig domain is the most variable, corresponding to approximately the first 110
amino acids of the full chain.[20] The variable domains, also known as the fragment
antigen binding (F(ab)) region, creates the antigen binding site (called the paratope)
that binds to a specific part of an antigen (called the epitope).[19] Apart from the
N-terminal variable domain, remaining Ig domains in both heavy and light chains
are constant for antibodies belonging to the same isotype.[20]

For biosensing applications, full-length antibodies can be enzymatically cleaved into
smaller fragments such as F(ab) or Fab’ fragments, which retain the same antigen
specificity while reducing overall molecular size.[19] This reduction is advantageous
in systems where the Debye screening length limits the effective sensing distance, as
smaller recognition elements position the binding event closer to the sensor surface.
Consequently, Fab’ fragments are considered a promising recognition element for the
future of this work, and the molecular components intended for functionalization of
these fragments are presented further down in this section.

The intended chemical strategy for future biomarker recognition involved a stepwise
surface functionalization designed to enable specific binding of Fab’ fragments. Al-
though the full protocol with Fab’ fragments could not be completed in this project,
an identical workflow was carried out using only DBCO-PEG molecules to measure
non specific binding, and the detailed experimental procedure of that is presented
in Section 2.2 of the report. The description below outlines the planned approach
for measuring specific binding, while the experimental work in this thesis instead
focuses on a proof of concept functionalization method and evaluating non specific
binding, a necessary control for all future biosensor development.

Figure 1.1 shows the chemical structure of the linker used, lipoamido-PEG,,-azide,
where n denotes the number of repeating ethylene glycol units. In the future im-
plementation, a PEGI1 linker is suggested, corresponding to a molecular weight of
approximately 100 Da.[21] A similar linker was used in this project, but with a
longer PEG chain (PEG4) due to time constraints and the availability of chemicals
within the scope of the project.
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Figure 1.1: Chemical structure of the linker molecule lipoamido-PEG,-azide,
where n denotes the number of ethylene glycol repeat units in the PEG chain.
Future work is suggested to use PEG1 (n = 1), corresponding to an approximate
molecular weight of 100 Da.

Created in BioRender. Frykberg, L. (2026) https://biorender.com/rc8i92k

On a cleaned gold surface, the first step of the planned functionalization is the attach-
ment of a thiol-terminated linker molecule, lipoamido-PEG4-azide. The lipoamide
group forms a stable bond to gold, creating a defined azide terminated monolayer
that serves as the reactive platform for subsequent copper free click chemistry. Fig-
ure 2.4 illustrates the linker bound to a gold surface.
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Figure 1.2: Schematic illustration of lipoamido-PEG,-azide linker molecules im-
mobilized on a gold surface through sulfur—gold interactions, forming the basis for
subsequent surface functionalization.

Created in BioRender. Frykberg, L. (2026) https://biorender.com/nk6vv7y
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Once the azide-terminated linker is immobilized on the gold surface, the next
planned step is to introduce DBCO-functionalized molecules for copper free click
chemistry. A 1:1 molar ratio between Fab’™~DBCO conjugates and passivating
DBCO-PEG chains is intended as a first try, allowing Fab’ fragments to be po-
sitioned at defined distances while unreacted surface sites will be blocked by PEG
to minimize non specific binding. This ratio was selected as an initial approxima-
tion and would be optimized in future sensor development. The resulting mixed
layer provides specific recognition sites for the intended biomarkers (COM P or
BGN??) while the PEG molecules suppress non specific adsorption. Figure 1.3
shows the chemical structures of the intended click reagents for future development,
Fab’ fragment coupled to DBCO-PEG4-amide-lipoic acid and DBCO-PEG12-OH,
where DBCO-PEG12-OH has a molecular weight of approximately 600 Da.[21] Us-
ing these reagents with lipoamido-PEG1-azide as linker would place the biomarker
binding event approximately 6 nm away from the surface of the sensor.[21]
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Figure 1.3: Chemical structures of dibenzocyclooctyne-terminated molecules in-
tended for copper-free click chemistry. a) Fab’ fragment coupled to DBCO-PEG,,-
amide-lipoic acid, where n denotes the number of ethylene glycol repeat units in the
PEG chain. Future work is suggested to use PEG4 (n = 4) or shorter if available.
b) DBCO coupled PEG chain, DBCO-PEG,,-OH, where n denotes the number of
ethylene glycol repeat units in the PEG chain. Future work is suggested to use
PEGI12 (n = 12), corresponding to an approximate molecular weight of 600 Da.
Created in BioRender. Frykberg, L. (2026) https://biorender.com/ea77ex9 and https:
//biorender.com/ooop8j5
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Figure 1.4 illustrates the mixed surface layer formed by Fab’ fragments and PEG
passivation molecules bound to the linker on the gold surface.
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Figure 1.4: Fab’ fragments and passivating PEGs on gold surface.
Created in BioRender. Frykberg, L. (2026) https://biorender.com/t860w2s

In the final step of the planned surface architecture, remaining unreacted areas are to
be blocked with bovine serum albumin (BSA) to further reduce non specific binding.
[lustrated in Figure 1.5.
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Figure 1.5: The fully functionalized active surface.
Created in BioRender. Frykberg, L. (2026) https://biorender.com/wnx20le
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This fully functionalized surface architecture represents the planned configuration
for measuring specific biomarker binding. In the present work, only non specific
binding was evaluated experimentally using PEG-only control surfaces, consisting of
surfaces that underwent click chemistry only with DBCO-PEG and no DBCO-Fab’
fragments. Such controls are essential in biosensor development, as they establish
how much of the measured signal originates from non specific interactions rather
than true analyte recognition and are therefore needed in a future on-site calibration
system. The intended equation used for future on site calibration can be seen in
equation 1.2.

Scalibrated = Sspeciﬁc - Scontrol (12)

Here, S denotes the measured signal, Sgecific refers to the signal obtained from
the active Fab’ functionalized mixed surface and Sgontro1 refers to the PEG only
functionalized surface.

1.3.1 Dissociation constant and concentration dependent
Sensor response

The dissociation constant, Kp, is commonly used to describe the binding affinity
between two interacting molecules.[22] A low Kp value corresponds to strong bind-
ing, whereas a high Kp value indicates weaker binding between the molecules.[22]
More specifically, Kp represents the concentration of a binding partner at which
half of the available binding sites are occupied at equilibrium.[22] Due to its ability
to quantify molecular interactions, Kp is widely used in biochemistry and biosensor
applications to characterize binding strength.[22] The measured value of Kp can
vary depending on experimental conditions such as temperature and pH, since these
parameters influence intermolecular interactions and molecular charge states.[23]

Based on the Langmuir interaction model, the binding between an immobilized re-
ceptor R and an analyte ligand L can be described as a reversible 1:1 interaction.[24]

R+ L = [RL] (1.3)

At equilibrium, the association and dissociation rates are equal, giving

ka[R][L] = kq[RL] (1.4)

where k, and k; are the association and dissociation rate constants, respectively.[24]
The dissociation constant Kp can therefore be expressed as

Fep = UL (15)
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where [R] represents the concentration of free binding sites on the sensor surface,
[L] is the concentration of free ligand in solution, and [RL] is the concentration
of bound receptor-ligand complexes. For surface-based biosensors, the measured
equilibrium signal is commonly assumed to be proportional to the amount of bound
receptor-ligand complex, [RL]. The fractional surface coverage, 6, can therefore be
defined as

[RL]
[Rtot]

0= (1.6)

where [Ryot] is the total concentration of available binding sites on the sensor surface.
Assuming a simple 1:1 interaction at equilibrium, the total number of binding sites
can be expressed as

[Rtot] = [R] + [RL]

which gives

[R] = [Riot] — [RL]

Substituting this expression into Equation 1.5 yields

(o] — [RL))[L]

Kp= [RL]

Rearranging gives

Kp[RL] = [Riat][L] — [RL][L]

[RLI(Kp + [L]) = [Riot] [L]

and therefore

[Reot][L]

[RL) = Kp + [L]

Substituting the expression for [RL] into Equation 1.6 gives

[Reot][L]
L

[Rtot] B KD + [L]

10
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Equation 1.7 corresponds to the equilibrium form of the Langmuir adsorption
isotherm, where 6 represents the fraction of occupied binding sites as a function
of analyte concentration.[25] The fractional coverage, 0, can then be used to express
the sensor response as

S = Siax - 0 (1.8)

where S is the equilibrium signal at a given analyte concentration, S,., is the
maximum signal obtained at complete surface saturation, and 6 is the fraction of
occupied binding sites.[25] At analyte concentrations approaching surface saturation,
the sensor response levels approaches Si.x, meaning that additional analyte no
longer results in a proportional increase in signal. Consequently, Sy.x determines
the upper limit of the sensor response.

Substituting Equation 1.7 into the expression given in Equation 1.8 gives

1]

S(E) = Snen g 7]

(1.9)

where S denotes the equilibrium signal at a given analyte concentration, Sp,.x rep-
resents the maximum signal corresponding to complete saturation of binding sites,
and [L] is the analyte concentration in solution. By measuring the equilibrium sig-
nal S; for a range of analyte concentrations [L;], the parameters Kp and Sy can
be estimated by nonlinear regression using appropriate software, based on Equation
1.9. At equilibrium, the Langmuir model implies a characteristic property of the
system, when [L] = Kp, the sensor response reaches half of its maximum value.
This can be shown directly from Equation 1.9. Thus, Kp corresponds to the an-
alyte concentration at which half of the binding sites are occupied, and the signal
reaches 50% of its saturation value.

To obtain robust calibration models, measurements at known ligand concentrations
can be performed under a range of controlled environmental conditions, such as
different pH values and temperatures. This generates a set of calibration curves
that capture how the binding interaction, and thus the sensor response, varies with
the surrounding conditions. For unknown samples, the pH and temperature could
be determined prior to analysis, allowing the calibration curve corresponding to
the closest matching conditions to be selected for concentration estimation. Con-
sequently, Kp should not be regarded as a single fixed constant, but rather as a
condition-dependent parameter that varies across the calibration set. Interpreting
the sensor response within this environmental context improves the reliability and
accuracy of the estimated ligand concentration.

In the present work, the sensor surface was not fully functionalized with specific
Fab’ fragments and no concentration dependent biomarker binding experiments
were performed. Consequently, dissociation constants and equilibrium calibration
curves were not experimentally determined within this study. However, the pre-
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sented framework may be relevant in future work for characterization of Fab’-based
biomarker binding under defined measurement conditions, as well as for calibra-
tion of EG-FET system biosensor responses against corresponding ELISA-derived
concentrations from the same sample solutions.

1.4 State of the art in biosensing

Recent reviews show that biosensors are an emerging and rapidly developing field,
combining fast response times with high analytical sensitivity.[26][27] In contrast to
ELISA, biosensors offer immediate responses as analytes that bind to the biochemical
component of the sensor directly generate an electrical signal proportional to the
concentration of analytes.[28]

Organic electrochemical transistors (OECTS) have recently emerged as one of the
most promising device platforms in biosensing. Their ability to operate at low volt-
ages combined with their biocompatibility and strong signal amplification capabili-
ties make them well suited for detecting a wide range of biochemical targets. OECTs
have demonstrated strong potential for detecting pH, ions, small molecules, and pro-
tein biomarkers, with significant progress reported in the last couple of years.[26]
Although OECTs were not implemented in this work, they represent a promising di-
rection for future development of the system due to their strong signal amplification
and potential for improved sensitivity in biomarker detection.

Field-effect transistor (FET) biosensors have also gained increasing interest due to
their high sensitivity, fast response, small size, low power and potential for low
cost mass level manufacturing.[27] In certain biosensor designs, an electrode can be
coupled to a FET as an extended gate (EG-FET).[29] The electrode used can be
both inexpensive and replaceable, making this approach promising for practical use
in field settings such as stables.

Modern biosensor development is strongly influenced by advances in surface chem-
istry. Copper free click chemistry, awarded the Nobel Prize in Chemistry in 2022,
has become a widely adopted functionalization method due to its bioorthogonal-
ity, high reaction efficiency, and compatibility with sensitive biomolecules.[30][26]
This makes the method particularly suitable for immobilizing antibodies and Fab’
fragments on gold electrodes, as the bioorthogonal reaction conditions preserve the
structural integrity of the F(ab) region required for specific biomarker recognition.

An EG-FET measurement platform was developed in this work, together with a
copper free click chemistry functionalization protocol applied to gold screen printed
electrodes, acting as the extended gate. Preliminary evaluation of non specific bind-
ing in equine saliva was also performed. Taken together, this work lay the foun-
dation for a future electrochemical biosensor intended to target the OA-associated
biomarkers COM P'% and BGN?%? in equine saliva.

12
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1.5 Aim

The aim of this project is to develop the initial components of an electrochemi-
cal biosensing platform for detecting OA related biomarkers in equine saliva. This
is achieved by establishing an EG-FET measurement setup and implementing a
copper free click chemistry—based surface functionalization protocol on gold Screen
Printed Electrodes. The work focuses on developing a proof of concept functional-
ization strategy suitable for future integration with DBCO-coupled Fab’ fragments
as recognition elements, enabling selective detection of COM PY% and BGN?%? in
equine saliva under ex vivo conditions in field settings such as stables. In the long
term, the platform is intended to be further developed toward potential in vivo use,
which will require future biocompatibility evaluation and alignment with relevant

ISO standards.

1.6 Limitations

Several limitations of this work should be acknowledged. All experiments were per-
formed under controlled in vitro conditions using equine saliva in room temperature
with measured pH and known concentrations of both COM P'¢ and BGN?%? (es-
tablished through ELISA). Although saliva is a biologically relevant matrix, in vitro
measurements do not fully capture the dynamic, continuously changing environment
present in the oral cavity. This limits the ability to assess sensor performance under
realistic physiological conditions.

The platform developed in this project represents an initial proof of concept
rather than a complete biosensing system. While an EG-FET setup and a cop-
per free click chemistry functionalization method was established, the integration
of DBCO-coupled Fab’ fragments as recognition elements was not experimentally
validated. Consequently, key performance parameters such as sensitivity, selectivity,
limit of detection, long-term stability, and response time could not be evaluated.

SPEs also introduce batch to batch variability, which may affect reproducibility and
require further testing. Additionally, the EG-FET configuration is likely sensitive
to environmental factors such as temperature, pH and ionic strength, all of which
vary in equine saliva and between measurement conditions and may influence the
electrical response of the system.

While the long term vision for the system includes ex vivo measurements in field
settings such as stables and, ultimately, in vivo integration for continuous biomarker
tracking in the oral cavity, achieving this will require significant advances in sen-
sor robustness, antifouling resistance, mechanical stability as well as wireless data
transmission.

13



1. Introduction

1.7 Structure of the thesis

This work is a preliminary platform development and proof-of-concept study of a
surface functionalization strategy intended for future application to specific Fab’
fragments for detection of two OA-related biomarkers in equine saliva, COM P
and BGN?%2. It is important to emphasize that the present study does not yet in-
clude specific biomarker detection, but instead focuses on establishing and validating
the underlying electrochemical sensing platform and surface chemistry required for
such future measurements.

The thesis is structured to follow the experimental workflow of platform develop-
ment, surface modification and electrochemical evaluation of the custom platform.
First, the EG-FET measurement system is characterized to assess baseline stabil-
ity and reproducibility of the electrochemical response. Second, the surface func-
tionalization strategy is investigated using stepwise chemical modification, where
each reaction step is evaluated using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) to confirm successful immobilization and surface pas-
sivation. Finally, the EG-FET configuration is assessed to determine whether the
device can respond to interfacial changes in surface charge induced both by the func-
tionalization steps and by direct exposure of bare gold surfaces to model proteins,
including BSA and synthetic biomarkers of COM P*% and BGN?%2,

This structure is chosen to separate platform characterization, surface chemistry
validation and custom platform measurements into distinct stages, allowing each
component to be evaluated independently.

14
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Theory

This chapter provides the theoretical background necessary to understand the elec-
trochemical measurements performed in this work, the custom transistor-based sys-
tem and the surface chemical principles underlying the proof-of-concept functional-
ization protocol.

2.1 Electrochemical detection

Electrochemical detection techniques form the analytical foundation of this project,
both for cleaning and characterizing the electrode surfaces and for understanding
the signal generation mechanisms relevant to the EG-FET biosensing platform. This
section introduces the electrochemical principles underlying the measurement meth-
ods used in this work, including Electrochemical Impedance Spectroscopy (EIS),
Cyclic Voltammetry (CV) and the basic operating principles of transistor-based
sensing.

2.1.1 Electrochemical Impedance Spectroscopy

EIS is an electrochemical technique widely used for studying a variety of electro-
chemical systems, including biosensors.[31] In EIS, a small sinusoidal voltage signal is
applied to a system over a broad range of frequencies while the resulting electrical re-
sponse is measured.[31] In biosensing applications, EIS measurements are commonly
performed in the presence of a redox couple, such as the ferri/ferrocyanide redox
pair [Fe(CN)g]3~/4~, to probe biomolecular interactions at the electrode interface.[31]
The redox probe enables charge-transfer processes that are sensitive to surface mod-
ifications induced by biomolecular binding, making the impedance response suitable
for biosensing applications.[31] By analyzing the impedance response at different
frequencies, information about electrochemical and interfacial processes occurring
at different time scales can be obtained.[31] One of the main advantages of EIS is
its ability to separate complex electrochemical behavior into individual processes
with different characteristic time constants.[31] Fast electrochemical processes are
mainly observed at high frequencies, while slower processes such as diffusion become
dominant at lower frequencies.[31]

Impedance data obtained from EIS measurements can be represented using equiv-
alent electrical circuits consisting of components such as resistors, capacitors, and
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diffusion elements.[31] One of the most commonly used equivalent circuit models
for EIS-based biosensing systems is the Randles circuit.[32] In this model, different
electrochemical processes are represented by individual electrical elements whose
combined response approximates the measured impedance behavior.[31] By fitting
experimental impedance data to an equivalent circuit model, parameters related
to electrochemical properties of the system can be estimated using dedicated fit-
ting software.[31] Impedance data are commonly visualized using a Nyquist plot,
where the imaginary component of the impedance is plotted as a function of the
real component.[31] For a Randles-type equivalent circuit including diffusion, the
high-frequency region typically forms a semicircle associated with charge-transfer
kinetics, while the low-frequency region approaches a diffusion-dominated response
often approximated by a 45° line.[31] The shape of the Nyquist plot can therefore
provide qualitative information about electrochemical processes occurring at the
electrode interface. An example of a typical Nyquist plot obtained from a Randles-
type equivalent circuit including diffusion is shown in Figure 2.1.

High frequency (kinetics) Low frequency (diffusion)

= 45°
E
N /
/
/
{
Rs Rct
Z [

re

Figure 2.1: Example of a Nyquist plot obtained from a Randles-type equivalent
circuit including diffusion model. The high-frequency semicircle is associated with
charge-transfer processes at the electrode interface, while the low-frequency region
reflects diffusion-related processes.

In a Nyquist representation, the high-frequency intercept corresponds to the solution
resistance R, which appears as the starting point of the Nyquist curve on the real
axis, while the diameter of the semicircle is related to the charge-transfer resistance
R.;.[31] [33] To quantitatively analyze the impedance response, the experimental
data can be fitted to an equivalent electrical circuit model.[31] A typical diffusion-
limited Randles-type equivalent circuit is shown in Figure 2.2, together with its
corresponding fitting equation given in Equation 2.1.
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CPE

Figure 2.2: Typical diffusion-limited Randles-type equivalent circuit used to fit
EIS data. The circuit consists of the solution resistance R, the charge-transfer
resistance R, the constant phase element (CPE) and the Warburg impedance Zyy .

1

7Z =R, + .
m + Q(jw)*

(2.1)

In Equation 2.1, R, and R, both expressed in [{2], represent the ohmic resistance
of the electrolyte and electrical contacts and the charge-transfer resistance at the
electrode-electrolyte interface, respectively.[34] The term Q(jw)® represents a con-
stant phase element (CPE), which is commonly used instead of an ideal capacitor
to describe non-ideal capacitive behavior in electrochemical systems.[34] [35] Here,
Q is the CPE coefficient with units of [27! s?] and « is a dimensionless empirical
exponent describing the deviation from ideal capacitive behavior.[35] The term j
denotes the imaginary unit and w = 27 f is the angular frequency. For an ideal
capacitor, & = 1, while lower values indicate increasingly non-ideal behavior.[35]

The diffusion-related contribution can be modeled using a finite Warburg element,
Zyw, given by

Zw () tanh <B jw) (2.2)

1
- Yovjw

where Y| is the diffusion-related parameter of the constant phase element formu-
lation, with units [Q71s'/2].[31] B is a characteristic diffusion parameter defined
as

B =

Sl=

where § is the diffusion layer thickness [cm] and D is the diffusion coefficient [cm? -

s1.]31]

By defining the characteristic time constant as 7 = B? = §?/D, the finite Warburg
impedance can be written as
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Ty = \/j_w tanh (W) : (2.3)

where o is a re-parameterization of Y, capturing the magnitude of the diffusion-
related impedance contribution expressed in units [ s71/2].

Equation 2.3 is algebraically equivalent to the original expression, but written in
the parameterization used throughout this work. In this equation, ¢ is treated
as a model parameter describing the magnitude of the diffusion-related impedance
contribution, while 7 is a characteristic diffusion time constant expressed in [s].
The finite Warburg element accounts for diffusion occurring over a finite diffusion
length rather than assuming semi-infinite diffusion.[31] The hyperbolic tangent term
therefore modifies the low-frequency behavior compared to an ideal semi-infinite
Warburg response.

By fitting experimental impedance data to the equivalent circuit model, electrochem-
ical parameters describing the electrode interface can be extracted, while the quality
of the fit can be evaluated using the root-mean-square error (RMSE), which repre-
sents the overall deviation between the measured and modeled impedance values.[34]
Since a constant phase element (CPE) does not represent an ideal capacitor, an ef-
fective capacitance, Ceg, can be estimated from the fitted parameters according to
equation 2.4.[36]

RsRct > (1-a)/«a

Ce — 1/a(
=0 Ry + Ry

(2.4)

To evaluate the fitting quality relative to the magnitude of the impedance response,
RMSE can be normalized with respect to the charge-transfer resistance according
to

RMSE

ct

Relative RMSE =

- 100%. (2.5)

To facilitate comparison between electrodes and reduce the influence of electrode-
to-electrode variations, changes in charge-transfer resistance can be expressed as a
relative percentage change between consecutive modification steps according to

Rct,n - Rct,n—l
Rct,n—l

ARg step = -100% (2.6)

where R, and R.,_1 denote the charge-transfer resistance obtained from the
current and previous step, respectively.
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2.1.2 Cyclic voltammetry

CV is an electrochemical method commonly used to monitor gradual changes on
electrode surfaces between functionalization steps, or to clean and activate the sur-
face of electrodes. [37] [38] [39] [40] [41]

When evaluating step-by-step surface modifications using CV, a redox couple such as
ferri/ferrocyanide redox pair [Fe(CN)g]3~/4~ is commonly used to generate oxidation
and reduction peaks in the voltammogram.[42] In CV, the electrode potential is
swept linearly between two set limits and then reversed, forming a cyclic potential
sweep while measuring the resulting current.[43]

The oxidation process gives rise to the anodic peak current (1,,), while the reduc-
tion process produces the cathodic peak current (I,.).[39] [42] During the potential
sweep, oxidation and reduction reactions of the redox couple occur at the electrode
surface, producing measurable current responses that depend on the accessibility of
the electrode surface and the rate of electron transfer. Changes in peak shape or
peak current between functionalization steps can therefore indicate changes occur-
ring at the electrode interface.

When cleaning and activating gold electrodes, CV in sulfuric acid is commonly
used, where repeated cycles are performed until a reproducible voltammogram is
achieved.[40] [41] During these cycles, surface impurities may be removed while
gold oxide species are repeatedly formed and subsequently reduced at the electrode
surface through reversible oxidation and reduction processes. Stabilization of the
cyclic voltammogram therefore indicates that the electrode surface has reached a
more stable and reproducible electrochemical state, suitable for subsequent surface
functionalization and electrochemical measurements.

2.1.3 Field Effect Transistors and Debye length

Transistors are fundamental components in modern electronics and are used to con-
trol or amplify electrical signals.[44] A Field Effect Transistor (FET) operates using
three terminals, source (S), drain (D) and gate (G). The current flowing from source
to drain (Ipg) is regulated by the voltage applied to the gate (Vig).[45] Even small
changes on Vg can produce large variations in Ipg, making FETs highly sensitive
devices.[46] There are two main types of FETs, N-type and P-type. In N-channel
FETs, electrons act as negative charge carriers and Ipg increases with a more pos-
itive Vigg. While in P-channel FETs, it is the absence of electrons ("holes" in the
material) that behave as positive charge carriers, causing Ipg to increase with a
more negative Vgg.[45]

One important type of FET is the Junction Field Effect Transistor (JFET).[47] In
semiconductor materials, P-type regions contain an excess of positive charge carriers
("holes"), while N-type regions contain excess electrons.[47] In an N-channel JFET,
P-doped gate regions surround an N-type channel between the source and drain
terminals, creating a PN-junction with the conducting channel.[47] When a more
negative voltage is applied between the gate and source, the conducting channel
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inside the transistor becomes narrower, which reduces the current flowing between
the source and drain terminals.[47] When the depletion regions extend across the
entire channel, the channel becomes fully pinched off and the current is reduced to
approximately zero, the corresponding gate voltage is referred to as the pinch-off
voltage or Vig(omr).[47) Most JFETs operate in depletion mode, meaning that the
transistor conducts current at Vg = 0 and is turned off by applying a gate voltage
of the appropriate polarity, for N-channel JFETs, Vizg(ofr) is therefor negative.[47]

Transistors can be characterized using several different measurement configurations.
One commonly used approach is to record transfer characteristics, where Ipg is
measured as a function of gate-source potential Vg at a fixed drain-source potential
Vps.[48] These measurements provide information about transistor behavior and can
be used to determine parameters such as transconductance and operating conditions,
where transconductance is defined as equation 2.7 below.[48] [49]

_dIp
- dVeg

Im (2.7)

In addition to transfer curve measurements, FET-based biosensors can also be op-
erated during chronoamperometric measurements.[50] Chronoamperometry (CA) is
an electrochemical method in which a fixed electrode potential is applied relative
to a reference electrode while the resulting current is monitored over time.[51] By
operating a FET during CA measurements, small electrochemical changes at the
sensing surface can lead to amplified changes in the measured drain-source current
due to the transistor’s sensitivity to variations in gate potential. This is particularly
promising for biosensor applications, where small electrochemical signals generated
by low-concentration binding events can otherwise be difficult to detect. In an EG-
FET design, an electrode is connected to the gate. The potential of the electrode
changes upon attachment of biomarkers to it, leading to changes in Vg which in
turn changes Ipg, allowing real time monitoring of proportional changes in biomarker
concentration.[29]

Debye length

The Debye length describes the characteristic distance over which electric charges
are screened in an electrolyte solution.[52] If an analyte binds too far from the trans-
ducer surface, the associated electric potential may decay before reaching the sensor
surface, thereby reducing the sensitivity of the measurement.[52] FET biosensors
rely on target molecules being located within the Debye length so that changes in
surface charge can effectively modulate the transistor signal.[53] Since conventional
recognition elements such as antibodies are often significantly larger than the effec-
tive Debye length, this size mismatch can lead to substantial signal reduction and
reduced detection sensitivity.[53] In biological environments with high ionic strength,
the Debye length decreases according to Equation 2.8.[54]

o ED'€R'R'T
A=\ "5 T (2.8)
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where g [F m™!] is the permittivity of free space, e is the relative permittivity of
the solvent, R [J mol~! K] is the gas constant, T' [K] is the absolute temperature,
F [C mol™] is Faraday’s constant, and I [mol m~?] is the ionic strength.[54]

For water under standard conditions, Equation 2.8 can be simplified to express the
Debye length in [nm]|, provided that the ionic strength I is expressed in molarity
[mol L1, according to

0304

Ap ~ 2.9

D \/T ( )
The Debye length depends on the ionic strength of the solution, which can be cal-
culated according to Equation 2.10.[54]

1

where ¢; is the concentration of ion ¢ and z; is its charge number. Since the ionic
strength depends on the concentrations of all ions present in the solution, changes
in pH can affect the ionic strength by altering the equilibrium concentrations of
pH-dependent species, such as phosphate buffer components. To determine these
concentrations, the Henderson-Hasselbalch equation can be used.[55]

[A7]

pH = pK, + log A

(2.11)

By rearranging Equation 2.11, the ratio between deprotonated and protonated
species can be expressed as

which gives

A7) = R-[HA

Using the total buffer concentration ¢y,

Ciot = [HA] 4+ [A7]
— [HA| + R [HA]
= [HA](1+ R)

which can be rearranged to
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Ctot
HA| = 2.12
[HA] = (212)

Substituting Equation 2.12 into the expression for [A~] gives

_ Ctot
A7l =R-
A 1+ & 2.13
Ctot'R ( )

T 1+R

These concentrations may then be used to calculate the total ionic strength of the
solution according to Equation 2.10 and subsequently used in Equation 2.9 to cal-
culate the Debye length.

2.2 Surface chemistry and functionalization

The performance of a biosensor is critically dependent on the chemistry used to mod-
ify and control the electrode surface. This section describes the principles underlying
surface immobilization used in this project, including disulfide based attachment to
gold, copper-free click chemistry and antifouling approaches to reduce non specific
binding.

2.2.1 Gold surfaces in biosensors and sulfur—gold chemistry

Gold is widely used as an electrode material in immunobiosensors.|[16][37][56][57] Its
favorable properties for biosensing include biocompatibility and electrical character-
istics that facilitate efficient electron transfer.[37] Gold is also considered chemically
inert, which contributes to its stability as a platform for surface functionalization.[58]
In addition, gold forms strong bonds with sulfur-containing ligands including thiols
and dithiolane-based structures, providing high-affinity sites for immobilization of
biomolecules such as antibodies used for biomarker detection.[58] These sulfur-gold
bonds can, however, desorb at sufficiently negative potentials due to reductive
processes [58], which is important to consider when applying negative potentials
in electrochemical measurements. The same article further shows that molecules
containing two sulfur atoms (dithiols) bind strongly to gold, supporting the use
of dithiolane-derived linkers such as the lipoamide-based linker employed in this
work. [58]
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The linker used in this work is lipoamido-PEG4-azide, whose general chemical struc-
ture is shown in Figure 2.3.

H
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Figure 2.3: Chemical structure of the linker molecule lipoamido-PEG,-azide,
where n denotes the number of ethylene glycol repeat units in the PEG chain.
Created in BioRender. Frykberg, L. (2026) https://biorender.com/rc8i92k

When the linker contacts the gold surface, the dithiolane ring opens and allows one or
both sulfur atoms to bind to the gold, resulting in a stable surface attachment. The
azide group remains exposed and enables the subsequent copper free click chemistry.
This surface chemistry is illustrated in Figure 2.4.
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Figure 2.4: Schematic illustration of lipoamido-PEG,-azide linker molecules im-
mobilized on a gold surface through sulfur-gold interactions, forming the basis for
subsequent surface functionalization. n denotes the number of ethylene glycol re-
peat units in the PEG chain.

Created in BioRender. Frykberg, L. (2026) https://biorender.com/nk6vv7y
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2.2.2 Copper-free click chemistry

Copper-free click chemistry has become widely used in modern surface functional-
ization due to its high selectivity and compatibility with biological environments.[59]
[60] [61]

The azide—-alkyne cycloaddition forms a triazole product, but the uncatalyzed reac-
tion proceeds too slowly at physiological or ambient temperatures in the absence of a
catalyst, reflecting a low intrinsic reaction rate.[59] [61] The introduction of copper
as a catalyst dramatically accelerates this transformation, establishing the classi-
cal copper-catalyzed “click chemistry” reaction.[59] [61] However, copper is toxic
in living systems and therefore incompatible with applications involving biological
environments. [59]

Ring strain can be used to accelerate the azide-alkyne reaction, as ring strain in-
creases the reactivity of cyclic alkynes.[59] This forms the basis of strain-promoted
azide—alkyne cycloaddition (SPAAC), a copper free click reaction in which a suf-
ficiently strained cyclic alkyne reacts selectively with azides under mild conditions
to form a stable triazole conjugate.[59] [60] [61] The driving force of SPAAC arises
from the high strain energy of the cyclic alkyne, and rational design of these strained
alkynes is therefore central to achieving fast and efficient reactions.[60] Dibenzocy-
clooctyne (DBCO) is a commonly used example of a strained cyclooctyne derivative
developed according to these design principles.

In practical surface functionalization, DBCO-coupled molecules can react with azide-
terminated linkers, such as the lipoamide-PEG4-azide used in this work, via SPAAC.
The reaction proceeds rapidly and selectively, forming a stable triazole product with-
out the need for a copper catalyst. The absence of copper catalysts reduces the risk
of surface contamination and potential interference with subsequent electrochemical

measurements. Figure 2.5 shows the general structure of the unbound click reagent
used in this work, DBCO-PEG4-OH.
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Figure 2.5: Chemical structure of a DBCO-PEG,-OH click reagent.
Created in BioRender. Frykberg, L. (2026) https://biorender.com/0oop8j5
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DBCO-PEG serves as a passivating molecule, as PEG chains reduce nonspecific
adsorption of proteins and other biomolecules.[58] By minimizing unwanted inter-
actions with the surface, PEG helps prevent false responses caused by nonspecific
binding. In this work, DBCO-PEG served as a proof of concept for the developed
surface functionalization protocol, as the same chemistry is intended to be employed
for the future incorporation of Fab’ fragments targeting the biomarkers COM P
and BGN?%2 as described in Section 1.3. Figure 2.6 shows the triazole-linked PEG
layer formed on a gold surface via SPAAC chemistry with DBCO-PEG.
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Figure 2.6: Schematic illustration of the triazole-linked PEG layer formed on a
gold surface via SPAAC chemistry between surface bound azide-terminated linker
and DBCO-PEG.

Created in BioRender. Frykberg, L. (2026) https://biorender.com/2qslmt2

2.2.3 Non-specific binding and antifouling strategies

Saliva contains a broad range of biomolecules. These include nucleic acids, proteins,
metabolites and microbial components, which makes it a valuable medium for dis-
ease screening and diagnostics.[62] This biochemical complexity, however, introduces
challenges when measuring specific biomarker binding, as nonspecific adsorption can
obscure the true analytical signal. Antifouling strategies therefore play a crucial role
in ensuring that the measured response reflects specific interactions rather than back-
ground noise, even if an on site calibration against a control according to equation
1.2 were to be performed. As described in Section 2.2.2, PEG chains contribute to
surface passivation. However, because DBCO-PEG must attach to a linker, and the
linker mot likely does not fully cover the electrode surface, small uncovered regions
may remain, allowing for nonspecific adsorption to occur. To minimize this, BSA is
commonly introduced as an additional blocking agent.
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2. Theory

BSA has attracted considerable interest as an antifouling agent due to its biocompat-
ibility and ability to reduce nonspecific adsorption.[63] The antifouling properties
of BSA are associated with its spherical conformation, amphiphilic surface, and
multiple functional groups, which promote the formation of hydrated and sterically
hindering surface layers that reduce nonspecific biomolecular adsorption.[63] BSA
adsorption on gold surfaces has also been reported to form multilayer structures or
continued adsorption beyond an initial monolayer, depending on conditions and sur-
face chemistry.[64] This can allow BSA to contribute to coverage of exposed regions
of the electrode surface that are not occupied by linker molecules or DBCO-PEG
groups. Consequently, BSA blocking can reduce nonspecific adsorption and improve
the selectivity of electrochemical biosensing measurements performed in complex bi-
ological samples such as saliva.

In addition, the net charge of BSA depends on the surrounding pH. Since the iso-
electric point of BSA is approximately pl ~ 4.7, BSA carries a net negative charge at
physiological pH values above this point.[65] Knowledge of the BSA surface charge
is relevant for the EG-FET sensing system, since negatively charged species near
the transistor surface are expected to induce channel depletion in an N-type tran-
sistor, which under fixed bias conditions can lead to a reduction in the drain-source
current. The presence of negatively charged BSA layers may therefore contribute to
modulation of the electrical response during measurements. Figure 2.7 shows the
fully functionalized surface created in this work.

OH OH OH OH OH
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Figure 2.7: Schematic illustration of the fully functionalized surface, showing a
triazole-linked PEG layer and subsequent BSA adsorption.
Created in BioRender. Frykberg, L. (2026) https://biorender.com/zub5znjj
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2. Theory

In addition to serving as a proof-of-concept surface in this work, PEG-functionalized
surfaces will also act as essential controls in the future sensor design. Such PEG-only
surfaces enable quantification of nonspecific adsorption and allow on-site calibration
by separating the specific signal arising from biomarker-Fab’ binding events from
the nonspecific background according to Equation 1.2 presented in Section 1.3. The
PEG chain lengths suggested in the same section for both the linker and click chem-
istry are consistent with those intended for future functionalization of both the active
and control surfaces.
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Methods

The following chapter outlines the theoretical background, experimental setup, and
practical procedures used in this work. It begins with the electrostatic considerations
related to the Debye length, followed by the development and stability character-
ization of the EG-FET system. The subsequent sections describe the materials,
fabrication steps and measurement procedures applied throughout the study.

3.1 Debye length

The concentrations used for calculating the ionic strength and the corresponding
Debye length are provided in this section. The ionic strength was calculated at
three different pH values: 6.0, 8.3 and 9.0. These values were selected based on the
pH range reported in Table 5 of the article "Straight from the horse’s mouth: The
effect of different feedstuffs on oral pH in horses and ponies", where the measured
oral pH ranged from 5.86 to 9.05, with a mean value of 8.28.[66]

Table 3.1 displays the concentrations of components measured in equine saliva.

Table 3.1: Mean electrolyte and urea concentrations in equine saliva before and
50 minutes post mastication of forage, adapted from Table 1 in the article " Equine
saliva components during mastication, and in vivo pH changes in the oral biofilm of
sound and carious tooth surfaces after sucrose exposure".[67]

Component | 0 min [mM] | 50 min [mM]
Na 5.75 10.6
K 22.2 34.4
Ca 1.37 2.71
p 0.26 0.37
HCO; 27.1 27.5
Urea 2.67 3.17
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Table 3.2 displays the standard concentration of components in PBS.

Table 3.2: Standard formulation of PBS (pH 7.4).[68]

Substance | Concentration [mM]
NaCl 137
KCl 2.7
Nag HP 04 10
KH,PO, 1.8

3.2 EG-FET development and stability charac-
terization

During the initial phase of the project, preliminary experiments were conducted
to evaluate transistor behavior, characterize the measurement setup and identify
suitable operating conditions for the EG-FET sensing system. An EmStat Pico
Development Kit was used to bias the transistor, perform electrical measurements
and stream data to a computer via USB.

In this work, Vg is defined as the potential applied by the EmStat Pico potentiostat
between the working electrode (WE, acting as the gate electrode in the EG-FET
configuration. See Section 3.2.1) and the reference electrode (RE). The counter
electrode (CE) is included in the three-electrode setup on the SPE but does not
contribute to the definition of Vzg. The drain-source bias Vpg is applied across
the transistor’s drain and source terminals, and the resulting drain current Ipg is
recorded.

Several field-effect transistors (FETS) were screened to identify devices with high sen-
sitivity within the voltage and current limitations of the EmStat Pico system (£2
V output range and +3 mA current compliance).[69] Sensitivity was assessed based
on the modulation of drain current in response to changes in Vg potential. Mea-
surements were initially performed on a breadboard without any external electrode
connected, allowing direct comparison of transfer characteristics with manufacturer
datasheets. Based on these measurements, devices with the highest apparent sen-
sitivity (i.e. strongest Ipg response to changes in Vgg) were selected within each
transistor type for further evaluation.

A sensitive N-channel JFET (J113) was selected for further development. The
depletion-mode operation of this transistor allows measurable drain current at
Vs = 0, which is advantageous in an exploratory biosensing context where the
direction and magnitude of potential shifts at the gate are unknown. The transistor
was biased to operate in the steep region of the transfer curve while maintaining suf-
ficient dynamic range for drain current modulation within the limits of the EmStat
Pico system. The selected bias conditions were Vgg = —0.4,V and Vpg = 0.4,V for
subsequent chronoamperometric measurements. For transfer-characterization mea-
surements, different bias conditions were used throughout the work. In the final
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measurement protocol, the drain-source bias was set to (Vpgs = 0.6 V), with a gate-
voltage sweep range from (-1 V) to (0 V). Oscilloscope measurements confirmed
that both Vs and Vpg remained positive relative to ground during operation. The
apparent negative bias applied via the EmStat Pico originates from its internal ref-
erence scheme, where potentials are defined relative to the instrument measurement
channels rather than absolute ground.

To interface the transistor with an external electrode, a custom measurement setup
was constructed. The system was enclosed in a grounded aluminium housing to
reduce electromagnetic interference and coaxial cables were used between the enclo-
sure and the SPE connector to minimize noise in the signal path. This configuration
revealed stability limitations, where the introduction of the electrode and liquid in-
terface led to noticeable electrical drift and reduced repeatability in the transfer
characteristics measurements compared to the initial breadboard-mounted tests.

Short-term stability improvements were implemented through hardware modifica-
tions. These included the use of shorter coaxial cables and thermal stabilization of
the transistor using a copper heat spreader with thermal paste. In addition, a relay-
controlled reset circuit based on a Pickering 118-1A-3/2D reed relay was integrated
and triggered via the EmStat Pico GPIO5 output to discharge accumulated charge
prior to each transfer characteristics measurement.

A 1M resistor placed between C'E and RE was evaluated as a potential discharge
pathway but was not included in the final configuration. Transfer characteristics
were used to extract the transconductance (g,,) as a performance metric.

Prior to the functionalization experiments, the measurement approach was transi-
tioned from transfer-characterization measurements to chronoamperometry, which
was subsequently used as the primary measurement method for the EG-FET system.

3.2.1 Schematic diagram EG-FET system

The schematic shown in Figure 3.1 outlines the complete EG-FET measurement set
up, detailing the connections between the EmStat Pico, the Au-SPE and the J113
transistor. It also shows the integration of the Pickering 118-1A-3/2D relay used
for charge reset functionality, together with the grounding layout and aluminium
shielding enclosure used to minimize external interference.

The electrodes used in this work were all gold CTI Phase Zero SPEs bought from
Conductive Technologies via PalmSens, with a WE diameter of 2mm, correspond-
ing to a geometric surface area of approximately 3.14mm?2. SPEs were selected due
to their low cost, commercial availability and suitability for disposable biosensor
applications. Their planar geometry and "easy to switch" configuration also simpli-
fied measurements. Figure 3.2 shows a picture of the type of Au-SPE used as the
extended gate electrode platform in the EG-FET system.
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Figure 3.1: Schematic diagram of the complete EG-FET measurement system.
Including the J113 transistor, the Emstat Pico, the relay-based discharge circuit,
grounding connections and the aluminium enclosure used as electromagnetic shield-
ing.

Figure 3.2: Photograph of Au-SPE used in the EG-FET system, the WE geometric
area is approximately 3.14mm?.

3.3 Materials and equipment

The following section provides an overview of the materials, chemicals, software
tools and laboratory equipment used in this project. More detailed descriptions of
each category are presented in the subsequent subsections.

3.3.1 Chemicals and reagents

The chemicals and reagents used in this work are listed in Table 3.3, together with
supplier information and storage conditions. For the PDMS fabrication, a two com-
ponent SYLGARD™ 184 silicone elastomer system was used. Additional materi-
als used throughout the experiments included MilliQQ water, nitrogen gas and 96%
ethanol.
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Table 3.3: List of chemicals and reagents used in this project, including supplier
information and storage temperature for each compound.

Storage
Name CAS Supplier temperature
Bovine serum albumine 9048-46-8 Sigma-Aldrich (Merck) +4°C
Phosphate buffered saline (pH 7.4) - Sigma-Aldrich (Merck) RT
Sulfuric acid 7664-93-9 Sigma-Aldrich (Merck) RT
Lipoamido-PEG4-azide 890016-39-4 MedChemExpress —20°C
Dibenzocyclooctyne-PEG4-alcohol - Sigma-Aldrich (Merck) —20°C
Potassium hexacyanoferrate(III) 13746-66-2  Sigma-Aldrich (Merck) RT
Potassium hexacyanoferrate(Il) trihydrate 14459-95-1  ThermoFisher RT
Potassium chloride 7447-40-7 Sigma-Aldrich (Merck) RT
Synthetic COM P%¢ - Saritha Adepu -20°C
Synthetic BGN?62 - Saritha Adepu —20°C
Equine saliva - Saritha Adepu —20°C

3.3.2 Software

The software tools used in this project included ChemDraw, BioRender, PSTrace,
MATLAB, AT tools and Overleaf.

ChemDraw was used to draw chemical structures, while BioRender was employed
to design biomolecular illustrations and to convert vector graphics, .svg-files, into
regular .jpg-format. All electrochemical measurements, including electrode cleaning
procedures, were performed and logged in PSTrace. MATLAB was used for all data
processing, including plotting, curve fitting and extraction of parameters. Al tools
such as ChatGPT, Scopus and Microsoft Copilot were used as supportive tools to
identify relevant literature, explore thoughts and ideas, refine scientific text and
assist in the development of MATLAB code used for data processing. The report
was written in Overleaf using I¥TEX, which was also used to generate schematic
diagrams such as the wiring layout in Figure 3.1 and the Randles circuit in Figure
2.2.

3.3.3 Instruments and equipment

The instruments and equipment used in this project included the developed EG-
FET system, consisting of an EmStat Pico development kit, a J113 transistor and
CTI Phase Zero Au-SPEs with a working electrode area of 3.14mm?. Additional
equipment included a PalmSens3 potentiostat, an Eppendorf Multipette E3 (single-
channel), standard laboratory pipettes (1000 xL, 100 uL. and 10 uL), as well as a
custom polydimethylsiloxane (PDMS) setup. The PDMS setup included a 3D-
printed base plate for electrode placement, followed by a PDMS layer and a top
plate with incubation reservoirs, enabling selective incubation of the working elec-
trode on multiple electrodes simultaneously. This setup is further described in the
following section.

33



3. Methods

3.3.4 PDMS mold fabrication

A custom PDMS mold was fabricated to enable selective functionalization of the
WE on multiple electrodes simultaneously. The mold, bottom plate and top plate
containing integrated incubation reservoirs with an approximate volume of 400 uL
for selective isolation of the WE were all 3D-printed in PLA using ironing settings,
forming a complete custom setup tailored for this project. The preparation of the
PDMS and the corresponding CAD drawings relevant to the PDMS workflow are
presented in this section.

PDMS was prepared using a two-component SYLGARD™ 184 silicone elastomer
system, consisting of a base and a curing agent mixed in a 10:1 ratio. A total of
55 g of PDMS was prepared by mixing 50.1 g of base with 5.4 g of curing agent.
After manual mixing, the mixture was initially degassed in a vacuum chamber to
reduce the amount of entrapped air bubbles before being poured into two separate
molds with shapes and dimensions according to Figure 3.3. The filled molds were
subsequently placed in a vacuum chamber and degassed until no visible air bubbles
remained upon releasing the vacuum, a process that required approximately one
hour. The molds were positioned on a level surface, verified using a spirit level, to
ensure uniform curing. The PDMS was cured at room temperature for six days, as
the PLA molds could not withstand elevated temperatures that else would reduce
curing time. After curing, the PDMS structures were released from the PLA molds
by cutting along the outer edges with a scalpel and carefully peeling them away.

Figure 3.3: CAD drawing of the mold used for PDMS casting, including dimensions
in [mm]. The raised central structures define the openings corresponding to the
working electrode areas, while the surrounding recessed regions generate a thicker
PDMS sealing region around each WE interface.

The mold geometry used for PDMS casting is shown in Figure 3.3. The raised
central structures in the mold correspond to the position of the WEs of each SPE
and were designed to create openings in the cured PDMS layer, thereby preventing
PDMS coverage of the active WE surface. The mold created has space for a total
of 36 electrodes. A recessed region surrounding each WE structure was included
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to produce a locally thicker PDMS region around the WE interface. This design
was intended to improve sealing performance during compression in the assembled
setup.

The resulting PDMS layer can be represented as a negative replica of the mold
geometry, shown in Figure 3.4, where the thicker sealing region surrounding the
WE openings can be observed.

Figure 3.4: Negative replica of the mold geometry representing the resulting
PDMS, including thicker sealing regions surrounding the openings around each WE.

The CAD drawing of the bottom plate used in the final PDMS assembly is shown in
Figure 3.5. During assembly, the electrodes were positioned in the plate with their
active surfaces facing upward. Recessed electrode pockets matching the electrode
geometry, including rounded corners to ease insertion, were incorporated into the
bottom plate to enable reproducible electrode positioning and to reduce movement
of the electrodes during addition as well as compression with the PDMS layer. The
recess depth was selected to improve mechanical stability while still maintaining
sufficient compression of the PDMS to ensure proper sealing around each WE.

Figure 3.5: CAD drawing of the bottom plate used in the final PDMS assembly,
including dimensions in [mm]. Recessed electrode pockets with rounded corners
were incorporated to facilitate electrode insertion, improve reproducible positioning
and reduce movement during addition as well as compression with the PDMS layer.

35



3. Methods

The CAD drawing of the alignment frame used in the final PDMS assembly is shown
in Figure 3.6. The frame was designed to facilitate reproducible positioning of the
PDMS layer during assembly and to mechanically secure the bottom and top plates
relative to each other in the assembled setup.

Figure 3.6: CAD drawing of the alignment frame used in the final PDMS assembly,
including dimensions in [mm]. The frame was designed to guide placement of the
PDMS layer and maintain alignment between the bottom and top plates during
assembly and operation.

The CAD drawing of the top plate used in the final PDMS assembly is shown in Fig-
ure 3.7. The top plate contained integrated incubation reservoirs positioned above
each WE, enabling selective exposure of only the WE surface to functionalization
solutions during incubation. Each reservoir had an approximate volume of 400 uL.

Figure 3.7: CAD drawing of the top plate used in the final PDMS assembly,
including dimensions in [mm]. Integrated incubation reservoirs aligned with the
WE positions enable selective functionalization during incubation. Each reservoir
had an approximate volume of 400 uL.
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The final PDMS setup used for electrode incubation on WE exclusively is shown in
Figure 3.8.

(d)
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(f) (2) (h)

Figure 3.8: Top and side views of the assembled PDMS setup used for selective
incubation on WE. Subfigures (a—e) show the set up from above, and subfigures (f-j)
show the corresponding side views.

()

The assembly was performed in five steps. First, the electrodes were positioned in the
bottom plate (a, f). A guiding frame was then added to ensure correct alignment of
the PDMS layer and the top plate (b, g). The PDMS piece, designed to seal around
WE of each electrode, was placed next (c, h). This was followed by the top plate
containing funnels aligned only with WE of each electrode (d, i). Finally, the entire
construction was clamped together to secure a tight seal during incubation (e, j).

3.4 Measurement procedures

The following section provides an overview of the measurement procedures used
throughout the project, including instrument settings, preliminary tests, validation
experiments, and the workflow for surface functionalization on the SPEs together
with the data analysis used in this project. More detailed descriptions of each part
of the measurement workflow are presented in the following subsections.

3.4.1 Settings

CV and EIS measurements were performed with a PalmSens3 potentiostat and CA
measurements with the custom EG-FET system, all using predefined techniques
for each type found in PSTrace, with parameter adjustments as specified below.
Only the transfer characteristic measurements of the EG-FET system required a
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custom MethodSCRIPT in PSTrace. This script was adapted from the exam-
ple provided in the Application Note PSAN-EmStat Pico Field Effect Transistor
Characterization.[70] Modifications of the script was mainly made to the potential
ranges, sweep parameters, as well as the relay based discharging immediately prior
to each measurement. The full MethodSCRIPTs used in this work are provided in
Appendix A, this includes not only the script used for the transfer characteristic

measurements but also the predefined PSTrace Techniques with the exact settings
applied in this project for both CV, EIS and CA.

The CV cleaning procedure was performed using a 20s equilibration time, followed
by potential cycling between —0.1V and +1.5V with a step size of 5mV and a scan
rate of 100mV s~!. A total of 30 scans were recorded.

For the CV functionalization measurements, the same equilibration time was ap-
plied, but the potential window was adjusted to —0.5V to +0.5V, again using a
5mV step size, a scan rate of 100mV s~!, and three consecutive scans. The poten-
tial window was intentionally limited to —0.5V to 4+0.5V to minimize the risk of
disrupting the surface-bound molecular layers during repeated measurements. Con-
sequently, simplified procedures were used for determining I,,. and I,,, as described
in Section 3.4.7.

EIS measurements were carried out after a 45s equilibration period using a DC
potential of 0.28V together with a 10mV AC potential. A total of 30 frequencies
were recorded in the range from 50kHz down to 0.05Hz.

CA measurements were performed with no equilibration time and a constant gate
voltage of —0.4V. The drain-source voltage was set to 0.4V, and the Ipg current
was sampled every 0.1s over a total duration of 18 000s (5h) unless stopped.

The transfer-characteristic measurements were performed by applying a drain-source
voltage of 0.6V while sweeping the gate voltage from —1.0V to OV at a rate of
10mV s~!. Prior to each sweep, both Vg and Vg were set to zero, and a relay-based
zeroing step was executed over the same gate interval using a faster 100mV s—! sweep
in order to reduce residual charge effects.
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All measurements in this project were performed using PSTrace, an overview of the
measurement systems used with corresponding settings can be seen in Table 3.4.

Table 3.4: Summary of electrochemical measurement settings used in this work.

Measurement | Instrument| Solution Main settings Purpose
teq = 20s Cleaning
Eyv,=-01V and
) Eyy =415V electrochemical
CV cleaning PalmSens3 | 0.5 M Hy,SOy4 Eoy = 5mV sctivation
scan rate = 100mV s~ Y| of
Nscans = 30 Au-SPE
teg = 2058
oV 5 mM K;3[Fe(CN)g] fE?m B ;8?2// Monitoring
PalmSens3 | / 5mM Ky[Fe(CN)g]| V2 . electrode
measurement Estep = 5mV ) .
/ 0.1 MKCl soan Tate — 100 mV s-! functionalization
Nscans = 3
teq = 498
EIS 5 mM K;[Fe(CN)g] fjdc B (3021?3// Monitoring
PalmSens3 | / 5mM K,[Fe(CN)g]| electrode
measurement / 0.1 MKCl Rjreq = 30 functionalization
' Mazx freq = 50 kHz
Miny.q = 0.05Hz
teq = 08
. . Vaos=—-04V Monitoring
CA EG-FET Func'.clonahzatlon Vps =404V electrode
measurement solution . .
system tine = 0.18 functionalization
trun = 18000 s
Transfer Vs =06V
characteristics | EG-FET Func“clonahzatlon Vas: —1.0to 0V EG-FET. ‘
solution Vitep: 1V characterization
measurement system scan rate — 10 mV s

3.4.2 Preliminary tests

Preliminary tests were conducted to evaluate whether the same electrode could
be used throughout the surface functionalization workflow for both EIS and EG-
FET measurements, using transfer characteristics as the measurement mode for
the EG-FET system. Cross exposure between different analytical fluids (EIS per-
formed in redox solution and EG-FET directly on analyte), charging effects, or
adsorption phenomena could influence subsequent measurements and was therefore
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investigated.

Three gold electrodes were used to assess potential cross interference. One electrode
was measured only with EIS, one only with the EG-FET system, and one was
measured first with the transistor and then with EIS. After the initial measurements,
all electrodes were incubated for one hour in a BSA solution prepared in PBS at a
concentration of 10 mgmL~!. The same measurement sequence was then repeated
for each electrode to evaluate whether both techniques could be applied to the same
electrode without influencing the results.

To further investigate whether one technique affected the other, the electrode ini-
tially characterized with EIS was subsequently measured with the EG-FET setup
and then again with EIS after the BSA incubation. This allowed assessment of
whether the transistor measurement altered the EIS response. Similarly, the elec-
trode initially measured with the EG-FET system was subsequently characterized
with EIS and then again with the EG-FET to determine whether the EIS measure-
ment influenced the transistor response. The design and outcome of these tests are
presented in Section 4.3.

3.4.3 Validation of surface cleaning and activation

To validate the surface cleaning and activation procedure, CV measurements
were performed in a ferri/ferrocyanide redox solution consisting of 5mM
K;[Fe(CN)g]/K4[Fe(CN)g]/0.1M KCI. The procedure was done in triplicate. Each
electrode was first measured in its initial, uncleaned state to establish a baseline re-
sponse. The electrodes were then rinsed in three separate MilliQQ baths and cleaned
electrochemically in 0.5M sulfuric acid using CV. Thereafter, the electrodes were
again rinsed in three consecutive MilliQQ baths and measured according to the same
procedure.

To investigate whether the wash buffer used in the ELISA protocols of both
COM P'*% and BGN?% could be applied in future workflows, the cleaned electrodes
were incubated for one minute in 10mM PBS with 0.05%Tween-20. The short in-
cubation time was chosen deliberately, as the solution is not intended as a storage
medium but only as a wash buffer. To evaluate whether Tween-20 introduced non-
specific adsorption or other effects that could influence the electrochemical response,
after incubation, the electrodes were rinsed in three fresh Milli-Q baths and again
measured according to the same procedure.

3.4.4 PDMS Leakage Assessment

To evaluate whether the PDMS wells provided sufficient containment during incu-
bation steps, two electrodes were first cleaned in 0.5M sulfuric acid according to
the cleaning protocol used for CV, rinsed in three Milli-Q baths and then measured
in ferri/ferrocyanide redox solution (5mM Kj[Fe(CN)g]/K4[Fe(CN)g]/0.1M KCl) ac-
cording to the EIS protocol used. One electrode was then placed inside a PDMS
well, while the other was left without PDMS to serve as a reference.

40



3. Methods

Both electrodes were then incubated for one hour in a BSA solution prepared at
10mg mL~! in PBS. After incubation, the electrodes were rinsed in three consecutive
MilliQQ baths and measured again. This procedure allowed assessment of whether
the PDMS setup influenced protein adsorption and thereby assessment of possible
leakage during incubation.

3.4.5 Surface functionalization on SPE

Surface functionalization of Au-SPEs was carried out over three consecutive days.
An overview of the funztionalization protocol can be seen in Table 3.5.

Table 3.5: Overview of the surface functionalization workflow performed over three
days, including electrode state, measurements and incubation steps. CV and EIS
were performed in triplicate, while CA was performed on a single electrode and
only during functionalization steps (linker, click chemistry and BSA incubation),
not during saliva measurements.

Day

Cleaning + linker Bare, 0 CA/CV/EIS Linker incubation

overnight
Click reaction Linker-modified, | CA/CV/EIS DBCO-PEG incubation
1 initiated and continued
overnight
3 (step 1) | Passivation step Click- CA/CV/EIS BSA incubation ( 1 h)
functionalized, 2
3 (step 2) | Biological exposure Fully functional- | CV/EIS Saliva incubation ( 1 h)
ized, 3
3 (step 3) | Final readout Post saliva, 4 CV/EIS

On the first day, baseline measurements were performed on cleaned electrodes before
the linker solution was added. On the second day, the linker-modified electrodes were
measured again and subsequently incubated with the click-reagent. On the third
day, the click-functionalized electrodes were measured, after which BSA was added
for passivation and the electrodes were measured again to assess the BSA response.
Finally, saliva was introduced and a last measurement was performed to evaluate
nonspecific binding.

All functionalization steps were performed in triplicate for both CV and EIS, while
CA was only done for one electrode due to time constraints. Two types of con-
trols were included throughout the procedure: one unmodified electrode and one
linker-only electrode. Both controls were kept in the corresponding solvent as the
fully modified electrodes during all incubation steps to ensure that any solvent de-
pendent effects on the electrochemical response could be distinguished from effects
arising from surface chemistry. The linker only control also served to verify that the
linker attachment step had been successful before proceeding with the full function-
alization sequence. Furthermore, each functionalization step was evaluated relative
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to the preceding surface state, which served as the primary control when assessing
the effect of the subsequently added molecular layer.

Below shows the filename used for the CA electrode and Tables 3.6 and 3.7 sum-
marize the electrode layout used in the PDMS set ups as well as the corresponding
file name structure for both CV and EIS measurements. These tables provide an
overview on how each electrode position was assigned, how the measurements were
organized and how the resulting .csv files were stored.

CA electrode: GD1.CA. XXX

Table 3.6: Overview of file names and electrode placement in PDMS set up used
for CV measurements.

GD1.CTRL. GD1. GD1. GD1. GD1.CTRL.
Linker. Electrode_ | Electrode_ | Electrode_ Bare.
CV.XXX 1.CV. XXX 2.CV.XXX 3.CV.XXX CV.XXX

Table 3.7: Overview of file names and electrode placement in PDMS set up used
for EIS measurements.

GD1.CTRL. GD1. GD1. GD1. GD1.CTRL.
Linker. Electrode_ | Electrode_ | Electrode_ Bare.
EIS.XXX 1.EIS.XXX | 2.EIS.XXX | 3.EIS.XXX EIS.XXX

XXX =

e 0 = bare electrode

e 1 = linker

e 2 = linker + DBCO-PEG

o 3 = linker + DBCO-PEG + BSA

e 4 = linker + DBCO-PEG + BSA + saliva

All experiments and incubation times were performed at room temperature. Before
each measurement, the conductive tracks on each electrode were dried carefully. New
aliquots of linker, click-molecule and saliva were used during the functionalization.
The redox solution and PBS were prepared on the first day and used throughout
all three experimental days. Sulfuric acid was bought prepared, while linker, click-
molecule and BSA were diluted immediately before use.

Day 1. The redox solution, 5mM K3[Fe(CN)6]/K4[Fe(CN)6] / 0.1M KCI, was
prepared by dissolving 41.15mg potassium hexacyanoferrate(Ill), 53mg potassium
hexacyanoferrate(I1), and 373mg potassium chloride, and filling up to 50mL with
MilliQ water. The solution was stirred until fully dissolved and subsequently de-
gassed by continuous bubbling with nitrogen, this was maintained throughout the
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laboratory day. At the end of the day, the nitrogen flow was stopped and the con-
tainer was sealed with a cap. PBS was prepared by dissolving one tablet in 200mL

MilliQ water. The PDMS mold was cleaned with MilliQQ, dried with pressurized air
and left to air dry.

The linker solution was prepared by dissolving approximately 20mg lipoamido-
PEG4-azide in 10mL 96% ethanol, corresponding to an estimated linker concen-
tration of approximately 5mM. Due to the highly viscous and oily nature of the
linker, the exact transferred mass could not be determined with high precision. All
electrodes except for the CA electrode were placed in the PDMS setup prior to linker
addition to ensure functionalization only on the working electrode surface.

To minimize the time between electrode cleaning and linker application, all pro-
cedures were organized so that each electrode could be functionalized as soon as
possible after preparation. The CA electrode was therefore started immediately af-
ter cleaning, and two separate PDMS setups were used to allow parallel processing
of CV and EIS plates without delay. The bare control electrode, which was not
intended to receive any linker, was cleaned first and consequently had the longest
waiting time before receiving solvent in the PDMS setup. Electrode cleaning was
done electrochemically using CV in 0.5M sulfuric acid.

The CA electrode was cleaned first, rinsed in three separate MilliQQ baths, and im-
mediately connected for chronoamperometric measurement, which was allowed to
run continuously throughout the laboratory day. Directly after starting the mea-
surement, 4000 puL of the linker solution was added to the cuvette. When the mea-
surement was finalized, 2000 pL was removed to avoid incubation on the conductive
tracks, the cuvette was sealed, and the electrode was left for overnight incubation.

While the CA measurement was ongoing, all electrodes intended for the CV plate
were cleaned, rinsed in three separate MilliQQ baths, and stored in MilliQQ until the
entire plate was ready. Baseline cyclic voltammetry measurements in redox solution
of each CV electrode were then performed, followed by rinsing in three separate
MilliQQ baths and stored in MilliQQ until the entire plate was measured. Once all
CV baseline measurements were completed, the electrodes were placed in a PDMS
setup and left for incubation overnight with 300 pL of linker solution added to each
reservoir and sealed with parafilm.

After completing the CV workflow, all electrodes intended for the EIS plate were
cleaned, rinsed, measured for baseline, rinsed, and incubated with linker in the same
manner as the CV plate but in a separate PDMS setup.

Day 2. On the second day, the redox solution was bubbled with nitrogen for at least
20 minutes prior to the first measurement and then kept under continuous nitrogen
bubbling until all measurements for the day was completed. When done, the nitrogen
flow was stopped and the container was sealed with a cap. The click-reagent was
prepared by dissolving 7.34mg DBCO-PEG4-OH in 12mL PBS, corresponding to a
concentration of approximately 1.2mM.

The CA electrode was rinsed in three separate MilliQQ baths, and immediately con-
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nected for chronoamperometric measurement. Directly after starting the measure-
ment, 4000 L. of the prepared click solution was added to the cuvette, and the
measurement was kept running continuously throughout the laboratory day. When
the measurement was finalized, 2000pL. was removed to avoid incubation on the
conductive tracks, the cuvette was sealed, and the electrode was left for overnight
incubation.

While the CA measurement was ongoing, all electrodes intended for CV measure-
ments were removed from the PDMS set up, rinsed in three separate MilliQ baths,
and stored in MilliQ) until the entire plate had been processed. Cyclic voltammetry
measurements in redox solution of each CV electrode were then performed. Directly
after measurement, the electrodes were again rinsed in three consecutive MilliQ)
baths and placed in sealed glass cuvettes containing 2000puL of the prepared click
solution for overnight incubation. The cuvettes were labeled according to the elec-
trode type they contained, and each cuvette was additionally marked with a “CV”
and “EIS” side. This allowed both CV and EIS electrodes to be incubated in the
same cuvette, necessary due to limited availability of reagents.

After completing the CV workflow, all electrodes intended for EIS measurements
were handled in the same manner. They were removed from the PDMS set up,
rinsed, measured, rinsed and and incubated with click solution in their corresponding
cuvette.

Day 3. On the third day, the redox solution was again bubbled with nitrogen for at
least 20 minutes before the first measurement and subsequently maintained under
continuous bubbling throughout the laboratory day. BSA solution (10mgmL™!) was
prepared by dissolving 0.5¢ BSA in 50mL PBS.

The CA electrode was rinsed in three separate MilliQQ baths and immediately con-
nected for chronoamperometric measurement. Directly after starting the measure-
ment, 4000pL of the prepared BSA solution was added to its cuvette, and the mea-
surement was kept running continuously throughout the laboratory day.

While the CA measurement was ongoing, all CV electrodes were sequentially rinsed
in three separate MilliQQ baths, measured using cyclic voltammetry in redox solution,
rinsed again, and placed in sealed glass cuvettes containing 2000pL of the prepared
BSA solution for incubation of approximately one hour.

After completing the CV workflow, the same procedure was repeated for the EIS
electrodes.

During BSA incubation, the saliva sample was thawed. This pooled sample con-
tained saliva from multiple horses and had previously been analyzed with ELISA,
showing concentrations of 80ngmL~! for COM P%% and 425ng mL~! for BGN?%2,

After one hour of BSA incubation, CV electrodes were rinsed in three MilliQ) baths,
measured in redox solution, rinsed again, and placed in cuvettes containing 2000pL
saliva sample for incubation of one hour. The same procedure was then repeated
for the EIS electrodes.
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After the final incubation, CV electrodes were rinsed in three MilliQQ baths and
measured the same way again, followed by the same procedure for the EIS electrodes.

3.4.6 Supplementary EG-FET CA Experiments

Supplementary chronoamperometric measurements were performed to explore how
the EG-FET system responded during binding events other than the ones measured
during the functionalization protocol. The aim was to evaluate whether the system
could detect adsorption of BSA that has a known net charge below zero or any of
the synthetic biomarkers, COM P'%% and BGN?%2, on a bare electrode surface.

BSA measurements

CA measurements were performed to explore how the EG-FET system responded
when BSA adsorption is applied directly on the electrode surface. A BSA solution
with a concentration of 10mg mL~! was used. Cleaned electrodes were prepared by
CV in 0.5M sulfuric acid followed by rinsing in three consecutive MilliQQ baths.

For each measurement, a CA recording was initiated on a gold electrode, after which
the BSA solution was added to the cuvette to fully cover the active surface of the
electrode. Four conditions were tested to evaluate the influence of electrode cleanli-
ness and solvent: a cleaned electrode with BSA dissolved in PBS, a cleaned electrode
with BSA dissolved in MilliQ (performed in duplicate), an uncleaned electrode with
BSA dissolved in PBS and an uncleaned electrode with BSA dissolved in MilliQ.

Synthetic biomarker measurements

CA measurements were also performed using synthetic biomarkers of COM P
and BGN?%2, each prepared at a concentration of 10ug mL™! by diluting 10uL of
2mg mL~! stock solution in 2mL solvent. All measurements were conducted on
electrodes cleaned with CV in 0.5M sulfuric acid and subsequently rinsed in three
consecutive MilliQQ baths.

For each experiment, a CA recording was initiated on a cleaned bare gold electrode,
after which the biomarker solution was added to the cuvette to fully cover the active
surface of the electrode. Each biomarker was tested using two different solvents, re-
sulting in four separate conditions: BGN?62 dissolved in MilliQ, COM P dissolved
in MilliQ, BGN?%? dissolved in PBS and COM P dissolved in PBS.

3.4.7 Data analysis

All experimental data were exported directly from PSTrace in .csv file format and
subsequently imported into MATLAB for analysis and visualization. The MAT-
LAB scripts used for data processing of EIS and CV measurements are provided in
Appendix B. CA and transfer characteristic transistor measurements did not un-
dergo any additional numerical processing, the recorded data were simply plotted
and compared.

The EIS data were fitted in MATLAB using circuit models based on the Ran-
dles circuit described in equations 2.1 and 2.3. Nonlinear least squares fitting was
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performed using deterministic multistart optimisation in order to improve fitting
robustness and reduce sensitivity to initial parameter estimates. The fitting proce-
dure extracted parameters including Ry, R, @, o, 0, 7, Ceg and RMSE as well as
relative RMSE and relative stepwise changes in R.;. To improve fit quality, optional
removal of edge data points at high and low frequencies was implemented. The max-
imum number of removable high frequency points was ten and the allowed number
for low frequency points removal was manually defined for each dataset after visual
inspection of the spectra and corresponding fits. No more than three low frequency
points were allowed to be removed. Point removal was only accepted if the RMSE
improved by at least 10%. All final fits were manually inspected to ensure physically
reasonable behavior and agreement with the experimental spectra. Figure 3.9 shows
examples of the circuit fitting applied to the EIS data.
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Figure 3.9: Example of EIS fitting performed by MATLAB on (a) a bare gold
electrode with no low frequency point removal allowed, and (b) a linker modified
electrode where removal of up to three low frequency points was permitted to achieve
the most accurate fit.

In Figure 3.9a, MATLAB achieves an almost perfect fit for the bare gold electrode
without removing any data points. In contrast, Figure 3.9b shows an example where
allowing the removal of up to three low frequency points was necessary to obtain a
curve that closely followed the experimental data.

For CV, the MATLAB scripts identified I, and I, together with E,, and £, di-
rectly from the measured data. The peak currents were extracted from the third
(final) cycle of each voltammogram to ensure a stable electrochemical response.
Peak currents were defined as the maximum anodic peak and the minimum cathodic
peak, with no baseline correction, since the potential window became too narrow
in later measurements to allow a consistent and comparable baseline fit across all
functionalization steps. Relative stepwise changes in anodic and cathodic peak cur-
rents between consecutive measurements were subsequently calculated and used for
comparison between functionalization steps. Figure 3.10 shows the peak detection
procedure applied to CV data.
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Figure 3.10: Peak detection performed by MATLAB on a bare gold electrode.
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Results

This chapter presents the experimental results obtained throughout the project, be-
ginning with the calculated Debye length for PBS, MilliQQ and equine saliva. This is
followed by an EG-FET development and stability characterization section moving
over to the outcomes of all experimental stages in the subsequent sections: pre-
liminary tests, validation of electrode cleaning and activation, assessment of PDMS
leakage, the full surface functionalization sequence on SPEs, and the supplementary
EG-FET chronoamperometric experiments.

4.1 Calculated Debye length

The ionic strength and corresponding Debye length of PBS, Milli-Q) water and equine
saliva samples described in Section 3.1 were calculated according to the equations
presented in Section 2.1.3. The resulting values are summarized in Table 4.1.

Table 4.1: Calculated ionic strengths and corresponding Debye lengths for PBS,
MilliQQ water and equine saliva at different pH values and incubation times. For
MilliQQ water, no defined pH value was assigned due to the absence of buffering
ions. The ionic strength and Debye length are therefore indicated qualitatively,
approaching zero and infinity, respectively.

Sample Time [min] pH [ [M] Ap [nm]

PBS - 740 0.167 0.740
MilliQ - - —0 — 00
Equine saliva 0 6.00 0.0304 1.74
Equine saliva 0 8.30 0.0308 1.73
Equine saliva 0 9.00 0.0308 1.73
Equine saliva 50 6.00 0.0419 1.49
Equine saliva 50 8.30 0.0424 1.48
Equine saliva 50 9.00 0.0424 1.48

A difference of approximately Inm in Debye length was observed between PBS and
equine saliva due to their differing ionic strengths. Since the effective sensing range
of the EG-FET is limited by the Debye length, these results indicate that ionic
strength may significantly influence the transistor response in future measurements.
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Variations within equine saliva resulted in less than 0.3nm difference in Debye length,
while pH variations produced only minimal effects with a maximum difference of
0.0Inm. The estimated Debye length of approximately 1.5-1.7 nm in equine saliva
obtained here suggests that the intended binding event distance of approximately
6 nm with future Fab’ fragments described in Section 1.3 lies outside the effective
sensing range of the system. This indicates that further optimization of the surface
architecture or linker design may be necessary to obtain a detectable signal in the
EG-FET system when detecting biomarker binding events.

The pooled saliva sample used during the functionalization experiments contained
saliva from multiple horses and had previously been analyzed using ELISA, showing
concentrations of 80 ng mL~! for COM P13 and 425 ngmL~! for BGN?%2, The pH
of the saliva sample was estimated using pH indicator paper, with the result shown
in Figure 4.1.
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Figure 4.1: pH indicator paper measurement of the equine saliva sample used
during the functionalization experiments.

The measured saliva pH was estimated to be approximately 8-8.5, with an accuracy
of £0.2 pH units. Based on the calculated ionic strengths presented in Table 4.1, this
corresponds to an estimated Debye length in the range of 1.48-1.73nm depending
on the ionic composition of the sample.

4.2 EG-FET development and stability charac-
terization

This section presents the results obtained during the EG-FET development and
stability characterization described in Section 3.2.

Repeated transfer-characterization measurements of individual transistors on the
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breadboard showed good repeatability, with only minor variations between runs.
These variations were not visually distinguishable in the transfer curves and were
therefore only identified through subsequent data analysis. Device sensitivity was
assessed by analyzing the modulation of /pg in response to changes in Vizg. A strong
current response to small variations in gate potential was considered desirable for
biosensing applications, as it indicates high transconductance and increased signal
amplification capability.

When the transistor was connected to the external Au-SPE, measurements were per-
formed with the electrode immersed in liquid to reduce capacitive noise and baseline
instability observed when operating the electrode in air. This configuration enabled
evaluation of how the presence of the electrode and its surrounding liquid environ-
ment influenced the transistor response compared to the initial breadboard-based
measurements. Introducing the electrode and liquid interface resulted in reduced
repeatability and the emergence of time-dependent variations in the transfer charac-
teristics. Repeated measurements of the same configuration frequently exhibited a
horizontal shift in Vg while maintaining a similar curve shape, indicating instability
in the measurement system.

A range of possible sources of instability were evaluated, including capacitive charg-
ing effects, grounding and shielding conditions, thermal effects and the mechanical
design of the electrode holder. Initial tests focused on the electrode holder, however,
repeated measurements using the same electrode configuration without changing its
position in the holder still exhibited lateral drift in the transfer characteristics. To
further investigate the origin of the observed behavior, control measurements were
performed using discrete capacitors (100 pF, type 101J) connected between the WE,
RE and CE terminals instead of an electrode. These measurements produced a sim-
ilar form of drift, suggesting that part of the observed instability was likely related
to the electrical measurement system. However, the behavior of a discrete capaci-
tor does not fully replicate that of an electrode in an ionic medium. In electrolyte
solutions, the high ionic strength provides a resistive pathway that helps discharge
accumulated capacitive charge, creating a filtering effect that is absent when only
capacitors or MilliQQ is used as surrounding solvent. As a result, direct compari-
son between these cases should be interpreted with caution. Despite this, drift was
still observed when measurements were performed in PBS, indicating that increased
ionic strength alone was insufficient to eliminate all drift.

Observations also indicated that the reference electrode was not fully reset to ground
potential during the controlled reset circuit, likely due to limitations in the measure-
ment hardware. Temperature dependence of the transistor response was evaluated
through CA measurements at fixed bias conditions. A weak dependence on tem-
perature was observed, with lower device temperatures corresponding to a slight
increase in Ipg, order of ~ 0.01uA.

Stability improvements implemented during the study reduced the magnitude of the
drift, although complete elimination of drift was not achieved within the scope of
this work. An example of the observed behavior is shown in Figure 4.2.
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Figure 4.2: Example of lateral drift in the transfer characteristics of the EG-FET
system, showing a horizontal shift in Vg between repeated sweeps with Vpg = 0.4V

Due to the variations in Ipg observed between different measurement sessions, sub-
sequent analysis of the transfer characteristics was based on the slope of the curves
rather than on absolute current levels at fixed gate potentials. The local slope of the
transfer curve remained consistent even when horizontal shifts in Vg were present.
Therefore, the transconductance provided a more reproducible parameter. Bind-
ing events at the gate interface of the electrode were expected to alter the effective
gate potential, thereby shifting the operating point of the transistor. Such a shift
would, according to Equation 2.7, influence the transconductance and result in a
corresponding change in the slope of the transfer curve. This behavior is analogous
to the effect observed when varying the set bias of Vpg. An example of how the
slope varied with different values of Vpg is shown in Figure 4.3.

Repeatability analyses were performed to evaluate how experimental variations
within the setup, including electrode exchange, solution replacement and cuvette
handling, affected the extracted slope and its standard deviation. These measure-
ments were performed in PBS and the results are presented in Appendix C.

Before the full functionalization experiments were initiated, transfer-characterisation
measurements were discontinued and chronoamperometry was selected as the pri-
mary measurement method for the EG-FET system. This decision was based on
early CA measurements, which did not exhibit the pronounced drift observed in the
transfer-characterisation measurements. Across all CA measurements performed
throughout the project, drift-like behavior was observed only once, shown in Fig-
ure 4.4. In that instance, the system stabilized after three rapid consecutive CA
start-ups, after which the effect did not reappear.

52



4. Results

4000

3500

3000 -

2500

Current [pA]
N
3
o

1500

1000 -

500 -

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0
Potential [V]

Figure 4.3: Transfer characteristics measured at different set Vpg, illustrating how
the chosen drain—source bias affects the slope of the curve.
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Figure 4.4: The only instance of drift-like behavior observed during CA measure-
ments. After three rapid consecutive CA sweeps, the system stabilized and the drift
did not reappear.

Over time, it also became clear that CA performed during binding events pro-
vided more direct information on changes in Ips compared to transfer character-
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istics measurements performed at equilibrium. In CA, shifts in Ipg are observed
during the binding process, whereas at equilibrium the current returns towards its
initial baseline value as further discussed in Section 4.7. Because the transistor
responds to changes in effective gate potential in the same way regardless of mea-
surement method the later findings in CA behavior indicated that equilibrium based
measurements, whether performed via transfer sweeps or CA, would not retain any
binding-related signal changes. This suggested that CA was better suited for cap-
turing time-dependent binding events in the effective gate potential and motivated
the decision to rely exclusively on CA for all functionalization and supplementary
experiments.

4.3 Preliminary tests

The results of the preliminary experiments described in Section 3.4.2 are presented
below. The combined electrode measurements are shown in Appendix D. However,
no interpretable conclusions could be drawn from the data of the combined electrode,
as it was not possible to determine whether one measurement method influenced the
other.

The results from the EIS electrode are shown in Figure 4.5.
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Figure 4.5: EIS measurements on the EIS electrode. Three measurements were
performed: first before BSA incubation, then after 1h incubation in BSA, followed
by an EIS measurement after the electrode had been subjected to a transistor mea-
surement.

A clear effect of the binding of BSA is observed. Additionally, preceding transistor

o4



4. Results

measurement showed that the impedance increased drastically after the transistor
test, and the EIS graph no longer overlaped with its preceding curve measured after
incubation with BSA. This indicates that the transistor measurement perturbed or
charged the electrode surface.

The results from the EG-FET electrode are shown in Figure 4.6.
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Figure 4.6: Transfer characteristics measurements on the EG-FET electrode.
Three measurements were performed: first before BSA incubation, then after 1h
incubation in BSA, followed by a transistor measurement after the electrode had
been subjected to an EIS measurement.

Here, the apparent shift after BSA incubation cannot be confidently attributed to
binding, since the observed change could equally well arise from lateral drift caused
by the uncertainty in the EG-FET system. The influence of the EIS measurement
is less pronounced but still visible, as the transfer curve measured after EIS mea-
surement does not overlay with its preceding curve measured after BSA incubation.
The curve has not only laterally shifted as usual but also cross the blue curve mea-
sured before incubation with BSA, indicating that the EIS measurement perturbed
or charged the electrode surface.

Based on these results, it was decided to not combine multiple measurement tech-
niques on the same electrode during later functionalization experiments. This deci-
sion was made to avoid cross method interference and to ensure that the extracted
parameters could be trusted. As described in Section 3.2, transfer characteristic
measurements were not used in subsequent experiments with the custom EG-FET
system. Instead, only CA measurements were performed with the transistor based
setup.
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4.4 Validation of surface cleaning and activation

The results of the cleaning tests described in Section 3.4.3 are presented below.
These tests were performed in triplicate and one representative dataset is shown
here, while the remaining two are provided in Appendix E.

A typical cleaning cycle can be seen in Figure 4.7. During the cleaning cycles,
the CV curves become increasingly overlapping with each cycle, indicating that
the electrode surface approaches a stable and reproducible state. This behavior is
expected for successful electrochemical cleaning, as repeated cycling removes surface
contaminants and gradually exposes a more homogeneous gold surface.

10

I [1A]

-20

_40 Il Il Il 1 Il Il 1 Il ]
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

.EM.

Figure 4.7: Typical cleaning cycle consisting of 30 CV scans in 0.5M sulfuric acid.

Prior and subsequent CV measurements on the same electrode are shown in Figure
4.8. The effect of the cleaning is clearly visible. The peak currents increase and the
voltammogram becomes less flattened, indicating improved electron transfer kinetics
and a cleaner, more electrochemically active surface. The short incubation in the
wash buffer containing Tween-20 produces a curve that nearly overlaps with the post
cleaning measurement, suggesting that the buffer does not adsorb to the surface or
hinder electron transfer. This confirms that the wash buffer could be used in future
experiments without affecting the electrode response if desired, although it was not
applied further in this project.
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Figure 4.8: CV measurements in 5mM K3[Fe(CN)6]/K4[Fe(CN)6] / 0.1M KClI
before cleaning, after cleaning and after 1 min incubation in 10mM PBS with
0.05%Tween-20.

4.5 PDMS Leakage Assessment

The results from the PDMS leakage experiments described in Section 3.4.4 are shown
in Figure 4.9. A clear difference is observed between the electrode that was fully ex-
posed to BSA and the electrode where only the WE was exposed through the PDMS.
After BSA incubation, both electrodes show less diffusion dominated graphs com-
pared to the graphs measured prior to BSA exposure. However, the electrode with
full exposure exhibits a substantially larger semicircle than the electrode that had
been restricted to only WE exposure during BSA incubation, indicating a stronger
blocking effect due to more extensive BSA adsorption. In contrast, the electrode kept
under PDMS shows a smaller increase in the semicircle, consistent with BSA binding
restricted to the WE area. This indicates that the PDMS seal was sufficiently tight
and prevented leakage or lateral diffusion of BSA underneath the PDMS. However,
as this experiment was not performed in triplicate and electrode to electrode vari-
ation cannot be ruled out, further testing would be required to confirm the PDMS
performance.
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Figure 4.9: EIS measurements used to assess PDMS leakage, measured before and
after 1 hour incubation with BSA. One electrode was fully exposed to BSA, while
the other was inside a custom PDMS set up with only WE exposed.

4.6 Surface functionalization on Au-SPEs

This section presents the results of the surface functionalization described in Section
3.4.5. Fully modified electrodes were prepared in triplicate, and both controls as well
as electrode 1 for each measurement technique (CV and EIS) are presented here.
Electrodes 2 and 3 for both CV and EIS are shown in Appendix F and follow the
same trends as electrode 1, which is discussed later in this section. The results indi-
cate successful linker immobilization on all eight electrodes that underwent this step,
as well as successful click reaction functionalization on all six electrodes subjected
to that procedure.

All EIS fits yielded a relative fitting error below 5%, with the exception of the
measurement done after incubation with saliva on electrode 2, where the fit quality
was poor and the relative fitting error reached 48.681%. Although removing a single
low frequency data point reduced the relative fitting error below 5%, the resulting
fit in that case did not follow the experimental data. Therefore, no low frequency
points were removed for this electrode.
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4.6.1 Overview of electrode groups and experimental work-
flow

To improve readability of figures and tables throughout this section, a list of com-
monly used abbreviations is provided in Table 4.2.

Table 4.2: List of abbreviations used in figures and tables.

Abbreviation | Meaning

LP4-Nj Lipoamido-PEG4-azide
DP4-OH DBCO-PEG4-OH

BSA Bovine serum albumin
EtOH Ethanol

PBS Phosphate buffered saline

The experimental workflow followed a stepwise surface modification protocol applied
to both fully modified electrodes and control electrodes. All electrodes were first
measured in their bare state, followed by sequential incubation steps as illustrated
below:

Bare Au — Linker incubation — Click incubation — BSA blocking — Saliva incu-
bation

All electrodes followed the same general workflow, although control electrodes were
excluded from specific modification steps depending on the control type and only
exposed to the corresponding solvent during incubation steps.

4.6.2 Functionalization sequence for fully modified elec-
trodes

Electrode 1 is used as a representative example for the fully modified electrodes, as
all three electrodes showed similar trends (see Appendix F).

All CV measurements for electrode 1 are shown in Figure 4.10, and the corresponding
peak potentials and peak currents are summarized in Table 4.3.
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Figure 4.10: Cyclic voltammograms of electrode 1 recorded at each step of the
functionalization protocol. a) All incubation steps including the initial bare mea-
surement. b) All steps except the bare measurement.

Table 4.3: Extracted peak potentials and peak currents for electrode 1 after each
measurement. The percentage change in peak currents is calculated relative to the
preceding step.

E,. [VI[L., [WA]TE,. [V] L. [uA] | L, step [%] | L,. step [%]
Au 0.210 25.8 0.0930 -21.3 NalN NalN
LP4-Nj3 0.498 6.44 -0.500 -3.62 -75.0 -83.0
DP4-OH | 0.498 0.773 -0.500 -1.22 -88.0 -66.5
BSA 0.498 0.735 -0.500 -1.78 -4.996 46.0
(Saliva) | 0.498 | 0.761 | -0.500 | -2.11 3.60 18.9

A stepwise decrease in peak currents is observed throughout the functionalization
sequence, indicating progressive surface blocking. The initial measurement displays
the expected well defined redox peaks of the redox couple, characteristic of a clean
and electrochemically accessible gold surface. After incubation with the linker solu-
tion, both anodic and cathodic peak currents decrease sharply, reflecting the forma-
tion of a surface bound linker layer that restricts electron transfer. The subsequent
click-incubation produces an additional and substantial reduction in peak currents,
consistent with the introduction of a second layer that further limits the accessibility
of the redox couple to the electrode surface. The combined effect of linker and click
molecule results in a markedly suppressed voltammetric response, consistent with
progressive surface insulation.

Following BSA incubation, the anodic peak current remains essentially unchanged,
while the cathodic peak becomes more negative. This behavior indicates that BSA
adsorption does not significantly alter the already suppressed electron transfer rate
imposed by the modification, but it modifies the interfacial environment in a way
that slightly facilitates reduction. The increased magnitude of the cathodic peak
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may reflect changes in local charge distribution or solvation that allow the redox
couple to approach the surface more easily during the reduction step.

Exposure to equine saliva produces only minor changes in both peak currents, indi-
cating that the surface is already strongly passivated by the full functionalization.
Any additional nonspecific adsorption from saliva therefore has limited impact on
electron transfer kinetics, consistent with the already highly insulated electrode sur-
face.

All EIS measurements for electrode 1 are shown in Figure 4.11, and the correspond-
ing fitted parameters are summarized in Table 4.4.
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Figure 4.11: Nyquist plots of electrode 1 recorded at each step of the functional-
ization protocol.

Table 4.4: Fitted EIS parameters for electrode 1 after each measurement. The
percentage change in R, is calculated relative to the preceding step.

R, [Q] R.[Q Q2| a |o[@s 17 T [s] RMSE [Q] | Rel. RMSE [%] | Cess [F] | Re step [%]
Au 0.00485 | 9.69 x10* [ 1.36 x10~° | 0.605 | 4.60 x10° 48.0 840 0.867 2.76 x10710 NaN
LP4-N; 254 4.13 x10° | 3.11 x1077 | 0.898 | 2.09 x10° | 8.43 x10° | 4.26 x103 1.03 1.06 x10~7 326
DP4-OH | 2.67 x10% | 4.45 x10° | 3.05 x10=7 | 0.886 | 3.55 x10° 3.69 3.79 x107 0.852 1.22 x1077 979
BSA 1.15 x103 | 4.73 x10% | 2.68 x10~7 | 0.913 | 1.85 x10° 2.96 3.80 x 107 0.802 1.24 x1077 6.35
(Saliva) 3.15 2.74 x10° | 2.74 x1077 | 0.863 | 2.68 x10° 0.0129 5.03 x10* 1.83 2.99 x1078 -42.1

The initial Au measurement displays the characteristic diffusion-dominated response
of a clean gold electrode. After incubation with linker solution, the semicircle in-
creases markedly, reflecting the formation of a surface bound linker layer that re-
stricts access of the redox couple to the electrode and thereby slows electron transfer.
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The subsequent click incubation produces a dramatic further increase in semicircle
size, consistent with the formation of a densely packed DBCO-PEG layer that results
in a substantially higher electron transfer barrier.

Following BSA incubation, the semicircle decreases slightly. This modest reduction
suggests that BSA adsorption does not remove or disrupt the underlying modifica-
tion but instead alters the interfacial environment in a way that slightly facilitates
electron transfer relative to the highly blocked click-modified surface. Such an effect
is consistent with minor changes in local charge distribution or solvation that allow
the redox couple to approach the surface somewhat more easily.

Exposure to equine saliva results in a more pronounced decrease in semicircle size.
As with BSA, this behavior likely reflects additional nonspecific adsorption that
modifies the interfacial environment without removing the underlying functional
layers. The reduced size in semicircle therefore indicates partial easing of the electron
transfer barrier.

4.6.3 Control electrodes and nonspecific incubation effects

This section summarizes the electrochemical response of the control electrodes dur-
ing the stepwise incubation sequence in terms of both CV and EIS behavior.

Bare control electrode
All CV measurements for the bare control electrode are shown in Figure 4.12, and
the corresponding peak potentials and peak currents are summarized in Table 4.5.
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Figure 4.12: Cyclic voltammograms of the bare control electrode recorded at each
step of the functionalization protocol.
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Table 4.5: Extracted peak potentials and peak currents for the bare control elec-
trode after each measurement. The percentage change in peak currents is calculated
relative to the preceding step.

Epo [V] | Lo [HA] | Epe [V] | L [pA] | L, step [%] | L. step [%]
Au 0.210 25.6 | 0.0879 | -21.1 NaN NaN
(EtOH) | 0.498 114 | -0.206 | -8.92 554 57.8
(PBS) | 0.201 201 | -0.140 | -12.9 76.6 14
(PBS) | 0.301 193 | -0.130 | -13.1 127 147
(Saliva) | 0.498 778 | 0252 | -7.19 “59.7 ~15.0

The initial measurement on the untreated gold electrode displays the expected well
defined redox peaks of the Fe(CN)gf/ - couple, with high peak currents and a steep
voltammetric profile characteristic of an unmodified, electrochemically clean surface.

Incubation in ethanol results in a markedly flatter voltammogram with substantially
reduced peak currents. This behaviour is consistent with partial surface blocking
caused by adsorbed organic residues from ethanol, which hinder electron transfer
between the redox couple and the electrode. Because the redox couple is highly
sensitive to surface accessibility, even a thin adsorbed layer can significantly suppress
the peak currents and broaden the voltammogram.

After rinsing and incubation in PBS, the voltammogram partially recovers toward
its initial shape, with higher peak currents and steeper slopes compared to the
ethanol treated state. This is expected, as PBS helps remove loosely bound organic
residues and restores a more accessible electrode surface. However, the peaks remain
slightly flatter than in the pristine state, indicating that some degree of surface
contamination or restructuring persists.

The measurement performed after one hour of incubation in equine saliva, shows
that the voltammogram again becomes flatter with further reduced peak currents.
This behaviour is consistent with nonspecific adsorption of unknown biomolecules
onto the gold surface. Such adsorption likely forms a partially blocking layer that
hinders electron transfer between the redox couple and the electrode, leading to the
observed decrease in both anodic and cathodic peak currents.

All EIS measurements for the bare control electrode are shown in Figure 4.13, and
the corresponding fitted parameters are summarized in Table 4.6.

Table 4.6: Fitted EIS parameters for the bare control electrode after each mea-
surement. The percentage change in R is calculated relative to the preceding step.

R; [9] R.[Q QI 1's?]| a |o[Qs % |7 [s]| RMSE [Q] | Rel. RMSE [%] | C.ss [F] | Ry step [%)
Au 170 4.45 x10* | 7.16 x107% | 0.761 | 3.34 x10° | 29.6 | 1.33 x10° 2.99 8.67 x1077 NaN
(EtOH) 0.0136 5.73 x10* | 4.62 x10~7 [ 0.785 | 7.26 x10* | 21.2 | 2.20 x10° 3.84 2.62 x1079 28.9
(PBS) | 3.54 x107° | 4.44 x10* | 4.70 x107% | 0.675 | 1.05 x10° | 11.4 | 1.22 x103 2.75 9.34 x10~ 1 -22.6
(PBS) 0.0137 3.60 x10" [ 2.53 x1076 [ 0.784 | 1.26 x10° | 31.3 | 1.79 x10° 4.96 2.26 x1078 -18.9
(Saliva) 420 1.54 x10° | 1.12 x107% | 0.811 | 3.91 x10* | 1.98 | 3.63 x10° 2.37 1.88 x1077 326

The first EIS measurement performed on the cleaned gold surface shows a diffusion-
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Figure 4.13: Nyquist plots of the bare control electrode recorded at each step of
the functionalization protocol.

dominated response. After incubation in ethanol, the Nyquist plot shows a clearer
and slightly enlarged semicircle compared to the untreated state, consistent with the
presence of adsorbed organic residues left behind by ethanol. Such residues partially
block the electrode surface and hinder electron transfer between the redox couple
and the gold surface, in agreement with the reduced peak currents observed in the
CV measurements.

Subsequent incubation in PBS restores the impedance response toward the initial
state, with R, decreasing back to values close to the pristine electrode and moving
towards more diffusion dominated graphs. This suggests that PBS removes loosely
bound organic contaminants and re-exposes the electrode surface. However, the
measurements after repeated PBS incubations do not fully return to the original
state, which is consistent with the slightly flatter peaks observed in the CV mea-
surements, indicating some degree of surface contamination or restructuring persists.

Following measurement performed after incubation in equine saliva show that the
semicircle increases substantially, and R rises by more than 300% compared
to its previous step. This pronounced increase reflects nonspecific adsorption of
biomolecules onto the gold surface, forming a blocking layer that impedes the elec-
tron transfer of the redox solution. The behavior aligns with the marked decrease
in peak currents observed in the CV data and confirms that the bare electrode is
highly susceptible to nonspecific adsorption in complex biological samples.

Linker control electrode
All CV measurements for the linker control electrode are shown in Figure 4.14, and
the corresponding peak potentials and peak currents are summarized in Table 4.7.
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Figure 4.14: Cyclic voltammograms of the linker control electrode recorded at
each step of the functionalization protocol. a) All incubation steps including the
initial bare measurement. b) All steps except the bare measurement.

Table 4.7: Extracted peak potentials and peak currents for the linker control elec-
trode after each measurement. The percentage change in peak currents is calculated
relative to the preceding step.

E,. [VI|L. WA TE,. [V] L. [uA] L, step [%] | L,. step [%]
Au 0.204 22.3 0.0727 -18.9 NaN NaN
LP4-N3 | 0.498 7.34 -0.500 -3.95 -67.0 -79.1
(PBS) 0.498 1.68 -0.500 -6.86 -77.2 73.5
(PBS) 0.498 1.51 -0.500 -6.48 -10.1 -5.59
(Saliva) | 0498 | 224 | -0.500 | -4.03 18.6 239

The initial measurement on the untreated gold electrode displays the expected well
defined redox peaks of the Fe(CN)gf/ *~ couple. After incubation with the linker
solution, the voltammogram shows a substantial decrease in both anodic and ca-
thodic peak currents, together with a noticeably flatter voltammetric profile. This
behavior is consistent with the formation of a linker layer on the gold surface, which
reduces the surface accessibility of the redox couple and thereby suppresses the peak
currents.

The subsequent PBS incubations lead to only minor changes, with a slight decrease
in the anodic peak current and an increase in the magnitude of the cathodic peak.
The two PBS measurements overlap closely, indicating that the surface reaches
a relatively stable state after the initial linker adsorption. The reduced anodic
peak and more negative cathodic peak suggest that the linker layer remains intact
and continues to hinder electron transfer, while PBS removes loosely bound linker
molecules or solvent residues from ethanol without disrupting the underlying surface
modification.

Following incubation in equine saliva, the cathodic peak current decreases again,
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whereas the anodic peak shows a slight increase. This shift reflects additional non-
specific adsorption of biomolecules onto the already linker-modified surface. Because
the electrode is no longer bare, the effect is less pronounced than for the bare control
electrode, but the changes still indicate that saliva components interact with and
partially block the surface, influencing the electron transfer kinetics of the redox
couple.

The corresponding EIS measurements for the linker control electrode are shown
below. All EIS measurements for the linker control electrode are shown in Figure
4.15, and the corresponding fitted parameters are summarized in Table 4.8.
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Figure 4.15: Nyquist plots of the linker control electrode recorded at each step of
the functionalization protocol.

Table 4.8: Fitted EIS parameters for the linker control electrode after each mea-
surement. The percentage change in R is calculated relative to the preceding step.

R, [Q] R.[Q Q[ | a |o[0@s1/7 T [s] RMSE [Q] | Rel. RMSE [%] | C.ss [F] | Rt step [%)]
Au 182 2.40 x10% | 4.34 x107% | 0.801 | 4.34 x10° 67.0 257 1.07 7.33 x1077 NaN
LP4-N, | 0.00688 | 3.21 x10° | 3.43 x10 7 | 0.864 152 1.31 x10° | 6.25 x10° 1.95 152 x10° | 1.24 x10°
(PBS) | 1.84 x10% | 1.20 x10° | 8.88 x10~7 | 0.848 | 1.03 x10° 2.56 1.08 x10* 0.900 2.80 x10~7 273
(PBS) | 3.13 x10° | 1.64 100 | 7.12 x10 7 | 0.868 | 1.45 x10° | 3.97 | 1.25 x10° 0.765 2.82 X107 36.8
(Saliva) | 2.07 x10% | 9.17 x10° | 6.50 x10~7 | 0.847 | 4.67 x10° 2.53 1.75 x10* 1.91 1.97 x1077 -44.0

After incubation with the linker solution, the semicircle increases dramatically, and
R, rises by more than 1000%. This substantial increase reflects formation of a linker
layer on the gold surface, which restricts access of the redox couple and thereby slows
electron transfer kinetics. The magnitude of this increase is considerably larger than
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for the bare control electrode, consistent with the linker being designed to bind
strongly and form a more coherent blocking layer than residual ethanol only.

The two subsequent PBS incubations further modify the impedance response. The
first PBS step produces the largest change in semicircle size, while the second results
in a smaller additional increase. This behavior suggests that PBS primarily removes
residual ethanol and other loosely bound species, revealing the intrinsic impedance
of the linker-modified surface. The relatively lower apparent impedance observed
immediately after ethanol exposure may therefore reflect transient interfacial effects
from organic residues, which temporarily alter the electron transfer conditions at
the surface.

Following incubation in equine saliva, the semicircle decreases noticeably, and R
drops over 40% relative to the final PBS step. This reduction likely reflects nonspe-
cific adsorption of biomolecules from saliva, which modifies the interfacial environ-
ment and slightly alters the electron transfer conditions, leading to a lower resistance
compared to the densely packed linker-PBS state.

4.6.4 Representative CV response during surface function-
alization
Table 4.9 summarizes the relative changes in cathodic peak current for all electrodes

and all functionalization steps. The values represent stepwise relative changes in
cathodic peak currents extracted from cyclic voltammograms for all electrodes.

Table 4.9: Stepwise percentage change in I,. at each functionalization step for all
electrodes.

Au [%] [ LP4-N; [%] | DP4-OH [%] | BSA [%] | (Saliva) [%]
CTRL bare NaN -57.8 44 .4 1.47 -45.0
CTRL linker NaN -79.1 73.5 -5.59 -23.9
Electrode 1 NaN -83.0 -66.5 46.0 18.9
Electrode 2 NaN -90.7 -48.9 43.3 7.80
Electrode 3 NaN -92.0 -22.8 23.9 25.8

A clear and consistent trend is observed across the dataset. During the linker step,
all electrodes with added linker show a substantial decrease in I, reflecting the
formation of a surface bound layer that restricts electron transfer. The bare control
electrode exhibits a smaller decrease than the other electrodes, which is consistent
with its voltammogram. Its reduction peak appears at approximately —0.2V, whereas
all other electrodes show a well defined peak at —0.5V. This shift in peak position
indicates that the bare control electrode was not modified in the same way as the
electrodes exposed to the linker solution.

At the click step, both control electrodes show an increase in I,,., whereas all modified
electrodes show a decrease. For the controls, this increase is likely caused by the
removal of residual ethanol during the overnight PBS incubation, which reduces the
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temporary interfacial effects introduced by ethanol and allows the redox couple to
approach the surface more easily. In contrast, the decrease observed for the modified
electrodes reflects further passivation due to formation of the triazole-PEG layer,
which increases the electron transfer barrier.

During the BSA incubation step, both control electrodes show minimal changes in
Lc (+1% and -5.6%), consistent with stable voltammetric behavior after prior PBS
treatment, as no BSA was added to these control electrodes during this step. In
contrast, all modified electrodes show an increase in I,. following BSA adsorption.
This is consistent with BSA’s net negative charge which may facilitate the approach
of the positively charged redox species to the electrode surface during reduction.

A similar trend is observed after saliva incubation, where all fully modified electrodes
show an increase in I,., while the control electrodes show a decrease. This confirms
that saliva induces different interfacial effects depending on surface functionalization.
On fully modified electrodes, the results suggest that the surface is already strongly
passivated such that additional adsorption does not significantly increase blocking.
Instead, the results indicate that charged species found in saliva may slightly enhance
reduction by altering the interfacial charge environment. In contrast, on both control
electrodes, the same adsorption appears to contribute to additional blocking through
nonspecific interactions with the gold surface, resulting in a decrease in L.

4.6.5 Representative EIS response during surface function-
alization

Table 4.10 shows the relative changes in charge-transfer resistance for all electrodes
across all functionalization steps.

Table 4.10: Stepwise percentage change in R.; at each functionalization step for
all electrodes.

Au [%] [ LP4-N; [%] | DP4-OH [%] | BSA [%] | (Saliva) [%]
CTRL bare NaN 28.9 -22.6 -18.9 326
CTRL linker NaN 1.24 x 103 273 36.8 -44.0
Electrode 1 NalN 326 979 6.35 -42.1
Electrode 2 NaN 2.90 x 103 517 -10.1 -96.1
Electrode 3 NaN 117 202 5.10 -21.7

A clear increase is observed during the linker step for all modified electrodes, with
at least a 100% increase compared to the bare state. In contrast, the bare control
electrode shows only a modest increase (28.9%), which is most likely related to
residual ethanol effects rather than true surface modification. The observed decrease
in I,. and increase in R, after ethanol exposure are both consistent with reduced
electron transfer at the electrode interface. Although CV and EIS characterize
different aspects of the electrochemical interface, the responses obtained by the two
techniques indicate the same underlying mechanism.
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Beyond the linker step, the R.; values do not show a fully consistent trend across
the electrodes. However, the Nyquist plots reveal clear and reproducible qualitative
patterns. For the CTRL bare electrode, no substantial increase in impedance is ob-
served except after saliva incubation, which is consistent with nonspecific adsorption
from species in saliva likely being the main process affecting the unmodified surface.
For the CTRL linker as well as the fully modified electrodes, the semicircle sizes
follow a consistent order. The measurement after extended PBS exposure (corre-
sponding to the BSA step in the modified electrodes) shows the largest semicircle
for the CTRL linker, suggesting that extended PBS exposure gradually removes
ethanol-related effects while the linker layer remains. The second largest semicircle
is observed after the first PBS incubation (corresponding to the click chemsitry step).
Oppositely, for all three fully modified electrodes, the largest semicircle is instead
observed after the click chemistry step, reflecting the strong passivation introduced
by the triazole-PEG layer and the second largest semicircle is observed after BSA
incubation, consistent with the CV results indicating that interfacial charge effects
facilitate redox species approach and slightly reduce the impedance.

4.6.6 Stepwise analysis of effective capacitance

While the CV peak currents and Nyqvist plots with extracted parameters showed
clear trends throughout the functionalization process, the stepwise changes in fitted
R values were less consistent across all electrodes. To complement the R, analysis,
the effective capacitance (Ceg) derived from the CPE element was examined as an
additional interfacial parameter.

In several cases, Cqt displayed clearer and more reproducible stepwise trends than
the fitted R.; values, although no clear trend was observed during the linker adsorp-
tion step. Since Cyg is calculated from several fitted circuit parameters, according
to equation 2.4, its interpretation should primarily be interpreted in terms of overall
trends rather than as direct quantitative measures of interfacial properties. In gen-
eral, decreases in Cog can be interpreted as being consistent with a more insulating
or less electrochemically accessible interfacial state, whereas increases in Cog may
indicate a more electrochemically accessible or less blocked interface. The absence of
a clear trend during the linker adsorption step, together with the more pronounced
changes observed in R, suggests that the initial linker immobilization is primarily
reflected in the charge-transfer resistance. In contrast, the clearer stepwise trends
observed in C.g during subsequent functionalization steps indicate that effective ca-
pacitance provides complementary information and may be more sensitive to smaller
interfacial changes once the linker layer has been established.

Figure 4.16 shows C.g before and after linker attachment for all electrodes, includ-
ing the controls that were only exposed to ethanol during this step. No clear trend
in C.y was observed during the linker adsorption step. This contrasts with the
pronounced changes previously observed in R, suggesting that the initial linker
immobilization is more clearly reflected in the charge-transfer resistance. Conse-
quently, no consistent change in effective capacitance could be inferred from this
step.
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Figure 4.16: Effective capacitance for all electrodes before and after linker incu-
bation with lipoamido-PEG4-azide, shown on a logarithmic scale.

Figure 4.17 shows C.g before and after click chemistry incubation for all electrodes,
including the controls that were only exposed to PBS during this step. The fully
modified electrodes showed only a weak or negligible change in C.g after the click
chemistry incubation. In contrast, the control electrodes exhibited pronounced
changes, with an increase in Cyg for the linker control and a decrease for the bare
control.

For the fully modified electrodes, the weak change in Ceg suggests that multiple con-
tributions to the interfacial response may counterbalance each other during the click
chemistry step. In this system, the immobilization of additional molecular species,
DBCO-PEG, may be offset by residual effects of the ethanol solvent used during
linker incubation, resulting in a small net change in the effective capacitive response.
In contrast, the linker control electrode, which lack the immobilization of DBCO-
PEG, exhibit a more pronounced increase in Ce. This suggests that solvent-related
contributions from prior ethanol incubation may become more pronounced for this
surface state during subsequent PBS exposure, leading to an apparent increase in
the effective capacitance. The bare control electrode, which also were exposed to
ethanol but lack both linker and DBCO-PEG modification, instead show a decrease
in Cg, consistent with a change in the interfacial state of the unmodified gold sur-
face during PBS incubation. Redistribution of solvent-related contributions of the
residual ethanol during PBS incubation may lead to a reduced effective capacitive
response, without necessarily corresponding to a straightforward change in physical
layer thickness.

Overall, the click chemistry step results in clearly distinguishable trends in Ceg for
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Figure 4.17: Effective capacitance for all electrodes before and after click reagent
incubation with DBCO-PEG4-OH, shown on a logarithmic scale.

the different electrode types, with consistent behaviour observed within the fully
modified group and distinct responses for the linker control as well as bare control
electrode.

Figure 4.18 shows C.g before and after BSA incubation for all electrodes, includ-
ing the controls that were only exposed to PBS during this step. Overall, BSA
incubation produces only minor changes in Cog for the modified surfaces, while a
clearer response is observed for the bare control electrode, highlighting differences
in interfacial stability depending on the degree of surface functionalization. No
noticeable change in C.s was observed for the fully modified electrodes after BSA
incubation. For the linker control, which was only exposed to PBS during this step,
no corresponding change in Ceg was observed. This indicates that both surface
types exhibited no pronounced alteration in the measured effective capacitance dur-
ing this stage. In contrast, the bare control shows a clear increase in C.g despite
only being exposed to PBS. This suggests that the bare gold surface exhibits a more
dynamic interfacial response, where repeated exposure to PBS may lead to measur-
able changes in the effective capacitance due to interactions occurring directly at
the unmodified gold interface.
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Figure 4.18: Effective capacitance for all electrodes before and after incubation
with BSA, shown on a logarithmic scale.

Figure 4.19 shows C.¢ before and after saliva incubation for all electrodes, includ-
ing the controls. Both the fully modified electrodes and the linker control show a
decrease in C.g upon saliva incubation, consistent with adsorption of saliva com-
ponents onto an already passivated surface, leading to a more insulating interfacial
response and a reduction in the effective capacitance. In contrast, the bare con-
trol displays an increase in Cg, suggesting that saliva components interact directly
with the unmodified gold surface, resulting in a modified interfacial environment
that increases the effective capacitance. Overall, this indicates that saliva primarily
alters the interfacial properties of passivated electrodes in a manner consistent with
increased interfacial blocking, whereas on bare gold it leads to the formation of a
new interfacial layer with altered capacitive characteristics.
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Figure 4.19: Effective capacitance for all electrodes before and after incubation
with equine saliva, shown on a logarithmic scale.

4.6.7 EG-FET system CA response

Figure 4.20 shows the chronoamperometric measurements recorded on the CA elec-
trode throughout the linker, click and BSA incubation steps during functionaliza-
tion. It should be noted that the adhesive used in the Au-SPE was affected by
ethanol exposure. This did not influence the electrodes embedded in PDMS used
for CV and EIS measurements, where only the active area was exposed to ethanol.
However, the CA electrode was fully immersed during the linker incubation step,
and visible degradation of the adhesive was observed.

No clear changes in Ipg were observed during any of the functionalization steps. This
was expected for the linker and click incubations, as the molecules used in these steps
carry a net charge of zero and therefore would not generate a detectable electrostatic
response in the transistor. The absence of a signal during BSA incubation can be
explained by the combination of a highly passivating DBCO-PEG layer, which limits
nonspecific adsorption and reduces the availability of binding sites, as well as the
high ionic strength of PBS, which shortens the effective Debye length and further
reduces electrostatic sensitivity. Under these conditions, the EG-FET system has
limited ability to detect changes in gate potential, as the high ionic strength of
PBS strongly screens any charge and the passivating PEG layer greatly reduces the
likelihood of BSA binding events.
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Figure 4.20: CA measurements with EG-FET system during functionalization
steps of Au-SPE. “Linker attachment” corresponds to binding of lipoamido-PEG4-
azide, “click chemistry” corresponds to binding of DBCO-PEG4-OH and “BSA pas-
sivation” corresponds to adsorption of BSA. At approximately 2000 s during the
click step, the electrode briefly slipped out of the cuvette and was repositioned.

4.6.8 Summary of functionalization results

Overall, the CA measurements showed no electrochemical response during function-
alization, which is consistent with the use of uncharged molecules (linker and click
reagent) under high ionic strength conditions, thereby reducing sensitivity to inter-
facial changes. In contrast, the combined CV and EIS results consistently demon-
strated successful stepwise surface functionalization, where linker immobilization
and click chemistry produced the strongest electrochemical passivation, while the
control electrodes primarily reflected nonspecific interfacial effects.

The electrochemical trends observed for electrode 1 were reproduced across the
remaining fully modified electrodes (electrode 2 and electrode 3 can be seen in
Appendix F), although the magnitude of the responses varied somewhat between
electrodes. For all fully modified electrodes, linker incubation resulted in a clear
suppression of the electrochemical response compared to bare gold, while the sub-
sequent click reaction produced additional passivation. The effects observed after
BSA and saliva incubation were smaller and less consistent in magnitude, but simi-
lar overall trends were still visible across the electrodes. These trends were distinct
from those observed for the two control electrodes.

Taken together, the reproducible electrochemical behavior observed across six inde-
pendently functionalized electrodes, together with comparison against four different
controls, demonstrates that the surface modification procedure was both successful
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and reproducible.

4.7 Supplementary EG-FET CA Experiments

The experiments described in Section 3.4.6 are presented below. Figure 4.21 shows
the chronoamperometric response of BSA on bare gold electrodes under the different
conditions.
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Figure 4.21: Chronoamperometric measurements of BSA binding on Au-SPEs
under different conditions, comparing cleaned and uncleaned surfaces and BSA dis-
solved in either PBS or MilliQ.

In both cases where BSA binding is seen, Ipg decreases upon BSA adsorption. This
is consistent with BSA carrying a net negative charge at pH above 4.7 and thereby
partially closing the channel of the N-type transistor in the EG-FET system.

The binding occurs more rapidly on uncleaned electrodes than on cleaned ones,
suggesting that BSA adsorbs more readily onto a rougher or more heterogeneous
surface. This behavior may be related to the fact that increased surface rough-
ness generally provides a larger effective surface area and more available binding
sites. Furthermore, hydrophobic surface regions may promote protein adsorption
more readily than hydrophilic ones. This may also explain why BSA dissolved in
MilliQQ water only produced a clear response on the cleaned electrode in one of the
repetitions, as small differences in surface roughness in that case could influence the
adsorption kinetics. Overall, the results indicate that BSA binds faster to less uni-
form surfaces and that its net negative charge under given measurement conditions
narrow the transistor channel, resulting in a decrease in Ipg.
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Figure 4.22 shows the chronoamperometric response of the synthetic biomarkers
COMP'Y5 and BGN?% on cleaned gold electrodes under different solvent condi-
tions. Note that these measurements were performed on bare gold electrodes with-
out Fab’ functionalization and therefor the observed responses are attributed to
nonspecific adsorption and likely arise from different interaction mechanisms than
those involved in antibody-biomarker recognition.
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Figure 4.22: Chronoamperometric measurements on cleaned Au-SPEs showing ad-
sorption of the synthetic biomarkers COM P'*® and BG N?%? under different solvent
conditions, comparing PBS and MilliQ.

A clear binding response was observed for COM P%% when dissolved in MilliQ, which
produced a rapid decrease in Ipg similar to the behavior seen for BSA. This suggests
that COM P'° carries a net negative charge under the measurement conditions,
leading to partial channel closure of the N-type transistor in the EG-FET system.
No clear binding response was detected for BGN?%2. However, these tests do not
necessarily reflect the behavior of the native biomarkers in saliva, as the synthetic
peptides may differ in length or fragmentation state compared to the physiological
fragments, which could influence their net charge and adsorption behavior.

The most important observation from both the BSA and biomarker CA experiments
is that measurable responses were only obtained when the analytes were dissolved
in MilliQ. This highlights the strong dependence of the EG-FET response on ionic
strength and suggests that low salt conditions are required for detectable surface
charge modulation in order to remain within the effective Debye length of the system.

For both BSA and COM P Ipg decreased rapidly upon initial binding and then
gradually approached a more stable level before slowly increasing again, a pattern
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consistent with fast initial adsorption followed by slower surface rearrangement and
progressive blocking of the electrode surface. This behavior is particularly clear for
COM P'% in MilliQQ, where Ipg exhibits a distinct U-shaped profile: a sharp initial
decrease, a well defined minimum and a gradual return toward equilibrium and the
starting value. Such a curve is characteristic of rapid early adsorption, followed by
a slower reorganization phase in which the adsorbed layer becomes more compact
and, as the adsorption slows, the rate of further surface charge modulation decreases,
allowing Ipg to gradually return toward its initial value. BSA shows the same overall
trend, although the curve is less smooth and contains more fluctuations. This may
indicate differences in the structure of the adsorbed layers, where BSA may form a
more heterogeneous or multilayer-like assembly, while COM P36 may be more likely
to form a more uniform and compact surface layer.

The higher level of fluctuations observed for COM P compared to BSA under
identical measurement conditions may be related to differences in adsorption dy-
namics and molecular flexibility of the two, indicating that these factors result in a
more sensitive response to adsorption events for COM P'®_ leading to larger varia-
tions in surface charge and increased fluctuations in Ipg.

Overall, both analytes display the same fundamental kinetic signature of fast initial
adsorption followed by slower surface blocking and a recovery of the channel current
toward its initial state.
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Discussion

This discussion relates the experimental results to the overall aim of the project
and evaluates the performance, limitations and future potential of the developed
biosensor platform.

A central part of the project aim was to develop the initial components of an electro-
chemical biosensing platform suitable for detecting OA-related biomarkers in equine
saliva. The results demonstrate that these foundational components have been suc-
cessfully established. The measurement setup, surface chemistry and electrode ar-
chitecture all function as intended, providing a stable basis for further development.
However, further advancements are required to ensure that future measurements fall
within the effective Debye length of the system. This will be essential for enabling
selective detection of COM P'% and BGN?%? in equine saliva, as discussed further
in Section 5.1.

The EG-FET measurement setup established consisted of an EmStat Pico devel-
opment board, an N-type JFET transistor as well as low cost disposable Au-SPEs.
The modular design of the system, including the use of interchangeable SPEs, en-
abled flexible testing and ensured that each measurement could be performed on
precisely the type of modified electrode required for each experiment. The setup
demonstrated stable operation and good reproducibility when performing CA mea-
surements, where identical settings consistently produced the same initial current
prior to the onset of surface binding. These measurements also confirmed that the
system is capable of detecting changes in gate potential when binding events of
molecules carrying a net negative charge occur sufficiently close to the electrode
surface, under conditions of low ionic strength where the effective Debye length is
comparatively large. Together, these results indicate that the EG-FET platform
operates reliably and provides a solid foundation for further optimization.

The copper free click based surface functionalization was successfully implemented.
Demonstrated by consistent results performed in triplicate using both EIS and CV.
These techniques confirmed that each functionalization step proceeded as intended,
resulting in a stable and reproducible modification of the gold electrode surface. In
contrast, the CA measurements did not show any detectable signal changes during
the linker or click incubations, which is consistent with the fact that both molecules
carry a net charge of zero and therefore do not introduce a strong electrostatic effect
detectable by the EG-FET. The absence of a CA response during BSA incubation
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on modified electrodes can likewise be explained by the combination of a highly
passivating PEG layer, which limits nonspecific adsorption and reduces the number
of available binding sites, and the high ionic strength of PBS, which shortens the
effective Debye length and makes it difficult for the EG-FET system to detect any
changes in gate potential. Together, these results confirm that the click-based func-
tionalization strategy is robust and compatible with the EG-FET platform, while
also highlighting the importance of Debye length considerations for future sensing
applications.

Although Fab’ fragments were not included in the experimental work of this project,
the surface chemistry developed here is compatible with their future integration. The
DBCO-PEG molecules used during functionalization bind to the azide terminated
linker through copper free click chemistry and DBCO-conjugated Fab’ fragments
would react through the same mechanism. The successful implementation of this
chemistry therefore provides a proof-of-concept foundation for incorporating DBCO
coupled Fab’ fragments as recognition elements in later stages of this sensor devel-
opment.

While the sensor is not yet fully developed, the results of this project indicate that
the platform has strong potential for future adaptation to ex vivo measurements in
field settings such as stable environments. The overall successful results suggest that
the system could be further optimized for direct analysis of equine saliva samples
outside the laboratory. Since the targeted biomarkers are the same across mammals,
the underlying sensing principle could be adapted for other species as well, including
humans. In the longer term, the system could be advanced toward potential in vivo
applications for continuous monitoring in the oral cavity. Such development will,
however, require biocompatibility evaluation and alignment with corresponding ISO
standards.

5.1 Future Work

Based on the experimental findings and the practical limitations observed through-
out the project, several recommendations for future development are proposed.
These suggestions represent one possible path forward, while acknowledging that
alternative approaches may also be viable.

5.1.1 Verifying charge detection at Fab’-relevant distances

A central question for future development is whether the EG-FET system will be able
to detect the charge redistribution associated with OA—biomarker binding events to
its Fab’ fragments. Since both COM P¥% and BGN?%? may exhibit a net charge
close to zero under physiological conditions, eventhough the synthetic peptide for
COM P has shown an indication for having a net charge below zero under CA
measurements performed in this project, the resulting change in gate potential may
be too small to register. This must therefore be evaluated experimentally.

A suitable first step is to verify that the transistor can detect charge-related bind-
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ing events occurring at the distances relevant for Fab’-based sensing, approximately
6 nm according to Section 1.3. This can be evaluated by creating a controlled
model system in which a charged DBCO-functionalized molecule is clicked onto
azide-terminated PEG chains of different lengths on the lipoamido-PEGn-azide
linker. By keeping the introduced charge constant and varying only the PEG length
of the linker, it becomes possible to determine whether the system is able to detect
binding events up to that length. These experiments should first be performed in
MilliQ, where the Debye length is sufficiently long to increase the likelihood that
any charge induced potential shift remains detectable. If no signal can be detected
even under these favorable conditions, the choice of transistor architecture should
be reconsidered. In particular, an OECT-based design may offer the higher sensitiv-
ity required to resolve binding events at these distances. OECTs typically provide
improved sensitivity to small potential changes at the gate interface compared to
regular FETs. A future design could therefore employ a reusable OECT channel
on a small chip in combination with a separate, replaceable gold gate electrode.
By electrically connecting the gate to the OECT through a simple lead, the setup
would retain the same modular extended gate design used in this project while ben-
efiting from the enhanced signal amplification characteristic of OECTs. In such
a configuration, only the gate electrode would be exposed to the sample solution,
whereas the OECT channel would remain encapsulated and protected from nonspe-
cific interactions with saliva. This would allow the gate surface to be exchanged
between measurements in the same manner as in the current EG-FET platform,
while keeping the transistor element stable, reusable, and shielded from biofouling.

5.1.2 Testing Fab’-based biomarker recognition and
increasing ionic strength

Once a configuration is identified that reliably detects binding events occuring in the
order of 6 nm in MilliQ, the next step is to functionalize the surface with the intended
linker chemistry and DBCO-Fab’ fragments found in Section 1.3. Synthetic biomark-
ers dissolved in MilliQQ can then be introduced to evaluate whether Fab’—biomarker
binding events produce a measurable response. If a signal is observed, the ionic
strength can gradually be increased using synthetic saliva to determine the max-
imum ionic strength at which the system remains sensitive, and to establish the
minimum dilution required for saliva samples to be measurable. If no signal is ob-
served, particularly expected for BGN?2 as suggested by the CA results in this work
(under the assumption that specific Fab’-biomarker interactions induce comparable
charge effects as those obtained from nonspecific adsorption), alternative strategies
should be explored. These include introducing a defined charge on the recognition
element such as DBCO-conjugated Fab’ fragments with an engineered net charge.
In such a design, biomarker binding would neutralize or shield this charge, thereby
generating a measurable change in gate potential even if the biomarker itself is
uncharged. Any charge-modified Fab’ fragment should be validated with ELISA to
ensure that antigen binding is not impaired. Once a functional configuration is iden-
tified, the same systematic evaluation of ionic strength and sample dilution should
be performed before transitioning to real saliva samples.
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5.1.3 Optimizing surface chemistry, EG-FET signal
response and calibration

After a suitable transistor architecture has been identified, a detectable signal has
been confirmed for both biomarkers and the usable ionic strength range as well
as required dilution of saliva have been established, several aspects of the sensing
platform can be systematically optimized to further improve performance. Many
of these parameters are interdependent, making a design of experiments (DoE) ap-
proach particularly valuable. Key factors include the ratio between DBCO-PEG
and Fab’, the length of the passivating PEG layer, and the overall surface density of
functional groups. Proper optimization of PEG passivation is required to ensure suf-
ficient blocking of nonspecific binding while avoiding steric hindrance of biomarker
access to the Fab’ recognition sites, thereby tuning the balance between specific and
nonspecific binding which in turn influences the detectable signal of the sensor.

It should also be investigated whether functionalizing only WE or both WE and
CE of the electrode provides the most sensitive system. The applied bias conditions
during CA measurements should also be optimized to ensure that Sy, is not reached
within the low-concentration regime of each biomarker, allowing detection across
the full range of observed concentrations while maintaining sufficient sensitivity to
achieve a LoD below the healthy concentration thresholds. Temperature is another
critical parameter which could have a significant impact on the rate of the binding
events as well as the Debye length. This is especially relevant for potential in
vivo applications, as the normal temperature of horses vary between individuals,
but also for ex vivo applications used in field settings such as stables where the
temperature can vary greatly depending on the current outside temperature. Future
studies should therefore investigate how the sensor response varies across a wide
temperature range, and whether temperature compensation or integrated thermal
monitoring would be required for accurate measurements both in and outside the
oral cavity.

Further optimization could also involve the laboratory protocol itself, incubation
times, washing steps, and temperatures can all be optimized using DoE to reduce
total functionalizaition time without compromising surface quality. To enable quan-
titative measurements, the sensor will eventually require calibration curves that link
the electrical response of the transistor to known biomarker concentrations. Prefer-
ably, the same sample should be used under varied conditions such as different
temperatures and have a known pH to generate a range of calibration curves for
the same sample under each condition. These standard curves should be generated
by measuring the EG-FET signal for samples with ELISA verified concentrations
of each biomarker, ideally using a triplicate of electrodes for every concentration
curve under each condition. In future tests, real samples will be measured using the
EG-FET system under controlled pH and temperature conditions. The measured
response will then be matched to calibration curves generated under matching con-
ditions in order to determine the corresponding biomarker concentration.
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5.1.4 Improving electrode design and multichannel mea-
surements

Finally, the physical design of the electrode and measurement system offers addi-
tional opportunities for improvement. Printing electrodes on glass substrates in-
stead of PET would enable oxygen-plasma cleaning as a rapid and reproducible
surface-preparation step, replacing the electrochemical cleaning used in this project
and thereby simplifying fabrication while increasing throughput. At the system level,
a multi-channel measurement board with three parallel transistor channels would
allow simultaneous reference measurements and dual biomarker detection from a
single saliva droplet. One electrode would be functionalized only with PEG (refer-
ence), one with PEG + Fab’ for COM P'* and one with PEG + Fab’ for BGN?%2,
This configuration would enable on site calibration according to Equation 1.2, which
is essential given the variability in ionic strength between horses and sampling oc-
casions. Together, these improvements would support the development of a robust,
field deployable sensing platform suitable for practical use in stable environments.
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Conclusion

This work presented the preliminary development of a transistor-based biosensing
platform aimed at detecting OA related biomarkers in equine saliva. An EG-FET
design was established, combined with a copper free click chemistry functionalization
strategy on Au-SPEs as the extended gate electrode. CV and EIS confirmed that
each functionalization step produced clear and reproducible electrochemical signa-
tures, demonstrating that the surface chemistry was robust and reliably implemented
on the electrodes. CA measurements using a custom EG-FET set up demonstrated
that the system successfully detected surface-bound charge variations, validating
the basic sensing principle of the platform. However, the results obtained by the
EG-FET also revealed fundamental limitations imposed by Debye screening, indi-
cating that further development is required before reliable biomarker detection can
be achieved. Overall, the platform developed in this project represents a promising
first step toward a transistor-based biosensor for detection of OA-related biomarkers
in equine saliva, although substantial development remains before a fully functional
diagnostic device can be realized.
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A

METHODscript

This appendix contains the PSTrace METHODscripts used in this work: CA as
described in Section A.1, transfer characteristics described in A.2, electrochemical
cleaning with CV in Section A.3, CV measurement in Section A.4 and EIS measure-
ment in Section A.5.

A.1 CA transistor

e
var i
var e
var i_bipot
set_pgstat_chan O
set_pgstat_mode 2
set_max_bandwidth 58505m
set_bipot_mode 1
set_range bb 917969p
set_autoranging bb 917969p 917969p
set_bipot_potential 400m
set_range minmax da -500m -500m
set_range ba 470u
set_autoranging ba 917969p 470u
set_e —-400m
cell _on
meas_loop_ca e i -400m 100m 18k add_meas(0 bb i_bipot)
pck_start
pck_add e
pck_add i
pck_add i_bipot
pck_end
endloop
on_finished:
cell off
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A.2 Transfer characteristics

e
#This sets the device into MethodSCRIPT mode

# set GPIO5 to output mode
set_gpio_cfg 0b100000 1

# turn switch on (high output signal)
set_gpio 0b100000

#declare variables

# ¢ = WEO current

var ¢

# p = set_potential (Vgs for transfer characteristics setup, Vds for
< output characteristics setup)

var p

# b = WE1 current

#Set up the current measurement on WEl (i.e. channel 1 in bipot mode)
#select channel 1

set_pgstat_chan 1

#set channel 1 to poly_we (bipot) mode

set_pgstat_mode 5

#Set required bandwidth (Hz)

set_max_bandwidth 100

#set poly_we (bipot) mode = O, thus WEl maintains a fixed voltage relative
— to REO

set_poly_we_mode O

#set starting current range e.g. for 100uA use "set_range ba 100u"
set_range ba 5m

#set WE1l to REO offset voltage. (Vds for transfer characteristics setup,
— Vgs for output characteristics setup)

set_e Om

#Set up the current measurement on WEO (i.e. channel O in low-speed mode)
#select channel O

set_pgstat_chan O

#set channel O to low-speed mode

set_pgstat_mode 2

#Set required bandwidth (Hz)

set_max_bandwidth 100

#Set the range for ch 0 (REO to WEO) voltage sweep

#(Vgs for transfer characteristics setup, Vds for output characteristics
— setup)

IT
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set_range_minmax da -1000m Om

set_autoranging ba 1n 5m

#set starting current range e.g. for 100uA use "set_range ba 100u"
set_range ba 5m

#set WEO to offset voltage. (Vgs for transfer characteristics setup, Vds
— for output characteristics setup)

set_e Om

#Perform the voltage scan, reporting REO to WEO potential, WEO current,
— and WE1l current
#Turn the cell on, any settings set when the cell was off will be applied
— here.
cell _on
#equilibrate at -0.5 V for 5 seconds, using a CA measurement
#meas_loop_ca potential(V) current_WEO(A) start(V) interval_time(s)
— duration(s) poly_we(l b)
meas_loop_ca p ¢ -10m 20m 1000m poly_we(l b)
#selects ch 1 as the active channel
set_pgstat_chan 1
#Set the current range corresponding to the measured current on the
— secondary WE
mul_var b 1150m
set_range ba b
#selects ch 0 as the active channel
set_pgstat_chan 0O
endloop
#LSV measurement using channel 0 as WEl and channel 1 as WE2
#WE2 current is stored in var b
#meas_loop_lsv potential(V) current_WEO(A) start(V) end(V) step(V)
— scan_rate(V/s) poly_we(l current_WE1(A))
meas_loop_lsv p ¢ -1000m Om 1m 100m poly_we(l b)
#Send a package containing set potential and measured WE current.
pck_start
#The variable 'p' is added to the data packet. The first variable
< becomes the x-axis in PStrace
pck_add p
#The variable 'c' is added to the data packet.
pck_add c
#The variable 'b' is added to the data packet.
pck_add b
#Signals the end of a measurement data package.
pck_end
#tselects ch 0 as the active channel
#set_pgstat_chan 0
#Measures the WEO current for 100 ns and stores the value in 'c'
#meas 100n c ba
#Set the current range corresponding to the measured current on the
— main WE
#//mul_var c 1150m

ITT
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#set_range ba c
#selects ch 1 as the active channel
set_pgstat_chan 1
#Measures the WE1l current for 100 ns and stores the value in 'b'
#meas 100n b ba
#Set the current range corresponding to the measured current on the
— secondary WE
mul_var b 1150m
set_range ba b
#tselects ch 0 as the active channel
set_pgstat_chan O
endloop
#Turn cell off when finished or aborted
#on_finished:
cell_off

# set GPIO5 to output mode - might not needed again?
set_gpio_cfg 0b100000 1

# turn switch off (low output signal)

set_gpio 0b00000O

#declare variables

# ¢ = WEO current

var c

# p = set_potential (Vgs for transfer characteristics setup, Vds for
— output characteristics setup)

var p

# b = WE1 current

var b

# ____________________________________________________________________

#Set up the current measurement on WEl (i.e. channel 1 in bipot mode)
#select channel 1

set_pgstat_chan 1

#set channel 1 to poly_we (bipot) mode

set_pgstat_mode 5

#Set required bandwidth (Hz)

set_max_bandwidth 100

#set poly_we (bipot) mode = O, thus WEl maintains a fixed voltage relative
— to REO

set_poly_we_mode O

#set starting current range e.g. for 100uA use "set_range ba 100u"
set_range ba 5m

#set WE1l to REO offset voltage. (Vds for transfer characteristics setup,
— Vgs for output characteristics setup)

set_e 600m

IV
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#Set up the current measurement on WEO (i.e. channel O in low-speed mode)
#select channel 0

set_pgstat_chan O

#set channel O to low-speed mode

set_pgstat_mode 2

#Set required bandwidth (Hz)

set_max_bandwidth 100

#Set the range for ch 0 (REO to WEQ) voltage sweep

#(Vgs for transfer characteristics setup, Vds for output characteristics
— setup)

set_range_minmax da -1000m Om

set_autoranging ba 1n 5m

#set starting current range e.g. for 100uA use "set_range ba 100u"
set_range ba 5m

#Perform the voltage scan, reporting REO to WEO potential, WEO current,
— and WE1l current
#Turn the cell on, any settings set when the cell was off will be applied
— here.
cell on
#equilibrate at -0.5 V for 5 seconds, using a CA measurement
#meas_loop_ca potential (V) current_WEO(A) start(V) interval_time(s)
— duration(s) poly_we(l b)
meas_loop_ca p ¢ -10m 20m 1000m poly_we(l b)
#selects ch 1 as the active channel
set_pgstat_chan 1
#Set the current range corresponding to the measured current on the
— secondary WE
mul_var b 1150m
set_range ba b
#selects ch 0 as the active channel
set_pgstat_chan O
endloop
#LSV measurement using channel 0 as WEl and channel 1 as WE2
#WE2 current is stored in var b
#meas_loop_lsv potential(V) current_WEO(A) start(V) end(V) step(V)
- scan_rate(V/s) poly_we(1l current_WE1(A))
meas_loop_lsv p ¢ -1000m Om 1m 10m poly_we(l b)
#Send a package containing set potential and measured WE current.
pck_start
#The variable 'p' is added to the data packet. The first variable
— becomes the x-axis in PStrace

pck_add p
#The variable 'c' is added to the data packet.
pck_add c
#The variable 'b' is added to the data packet.
pck_add b

#Signals the end of a measurement data package.
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pck_end
#selects ch 0 as the active channel
#set_pgstat_chan O
#Measures the WEO current for 100 ns and stores the value in 'c'
#meas 100n c ba
#Set the current range corresponding to the measured current on the
— main WE
#//mul_var c 1150m
#set_range ba c
#tselects ch 1 as the active channel
set_pgstat_chan 1
#Measures the WE1l current for 100 ns and stores the value in 'b'
#meas 100n b ba
#Set the current range corresponding to the measured current on the
- secondary WE
mul_var b 1150m
set_range ba b
#selects ch 0 as the active channel
set_pgstat_chan O
endloop
#Turn cell off when finished or aborted
on_finished:
cell _off

A.3 CV cleaning

e
var i
var e
set_pgstat_chan
set_pgstat_mode
set_pgstat_chan
set_pgstat_mode 2
set_max_bandwidth 117011m
set_range minmax da -100m 1500m
set_range ba 470u
set_autoranging ba 917969p 2350u
set_e -100m
cell on
meas_loop_ca e i -100m 200m 20

pck_start

pck_add e
pck_add i

pck_end
endloop
meas_loop_cv e i -100m 1500m -100m 5m 100m nscans(30)

pck_start

O O -

VI
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pck_add e
pck_add i
pck_end
endloop
on finished:
cell off

A.4 CV measurement

e
var i
var e
set_pgstat_chan
set_pgstat_mode
set_pgstat_chan
set_pgstat_mode 2
set_max_bandwidth 117011m
set_range minmax da -500m 500m
set_range ba 470u
set_autoranging ba 917969p 2350u
set_e -500m
cell _on
meas_loop_ca e i -500m 200m 20
pck_start
pck_add e
pck_add i
pck_end
endloop
meas_loop cv e i -500m 500m -500m 5m 100m nscans(3)
pck_start
pck_add e
pck_add i
pck_end
endloop
on finished:
cell off

O O =

A.5 EIS measurement

var f
var z_r
var z_1

VII
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var i
var e
set_pgstat_chan
set_pgstat_mode
set_pgstat_chan
set_pgstat_mode 3
set_max_bandwidth 500k
set_range minmax da 280m 280m
set_range ba 2350u
set_autoranging ba 470n 2350u
set_range ab 4200m
set_autoranging ab 4200m 4200m
set_e 280m
cell on
meas_loop_ca e i 280m 200m 45
pck_start
pck_add e
pck_add i
pck_end
endloop
set_range ba 2350u
set_autoranging ba 470n 2350u
meas_loop_eis f z_ r z_i 10m 50k 50m 30 280m
pck_start
pck_add f
pck_add z_r
pck_add z_i
pck_end
endloop
on_finished:
cell off

O O =

VIII
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MATLAB

This appendix contains the MATLAB scripts used for data processing of EIS and
CV data. It includes EIS fitting in Section B.1, effective capacitance comparison
plot in Section B.2 and CV data analysis in Section B.3.

B.1 EIS fitting

W ==
% EIS CIRCUIT FITTING
% -

rng(l); 7/ Ensures fully reproducible fitting behavior

%_
/4 LIST OF INPUT FILES
%_

files =

-~

/4 MANUAL LEGEND LABELS
5= =

legend _names = {

IX
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% CIRCUIT MODEL SELECTION
4
%0
41
A

4 Each element corresponds to one input file.

NI

Q

S

Randles circuit without diffusion
Randles circutt including finite-length Warburg diffusion

s
I

S

NI

R X

circuit_type = [ 1;

%_

/4 DATA PROCESSING SETTINGS

V4

/4 Frequency rows imported from each CSV file
rowRange = 1:30;

/4 Minimum number of remaining data points after trimming
minPoints = 20;

/4 Number of high-frequency points that may be removed
hf remove = 0:10;

% Number of low-frequency points allowed to be removed per file

7 Minimum:maxzimum low-frequency points removable per file
1f remove list = {

};

nFiles = length(files);

V4

/i PREALLOCATION OF RESULT VARIABLES

Y4

Rs_all = zeros(nFiles,1);
Rct_all = zeros(nFiles,1);
Q_all = zeros(nFiles,1);
alpha_all = zeros(nFiles,1);

sigma_all = nan(nFiles,1);
tau_all = nan(nFiles,1);

RMSE_all
Ceff _all

zeros(nFiles, 1);
zeros(nFiles,1);

X
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removed_log = cell(nFiles,1);

%_
/4 GLOBAL NYQUIST PLOT INITIALIZATION

V4

fighll = figure;
hold on;

xlabel('Z'" [\Omegal');
ylabel('-Z'''"' [\Omegal ');

grid on;
axis equal;

/4 Nonlinear least-squares optimization settings
options = optimoptions('lsqgnonlin','Display','off');

VA
) MAIN FITTING LOOP

V4

for i = 1:nFiles

Y ===

/i IMPORT AND PREPROCESS DATA

Y ===

data = readmatrix(files{il});

/4 Extract frequency and impedance columns
freq = data(rowRange,1);
Zre = data(rowRange,5);
Zim -data(rowRange,6) ;

/i Remove invalid entries
valid = ~isnan(freq) & ~isnan(Zre) & ~isnan(Zim);

freq = freq(valid);
Zre = Zre(valid);
Zim Zim(valid) ;

/4 Sort frequencies in descending order
[freq, idx] = sort(freq, 'descend');

Zre
Zim

Zre(idx) ;
Zim(idx) ;

/i Construct complex impedance vector

XI
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N
I

Zre + 1i*Zim;

=]
I

length(Z);

Y ===

/i EQUIVALENT CIRCUIT MODEL DEFINITION

Y ===

% Model without diffusion
if circuit_type(i) ==

model = @(p,f)
p(1) + ...
1./ (1./p(2) + (1ix2xpi*f). p(4).*p(3));

n_params = 4;

/i Model including finite-length Warburg diffusion
else

model = @(p,f)
p(1) + ...
1./ C...
1./C ...
p(2) + ...
p(5) .*tanh(sqrt (1i*x2*pi*xf*p(6))) ./ ...
sqrt (1i*x2*pixf*p(6))) + ...
(1i*2#pixf) . "p(4) .*p(3) );

n_params = 6;
end

/i Residual function used by lsgnonlin
costfun = @(p,f,Zd)
[real(model(p,f)) - real(Zd);
imag(model(p,f)) - imag(Zd)];

Y ===

/i INITTAL PARAMETER ESTIMATION

Y ===

RsO = min(real(Z));
Rct0 = max(real(Z)) - min(real(Z));

Q0 = le-5;
alphaO = 0.85;

XII
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if n_params ==
pO_base = [RsO, RctO, QO, alphaO];

1b
ub

[0, O, 1e-8, 0.5];
[Inf, Inf, 1le-2, 1];

else

sigmaO = RctO;
taul = 1;

pO_base = [RsO, RctO, QO, alphaO, sigmaO, tauO];

1b = [0, O, 1e-8, 0.5, 0, 1le-6];
ub [Inf, Inf, 1e-2, 1, Inf, Infl;

end

Y === == = == = =
/s BASE FIT USING DETERMINISTIC MULTISTART OPTIMIZATION

% J— S — — —
best_rmse = Inf;
best_p = pO_base;
perturb = linspace(-0.5,0.5,10);
for k = 1:10
pO0 = pO_base .* (1 + 0.2*perturb(k));
try
p_tmp = lsqgnonlin(
@(p) costfun(p,freq,Z),
pO, 1lb, ub, options);
Zp = model(p_tmp,freq);
rmse_tmp = sqrt(mean(abs(Z - Zp)."2));
if rmse_tmp < best_rmse
best_rmse = rmse_tmp;
best_p = p_tmp;

end

catch ME

XIIT



B. MATLAB

warning (ME.message)

end
end

p_base =

best_p;

rmse_base = best_rmse;

Y ===

/i OPTIONAL EDGE-POINT REMOVAL SEARCH

Y ===

best rmse2 = rmse base;

best_p2

= p_base;

best_removed = [];

1f remove = 1f remove list{i};

for h = hf remove

for

XIV

1 = 1f_remove
idx_keep = true(n,1);

/i Remove high-frequency points
idx_keep(1:h) = false;

/i Remove low-frequency points
if1>0

idx_keep(end-1+1:end) = false;
end

/4 Ensure sufficient data remain
if sum(idx_keep) < minPoints

continue;
end
f_tmp = freq(idx_keep);
Z_tmp = Z(idx_keep);

rmse_tmp_best = Inf;
p_tmp_best = pO0_base;

/s Deterministic multistart optimization
for k = 1:10

p0 = pO_base .* (1 + 0.2*perturb(k));

try
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p_tmp = lsqgnonlin(
@(p) costfun(p,f_tmp,Z tmp),
pO, 1lb, ub, options);

Zp_tmp = model(p_tmp,f tmp);
rmse_tmp = sqrt(mean(abs(Z_tmp - Zp_tmp)."2));
if rmse_tmp < rmse_tmp_best

rmse_tmp_best = rmse_tmp;
p_tmp_best = p_tmp;
end

catch ME
warning (ME.message)
end

end

/i Keep best point-removal solution
if rmse_tmp_best < best_rmse2

best_rmse2 = rmse_tmp_best;
best_p2 = p_tmp_best;

best_removed = find(~idx_keep);
end
end
end

% —— —_ — —_ — g == =

/i ACCEPTANCE CRITERION
A
/i Point removal is accepted only tf RMSE improves by at least 10J.

Y === — — — — — — —

improvement = (rmse_base - best_rmse2)/rmse_base;
if improvement < 0.10

p_fit = p_base;

rmse = rmse_base;

removed = [];

else

p_fit = best_p2;

XV
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rmse = best_rmse2;
removed = best_removed;
end

Y ===

/i STORE FITTED PARAMETERS

Y ===

Rs_all(i) = p_fit(1);
Rct_all(i) = p_fit(2);

Q_all(i) = p_fit(3);
alpha_all(i) = p_fit(4);

if length(p_fit) ==
sigma_all(i) = p_fit(5);
tau_all(i) = p_fit(6);

end

RMSE_all(i) = rmse;

Y ===

% EFFECTIVE CAPACITANCE CALCULATION
A

/i Equation used corresponds to the Randles equivalent circutt.

Y ===

Rpar = ...
(Rs_all(i).*Rct_all(i)) ./ ...
(Rs_all(i) + Rct_all(i));

Ceff_all(i) = ...
Q_all(i).~ (1 ./ alpha_all(i)) .* ...
Rpar.” ((1 - alpha_all(i)) ./ alpha_all(i));

Y ===

/i INDIVIDUAL NYQUIST PLOTS

Y ===

Zfit = model(p_fit,freq);

figure;
hold on;

/4 Plot retained and removed points separately
if isempty(removed)

plot(real(Z), -imag(Z), 'bo');

XVI
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else

keep_idx = true(n,1);
keep_idx(removed) = false;

plot(real(Z(keep_idx)), -imag(Z(keep_idx)), 'go');
plot(real(Z(removed)), -imag(Z(removed)), 'ro');
end

% Plot fitted model
plot(real(Zfit), -imag(Zfit), 'k-','LineWidth',1.5);

legend(legend_names{i}, 'Interpreter','tex', 'Location', 'best');

xlabel('Z'"' [\Omegal');
ylabel('-Z'''"" [\Omegal');

grid on;
axis equal;

/i Add spectrum to combined Nyquist plot
figure(figAll);

plot(real(Z), -imag(Z),
'DisplayName', legend_names{i}, 'LineWidth', 1.5);

/i Store removed point indices
removed_log{i} = removed;
end

VA —
/4 FINAL SUMMARY TABLE

Z = = -
figure(figAll);

legend(legend_names, 'Interpreter','tex', 'Location','best');
Relative RMSE = RMSE all ./ Rct_all;

T = table(
(1:nFiles)',
Rs_all,
Rct_all,
Q_all,
alpha_all,
sigma_all,
tau_all,
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RMSE_all,

Relative_RMSE,

Ceff_all,

'VariableNames',

{'File','Rs','Rct','Q', 'alpha', 'sigma', 'tau’,
'RMSE', 'Relative RMSE', 'Ceff'});

/4 Relative Rct stepwise change between consecutive measurements
Rct_step = [NaN; diff(Rct_all)./Rct_all(l:end-1)*100];

T.Rct_step_change_percent = Rct_step;
disp(T);
disp('Removed indices per file:');

disp(removed_log) ;

B.2 EIS Ceff comparison plot

nh

/4 EIS CIRCUIT Ceff COMPARISON BETWEEN STEPS

V4

rng(l); % Ensures fully reproducible fitting behavior

%_

/4 LIST OF INPUT FILES
/4 Step before and after desired step for each electrode
/ Files are ordered as consecutive before/after pairs

Y4

files = {

};

Y4
/s MANUAL LEGEND LABELS
/4 Labels used in the patired Ceff comparison plot

XVIII
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% Defines which electrode each patir corresponds to

V4

pair_names = {

» CIRCUIT MODEL SELECTION

0
1

Randles circuit without diffusion
Randles circuit including finite-length Warburg diffusion

4 Each element corresponds to one input file.
4 Circutt models matched those used in the primary fitting analysis

NN I NN RN

circuit_type = [ 1;

n
% DATA PROCESSING SETTINGS

V4

/4 Frequency rows imported from each CSV file
rowRange = 1:30;

4 Minimum number of remaining data points after trimming
minPoints = 20;

/4 Number of high-frequency points that may be removed
hf remove = 0:10;

% Number of low-frequency points allowed to be removed per file

/4 Point-removal limits matched those used in the primary fitting analystis
1f remove list = {

XIX
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};

nFiles = length(files);

V4

/i PREALLOCATION OF RESULT VARIABLES

%_

Rs_all = zeros(nFiles,1);
Rct_all = zeros(nFiles,1);
Q_all = zeros(nFiles,1);
alpha_all = zeros(nFiles,1);

sigma_all = nan(nFiles,1);
tau_all = nan(nFiles,1);

RMSE_all
Ceff_all

zeros(nFiles,1);
zeros (nFiles, 1) ;

removed_log = cell(nFiles,1);

%_

/4 Nonlinear least-squares optimization settings
options = optimoptions('lsqnonlin','Display','off');

W
% MAIN FITTING LOOP

%_

for i = 1:nFiles

Y ===

/s IMPORT AND PREPROCESS DATA

Y ===

data = readmatrix(files{il});

/4 Eztract frequency and impedance columns
freq = data(rowRange,1);
Zre data(rowRange,5) ;
Zim -data(rowRange,6) ;

/i Remove invalid entries
valid = ~isnan(freq) & ~isnan(Zre) & ~isnan(Zim);

freq = freq(valid);
Zre Zre(valid);
Zim Zim(valid) ;

XX
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/4 Sort frequencies in descending order
[freq, idx] = sort(freq, 'descend');

Zre (idx) ;
Zim(idx) ;

Zre
Zim

/i Construct complex impedance vector
Z = Zre + 1i*Zim;

n = length(Z);

Y ===
/i EQUIVALENT CIRCUIT MODEL DEFINITION

% Model without diffusion
if circuit_type(i) ==

model = @(p,f)
p(l) + ...
1./ (1./p(2) + (1i*2*pixf). p(4).*p(3));

n_params = 4;

/i Model including finite-length Warburg diffusion
else

model = @(p,f)
p(1) + ...
1./ (
1./¢(
p(2) + ...
p(5) .*xtanh(sqrt (1i*x2*pi*xf*p(6))) ./ ...
sqrt (1i*x2*pixf*p(6))) + ...
(1i*2*pixf) . "p(4) .*p(3) );

n_params = 6;
end

/i Residual function used by lsgnonlin
costfun = @(p,f,Zd)
[real(model(p,f)) - real(Zd);
imag(model(p,f)) - imag(Zd)];

Y ===
/i INITIAL PARAMETER ESTIMATION

XXI
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% [—— =
RsO = min(real(Z));

Rct0 = max(real(Z)) - min(real(Z));

Q0 = le-5;
alphaO = 0.85;

if n_params ==
pO_base = [RsO, RctO, QO, alphaO];

[0, O, 1e-8, 0.5];
[Inf, Inf, 1le-2, 1];

1b
ub

else

sigmaO = RctO;
tau0 = 1;

pO_base = [RsO, RctO, QO, alphaO, sigmaO, tauO];
1b = [0, O, 1e-8, 0.5, 0, 1le-6];

ub [Inf, Inf, 1le-2, 1, Inf, Inf];
end

Y === =
/i BASE FIT USING DETERMINISTIC MULTISTART OPTIMIZATION

% J— —
best_rmse = Inf;
best_p = p0_base;
perturb = linspace(-0.5,0.5,10);
for k = 1:10
pO0 = pO_base .* (1 + 0.2*perturb(k));
try
p_tmp = lsqgnonlin(
@(p) costfun(p,freq,Z),
pO, 1lb, ub, options);

Zp = model(p_tmp,freq);

rmse_tmp = sqrt(mean(abs(Z - Zp)."2));
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if rmse_tmp < best_rmse

best_rmse = rmse_tmp;
best_p = p_tmp;
end

catch ME
warning (ME.message)
end

end

p_base = best_p;
rmse_base = best_rmse;

% Jp— -

/i, OPTIONAL EDGE-POINT REMOVAL SEARCH

Y ===

best_rmse2 = rmse_base;
best_p2 = p_base;

best_removed = [];
1f remove = 1f remove list{i};

for h = hf _remove
for 1 = 1f_remove

idx_keep = true(n,1);

/i Remove high-frequency points
idx_keep(1:h) = false;

/i Remove low-frequency points
if1>0

idx_keep(end-1+1:end) = false;
end

/4 Ensure sufficient data rTemain

if sum(idx_keep) < minPoints
continue;

end

freq(idx_keep) ;
Z(idx_keep);

f_tmp
Z_tmp

rmse_tmp_best = Inf;
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p_tmp_best = pO_base;

/i Deterministic multistart optimization
for k = 1:10

p0 = p0_base .* (1 + 0.2xperturb(k));
try

p_tmp = lsqgnonlin(
Q(p) costfun(p,f_tmp,Z_tmp),
pO, 1lb, ub, options);

Zp_tmp = model(p_tmp,f tmp);
rmse_tmp = sqrt(mean(abs(Z_tmp - Zp_tmp). 2));
if rmse_tmp < rmse_tmp_best

rmse_tmp_best = rmse_tmp;
p_tmp_best = p_tmp;
end

catch ME
warning (ME.message)
end

end

/i Keep best point-removal solution
if rmse_tmp_best < best_rmse2

best_rmse2 = rmse_tmp_best;
best_p2 = p_tmp_best;

best_removed = find(~idx_keep);
end
end
end

Y === = = = = =

/i ACCEPTANCE CRITERION

A

/4 Point removal ts accepted only if RMSE improves by at least 10/.
=== = = = == -

improvement = (rmse_base - best_rmse2)/rmse_base;

if improvement < 0.10
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p_fit = p_base;
rmse = rmse_base;
removed = [];

else

p_fit = best_p2;

rmse = best_rmse2;

removed = best removed;
end

Y ===

/i STORE FITTED PARAMETERS
Y ===

Rs_all(i) = p_fit(1);
Rct_all(i) = p_fit(2);

Q_all(i) = p_fit(3);
alpha_all(i) = p_fit(4);

if length(p_fit) ==
sigma_all(i) = p_fit(5);
tau_all(i) = p_fit(6);
end

RMSE all(i) = rmse;

/i Store removed point indices
removed_log{i} = removed;

Y ===
/i EFFECTIVE CAPACITANCE CALCULATION
A

/i Equation used corresponds to the Randles equivalent circuit.

Y ===

Rpar = ..
(Rs_all(i).#Rct_all(i)) ./ ...
(Rs_all(i) + Rct_all(i));

Ceff_all(i) = ...
Q_all(i). (1 ./ alpha_all(i)) .* ...
Rpar. ((1 - alpha_all(i)) ./ alpha_all(i));

end

s
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/i FINAL SUMMARY TABLE
/i Make sure to compare to results from fitting file so they are the same

%_

T = table(
(1:nFiles)',
Rs_all,

Rct_all,

Q_all,

alpha_all,

sigma_all,

tau_all,

RMSE_all,

Ceff_all,

'VariableNames',

{'File','Rs','Rct','Q"', 'alpha','sigma', 'tau','RMSE', 'Ceff'});

/s Stepwise Rct change between consecutive measurements
Rct_step = [NaN; diff(Rct_all)./Rct_all(l:end-1)*100];

T.Rct_step_change percent = Rct_step;
disp(T);

disp('Removed indices per file:');
disp(removed_log) ;

h ==
/i PAIRED Ceff COMPARISON PLOT

VA

/ Compares effective capacitance before and after modification for each

% electrode pair.

Y4 =
nFiles = length(Ceff all);

/4 Assumes files are ordered as consecutive before/after pairs
nPairs = floor(nFiles/2);

Ceff_before
Ceff_after

Ceff_all(1l:2:end);
Ceff_all(2:2:end);

figure;
hold on;

colors = lines(nPairs);

for i = 1:nPairs
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plot([1 2],

[Ceff before(i) Ceff after(i)],
'_O’,
"Color', colors(i,:),
'LineWidth', 1.5,
'MarkerSize', 8);

end

xticks([1 2]);

xticklabels({'Before', 'After'});

ylabel('C_{eff} [F]');

grid on;

/4 Logarithmic scaling improves visualization across orders of magnitude
set(gca, 'YScale', 'log');

legend(pair_names, 'Interpreter', 'tex', 'Location','best');

B.3 Cyclic Voltammetry

s

% Cyclic Voltammetry

%_

V4

2 LIST OF FILES

V4

files = {

};

V4

/i COLUMN MAPPING PER FILE

A

% Use last cycle results

/4 Format: {potential_column current_column}

5
col map = {

[ ]
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L N s I s B |
—_

};

Y4

/i MANUAL LEGEND NAMES

V4

legend_names = {

nh

/i, LOAD EXPERIMENTAL DATA

V4

nFiles = length(files);
data = cell(nFiles,1);
for k = 1:nFiles

data{k} = readmatrix(files<{k});
end

Y4

/i PREALLOCATE PEAK RESULT ARRAYS

V4

Epa_all = zeros(nFiles,1); /i Anodic peak potential
Ipa_all = zeros(nFiles,1); /7 Anodic peak current
Epc_all = zeros(nFiles,1); / Cathodic peak potential
Ipc_all = zeros(nFiles,1); /i Cathodic peak current

DeltaE_all = zeros(nFiles,1); / Peak-to-peak separation

s

7, COMBINED CV FIGURE
VA

/4 All cyclic voltammograms plotted together for direct comparison.

Y4

figure_all = figure;
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hold on;
grid on;

xlabel('E [V]');
ylabel ("I [\muA]');

nh
/4 MAIN ANALYSIS LOOP
%
for k = 1:length(files)

VA
7, IMPORT DATA
VA
A = data{k};

/4 Eztract potential and current columns
cols = col_map{k};

E
I

AC:, cols(1));
AC:, cols(2));

V4
/i, REMOVE INVALID DATA POINTS
3

valid = ~isnan(E) & ~isnan(I);
E = E(valid);
I = I(valid);

7
/4 ADD CURVE TO COMBINED FIGURE
%
figure(figure_all);

/4 Close the CV loop for visualization
plot([E; E(1)], [I; I(1)], 'DisplayName', legend_names{k}, 'LineWidth', 1.5);

%
/i PEAK DETECTION

%

/4 Anodic peak (Epa, Ipa) is defined as the global mazimum current.
/4 Cathodic peak (Epc, Ipc) is defined as the global minimum current.
%
[Ipa, idx_pal] = max(I);
[Ipc, idx_pc]l = min(I);
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/4 Corresponding peak potentials
Epa = E(idx_pa);
Epc = E(idx_pc);

/ Peak separation
peaksep = Epa - Epc;

V4

/i STORE PEAK VALUES

V4

Epa_all(k) = Epa;
Ipa_all(k) = Ipa;
Epc_all(k) = Epc;
Ipc_all(k) = Ipc;

DeltaE_all(k) = peaksep;

V4
/4 INDIVIDUAL CV FIGURE

VA

/4 Each wvoltammogram is plotted individually together with highlighted
/4 anodic and cathodic peak positions.

V4

figure;

hold on;
grid on;

/4 Plot CV curve
plot([E; E(1)], [I; I(1)], 'b', 'LineWidth', 1.2);

/4 Mark anodic peak

plot(Epa, Ipa, 'ro',
'MarkerSize', 8, ...
'LineWidth', 1.5);

/4 Mark cathodic peak

plot(Epc, Ipc, 'go',
'MarkerSize', 8,
'LineWidth', 1.5);

xlabel('E [V]');
ylabel('TI [\muA]');

legend(legend_names{k},
"Anodic peak',
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'Cathodic peak',
'Location', 'best’,
'Interpreter', 'tex');

V4

/i PRINT PEAK VALUES TO COMMAND WINDOW

V4

fprintf ('\n=== Ys ===\n', files{k});

fprintf('Anodic peak:\n');
fprintf(' Epa = %.4f V\n', Epa);
fprintf(' Ipa = %.4e pA\n', Ipa);

fprintf ('Cathodic peak:\n');
fprintf(' Epc = %.4f V\n', Epc);
fprintf (' Ipc = %.4e pA\n', Ipc);

fprintf ('Peak separation:\n');
fprintf (' E = %.4f V\n', peaksep);
end

s

/4 FINAL COMBINED FIGURE LEGEND

V4

figure(figure_all);

legend(legend_names,
'Location', 'best',
'Interpreter', 'tex');

i
/i FINAL PEAK TABLE

V4

% Summary table containing anodic and cathodic peak parameters for all
%4 cyclic voltammograms.

%_

T = table(
(1:nFiles)',
Epa_all,
Ipa_all,
Epc_all, ...
Ipc_all, ...
DeltaE_all,
'VariableNames',
{'File','Epa_V','Ipa_uA','Epc _V','Ipc_uA','DeltaE V'});
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/i RELATIVE CHANGE, STEPWISE BETWEEN MEASUREMENTS

4= =
Epa_step = [NaN; diff(Epa_all) ./ Epa_all(l:end-1) * 100];
Ipa_step = [NaN; diff(Ipa_all) ./ Ipa_all(l:end-1) * 100];
Epc_step = [NaN; diff(Epc_all) ./ Epc_all(l:end-1) * 100];
Ipc_step = [NaN; diff(Ipc_all) ./ Ipc_all(l:end-1) * 100];

DeltaE_step = [NaN; diff(DeltaE_all) ./ DeltaE_all(l:end-1) * 100];

T.Epa_step_change percent = Epa_step;
T.Ipa_step_change percent = Ipa_step;

T.Epc_step_change percent = Epc_step;
T.Ipc_step_change percent = Ipc_step;

T.DeltaE_step_change_percent = DeltaE_step,;

disp(T);

h = = ==
/i COMBINED CV FIGURE WITHOUT BASELINE

VA

/4 Same visualization as the full combined plot, but omitting the first

/4 dataset for comparison purposes.

9 = = = = =

figure;

hold on;
grid on;

xlabel('E [V]');
ylabel('I [\muA]');

for k

2:nFiles

A

data{k};
cols = col_map{k};

E
I

A(C:, cols(1));
A(C:, cols(2));

valid ~isnan(E) & ~isnan(I);

E
I

E(valid);
I(valid);
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plot([E; E(1)], [I; I(1)],
'DisplayName', legend names{k},
'LineWidth', 1.5);

end

legend('Location', 'best', 'Interpreter', 'tex');
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Repeatability analysis transfer
characteristics EG-FET system

A set of repeatability measurements was performed to evaluate the stability of the
transfer characterization as measuring method for the EG-FET system. All mea-
surements were performed in PBS using a gate voltage sweep from -0.39V to +0.39V
and a drain source bias of Vpg = 0.4V. The analysis was based on the linear region of
the transfer curve (0 to +0.15 V), where the response was stable and Ipg remained
below 3 pA.

Five measurement sets were collected, each consisting of five repeated measurements,
structured to isolate different sources of variability:

File 1: same electrode, same cuvette, same solution (5 repetitions)
File 2: same electrode, same cuvette, fresh solution (5 repetitions)
File 3: same electrode, new cuvette, fresh solution (5 repetitions)
File 4: new electrode, same cuvette, fresh solution (5 repetitions)
File 5: new electrode, new cuvette, fresh solution (5 repetitions)

Table C.1 shows the calculated slope and its corresponding std based on the obtained
results seen in Figures C.1-C.5.

Table C.1: Mean slope and standard deviation for each file.

File | MeanSlope [pA/V] | Std [pA/V]
File 1 4.71 x 103 84.1
File 2 4.50 x 103 86.9
File 3 4.39 x 103 25.8
File 4 4.68 x 103 139
File 5 4.72 x 103 o7.2

Overall, the repeatability within each file was low in terms of standard deviation
relative to the magnitude of the transfer curve slope, indicating the slope to be
a stable measurement parameter for repeated sweeps under different conditions.
Differences between measurement files are small in terms of mean transfer curve
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C. Repeatability analysis transfer characteristics EG-FET system

slope, which remains fairly consistent across all conditions. Some variation is seen
in curve shape and baseline level between files, which is likely related to differences
in electrode handling, cuvette exchange and solution preparation.
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Figure C.1: Mean transfer curve obtained from five repeated measurements (File
1: same electrode, same cuvette, same solution). Error bars indicate standard
deviation, showing low variability within repeated sweeps.
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File 2
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Figure C.2: Mean transfer curve obtained from five repeated measurements (File
2: same electrode, same cuvette, fresh solution). Error bars indicate standard devi-
ation, showing stable repeatability within the measurement set.
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Figure C.3: Mean transfer curve obtained from five repeated measurements (File 3:
same electrode, new cuvette, fresh solution). Error bars indicate standard deviation,
showing the lowest intra-set variability among all files.

XXXVII



C. Repeatability analysis transfer characteristics EG-FET system
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Figure C.4: Mean transfer curve obtained from five repeated measurements (File 4:
new electrode, same cuvette, fresh solution). Error bars indicate standard deviation,
showing increased variability compared to other measurement sets.
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Figure C.5: Mean transfer curve obtained from five repeated measurements (File 5:
new electrode, new cuvette, fresh solution). Error bars indicate standard deviation,
showing moderate variability within the measurement set.
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D

Preliminary tests

This appendix presents the results obtained from the combined electrode configura-
tion used during the preliminary tests to evaluate whether transfer measurements
and EIS could be performed on the same electrode. However, no conclusive results
were obtained from this setup.
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o - N w »~ (& o ~ (=] ©
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After BSA

4 0.8 06 0.4 0.2 0 0.2 2 4 6 8 10 12 14
E[V] Z'[ x10*

() (b)

Figure D.1: Combined electrode measurement. (a) Transistor measurements per-
formed first, followed by (b) EIS measurements on the same electrode.
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I

Validation of cleaning surface and
activation

This appendix presents the results obtained from the two additional electrodes used
in the validation of the cleaning protocol, which was performed in triplicate, showing
similar trends across all three electrodes.

201
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-10

| [A]

-20

-30

_40 L L L 1 L L 1
-0.2 0 0.2 0.4 0.6 0.8 1 12 1.4 1.6

A " ;
Figure E.1: Cleaning cycle consisting of 30 CV scans in 0.5M sulfuric acid for the

second electrode.
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E. Validation of cleaning surface and activation

301
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Figure E.2: CV measurements in 5mM K3[Fe(CN)6]/K4[Fe(CN)6] / 0.1M KCl
before cleaning, after cleaning and after 1 min incubation in 10mM PBS with

0.05%Tween-20 for the second electrode.
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Figure E.3: Cleaning cycle consisting of 30 CV scans in 0.5M sulfuric acid for the
third electrode.
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Figure E.4: CV measurements in 5mM K3[Fe(CN)6]/K4[Fe(CN)6] / 0.1M KCl
before cleaning, after cleaning and after 1 min incubation in 10mM PBS with

0.05%Tween-20 for the third electrode.
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I

Surface functionalization on SPE

This appendix presents the results obtained from the two additional fully function-
alized electrodes for both CV and EIS, where the functionalization was performed in
triplicate, with similar trends observed across all three electrodes for both methods.

Electrode 2
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3
3
3
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Figure F.1: Cyclic voltammograms of electrode 2 recorded at each step of the
functionalization protocol. a) All incubation steps including the initial bare mea-
surement. b) All steps except the bare electrode.

Table F.1: Extracted peak potentials and peak currents for electrode 2 after each
measurement. The percentage change in peak currents is calculated relative to the
preceding step.

E,. [VI| L. [WA] [E,. [V] [ L. [A] | L, step [%] | L. step [%]
Au 0.210 27.0 0.0930 -22.4 NalN NaN
LP4-Nj3 0.498 2.37 -0.500 -2.08 -91.2 -90.7
DP4-OH | 0.498 0.760 -0.500 -1.06 -67.9 -48.9
BSA 0.498 0.664 -0.500 -1.52 -12.7 43.3
(Saliva) | 0.498 | 0.715 | -0.500 | -1.64 7.64 7.80
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F. Surface functionalization on SPE

x10°

14 -

10

2" [9]

2 Au
AU/LP4-N,
0 AU/LP4-N,/DP4-OH
2t AU/LP4-N/DP4-OH/BSA
AU/LP4-N,/DP4-OH/BSA/(Saliva)
'4 C 1 I | I 1
0.5 1 15 2 25
Z'[Q] %10°

Figure F.2: Nyquist plots of electrode 2 recorded at each step of the functional-
ization protocol.

Table F.2: Fitted EIS parameters for electrode 2 after each measurement. The
percentage change in R, is calculated relative to the preceding step.

R, [Q] R;:[Q QO 15| a |o[s71/7 T [8] RMSE [2] | Rel. RMSE [%] | C.ss [F] | R step [%)]
Au 146 1.42 x107 | 3.84 x1079 [ 0.820 | 2.96 x10° 22.9 330 2.33 7.40 x10°7 NaN
LP4-N, 373 4.25 x10° | 3.42 x1077 | 0.860 14.2 1.31 x10° | 5.62 x103 1.32 7.95 x10°8 | 2.90 x103
DP4-OH | 3.87 x10% | 2.63 x10° | 3.15 x10~7 | 0.899 | 7.46 x10° 4.01 2.75 x10* 1.05 1.48 x1077 517
BSA 2.19 x10% | 2.36 x10° | 2.75 x1077 [ 0.910 | 4.39 x10° 2.13 2.91 x10* 1.23 1.32 x1077 -10.1
(Saliva) 132 9.19 x10* | 2.83 x1077 | 0.851 | 2.69 x10° 0.0284 448 x10* 487 473 x1078 -96.1
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F. Surface functionalization on SPE

Electrode 3

Au AUILP4-N,
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Figure F.3: Cyclic voltammograms of electrode 3 recorded at each step of the
functionalization protocol. a) All incubation steps including the initial bare mea-
surement. b) All steps except the bare electrode.

Table F.3: Extracted peak potentials and peak currents for electrode 3 after each
measurement. The percentage change in peak currents is calculated relative to the
preceding step.

E,. [VI| L. [WA] [E,. [V] [ L. [A] | L, step [%] | L. step [%]
Au 0.204 25.0 0.0879 -21.4 NalN NaN
LP4-Nj3 0.498 3.32 -0.500 -1.71 -86.7 -92.0
DP4-OH | 0.498 0.724 -0.500 -1.32 -78.2 -22.8
BSA 0.498 0.672 -0.500 -1.64 -7.15 23.9
(Saliva) 0.498 0.778 -0.500 -2.06 15.9 25.8
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F. Surface functionalization on SPE
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Figure F.4: Nyquist plots of electrode 3 recorded at each step of the functional-
ization protocol.

Table F.4: Fitted EIS parameters for electrode 3 after each measurement. The
percentage change in R, is calculated relative to the preceding step.

R, [Q] R.[Q |[QQ1's?]| a |o Qs T [s] RMSE [Q] | Rel. RMSE [%] | C.ss [F] | R step [%)]
Au 1.41 x107° | 2.95 x10° | 1.34 x107° | 0.589 | 6.75 x10° 5.48 2.14 x103 0.727 2.16 x10712 NaN
LP4-Nj; 333 6.41 x10° | 3.11 x10~7 | 0.905 114 7.51 x10° | 5.64 x103 0.880 1.18 x1077 117
DP4-OH | 2.81 x10° | 1.94 x10° | 3.25 x10~7 | 0.900 | 9.27 x10° 2.67 3.16 x10? 1.63 1.49 x1077 202
BSA 1.69 x10% | 2.04 x10% | 2.81 x10~7 | 0.911 | 2.25 x10° 2.17 2.29 x10* 1.13 1.33 x1077 5.10
(Saliva) 285 1.59 x10° | 2.63 x10~7 | 0.900 | 2.21 x10° 2.64 2.92 x104 1.83 9.16 x10~*° -21.7
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