2
2
=
2

o
o
cC

c
o

~

el
cC
©
]
[}
C
2L
(%4

%]

[
o

2
(%]
o
[

=
C

]
cC

R
o
%
o

z

n
[}
v]
c

v
(w]

2]

©
—
o}

=
©

z

Y
o

=
o
©

[N

bo
c
-
[J]
(7]
£
V]
C
V7]
el
C
©
(V]
[}
cC
v
O
%]
i)
©
=
[
=
©
=
Y
o
=
c
(]
£
£
©
Q.
[
[a]

Charlotte Amalie Leinebg

Improving the Dynamic Sensing
Range of Electrochemical Enzymatic
Lactate Biosensors for Sweat
Monitoring Applications

Master’s thesis in Nanotechnology
Supervisor: Frode Seland
Co-supervisor: Erik Andrew Johannessen

June 2023

@ NTNU

Norwegian University of
Science and Technology






Charlotte Amalie Leinebg

Improving the Dynamic Sensing Range
of Electrochemical Enzymatic Lactate
Biosensors for Sweat Monitoring
Applications

Master’s thesis in Nanotechnology
Supervisor: Frode Seland

Co-supervisor: Erik Andrew Johannessen
June 2023

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering

@ NTNU

Norwegian University of
Science and Technology






Abstract

Sweat is a readily available body fluid for non-invasive, continuous and real-time monit-
oring of lactate during athletic activity. Electrochemical enzymatic biosensors present
a promising and viable option for rapid, accurate and sensitive sweat lactate wear-
able monitoring. A major hurdle to overcome for realising a sweat lactate biosensor
is the limited detection range compared to physiologically relevant sweat lactate con-
centrations. The overall aim of this work was to identify the mechanisms limiting
the maximum signal of the lactate biosensors employed in previous work and examine
formulation adjustments increasing the upper lactate detection limit.

Amperometric lactate biosensors were assembled by modifying the working elec-
trodes of screen-printed electrode substrates with a thin film of Prussian Blue, an
enzymatic layer of lactate oxidase and single-walled carbon nanotubes immobilised
in a chitosan matrix and an outer Nafion membrane. The Prussian Blue film was
electrodeposited whereas the enzyme and membrane layers were manually drop cast
onto the electrode. The biosensors were chronoamperometrically tested in a phosphate
buffer with stepwise lactate concentration increments until reaching current signal sat-
uration. Cyclic voltammetry was employed to evaluate the stability of Prussian Blue.

Experimental findings indicated that the maximum current signal was ultimately
limited by availability of dissolved oxygen in the test solution. Testing sensors in
oxygen-enriched solution enhanced the maximum current response by 104% compared
to standard testing conditions. Efforts to enhance the activity of the enzyme layer did
not increase the maximum current signal, further reinforcing that sensors were ulti-
mately limited by oxygen availability and not by catalytic activity of the enzymatic
layer. To increase the dynamic range, the sensor membranes were modified to re-
duce the lactate flux over the outer membrane. Employing membranes made from
sulfophenylated-polyphenylene with biphenyl linker did not improve sensor perform-
ance compared to Nafion. Incorporating cerium into the Nafion membranes induced
polymer cross-linking, and an extended detection limit from 8 mM to 10 mM lactate
was demonstrated with a cerium-Nafion composite membrane sensor. The achieved
sensor performance supports the feasibility of cerium to reduce membrane lactate
permeability and increase the dynamic range, but test data was limited to only 3
sensors due to the lack of a convenient and biosensor-compatible method of cerium
incorporation. Given the low sensor reproducibility, larger sample sizes are needed to
conclude a significant effect of the cerium composite membranes. Identifying a suitable
incorporation method and cerium loading could further increase the dynamic range.
An additional 10-fold increase would be necessary for lactate monitoring in undiluted
sweat, approaching concentrations of 100 mM.
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Sammendrag

Svette er en lett tilgjengelig kroppsvaeske for ikke-invasiv og kontinuerlig sanntidsmaling
av laktat under fysisk aktivitet. Elektrokjemiske enzym-baserte biosensorer er lovende
for integrering i en beerbar sensorenhet, da de gir rask, ngyaktig og sensitiv lak-
tatmaling. Et stort hinder for realiseringen av en svettelaktatsensor er det begrensede
deteksjonsomradet til biosensoren sammenliknet med fysiologisk relevante laktatkon-
sentrasjoner. Det overordnede malet med denne oppgaven er a identifisere hvilke
faktorer som begrenser deteksjonsomradet til laktatbiosensorene og a undersgke mu-
lige endringer i sensorformuleringen som kan gke den gvre deteksjonsgrensen.

Amperometriske laktatbiosensorer ble laget ved a funksjonalisere arbeidselektroden
pa trykte elektrodesubstrater med en Prussian Blue tynnfilm, et enzymlag bestaende
av laktat oksidase og enkeltvegget karbonnanorgr immobilisert i en matriks av chitosan
og en ytre Nafionmembran. Elektrodeponering ble brukt til a legge pa Prussian Blue-
filmen, mens bade enzym- og membranlagene ble pafgrt manuelt ved a legge dem
drapevis pa arbeidselektroden. Biosensorene ble testet kronoamperometrisk i fosfat-
buffer, med en gradvis gkning av laktatkonsentrasjon i lgsningen frem til signalet ble
mettet. Syklisk voltammetri ble brukt til & vurdere stabiliteten til Prussian Blue.

De eksperimentelle funnene indikerte at det maksimale strgmsignalet fra sensorene
var begrenset av mengden opplgst oksygen i testlgsningen. Ved a teste en sensor i en
oksygen-beriket lgsning ble strgmsignalet 104% hgyere enn nar den samme sensoren
ble testet under standard forhold. Det maksimale strgmsignalet ble ikke forbedret ved
a gke kapasiteten til enzymlaget, hvilket underbygget hypotesen om at signalet var
begrenset av oksygentilgang og ikke av lav enzymaktivitet. For a likevel kunne gke
den gvre deteksjonsgrensen sa ble egenskapene til sensormembranen modifisert med
formalet om & redusere fluksen av laktat gjennom membranen. A bruke sulfofenylert-
polyfenylen med bifenyl-linker som membran istedenfor Nafion viste ingen forbedring.
Derimot, inkorporering av cerium i Nafion-membranene hadde en kryss-linkende ef-
fekt, og en gkning i deteksjonsomradet fra 8 mM til 10mM ble demonstrert av en
sensor med cerium-Nafion-membran. Denne sensorresponsen styrket hypotesen om at
cerium kan brukes til a redusere permeabiliteten av laktat i membranen og dermed
utvide deteksjonsomradet. Dataene var imidlertid begrenset til bare 3 sensorer grun-
net mangelen pa en praktisk og biosensor-kompatibel metode a inkorporere cerium i
membranen pa. Ettersom sensorene var lite reproduserbare sa er det ngdvendig med
mer testdata for a kunne konkludere med en signifikant effekt. Ved a finne en egnet
inkorporeringsmetode og optimal cerium-dose kan deteksjonsomradet muligens utvides
ytterligere. For a kunne monitorere laktat i ufortynnet svette ma deteksjonsomradet
ytterligere gkes med en faktor 10, da laktatkonsentrasjonen kan bli opp mot 100 mM.
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List of Acronyms

Abbreviations
CA Chronoamperometry
CE Counter Electrode
Ce Cerium
CVv Cyclic Voltammetry
EDS Energy-Dispersive X-ray Spectroscopy
Et Ethanol
Glu Glucose
Gly Glycerol
L Lactate Oxidase
LOx Lactate Oxidase
N Nafion
Ox Oxidised specie
PB Prussian Blue
PBS Phosphate Buffered Saline
PBB Sodium Phosphate Buffer
RE Reference Electrode
Red Reduced specie
RT Room temperature
S Sulfophenylated-polyphenylene wih biphenyl linker
SEM Scanning Electron Microscopy
std dev Standard deviation
SPE Screen Printed Electrode
SPPB Sulfophenylated-polyphenylene with biphenyl linker
SWCNT Single Walled Carbon Nanotubes
WE Working Electrode
P Zimmer & Peacock
wt% Weight percentage
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A Electrode area m?

Qred Activity of reduced specie 1

Ao Activity of oxidised specie 1

c Concentration mol L~}

Cmaz Highest significantly detected lactate concentration = mM

D Diffusion Coefficient m?s~!

AFE The peak-to-peak separation \Y

E Electrode potential \Y

E° Standard electrode potential A%

E% Formal electrode potential \Y

E, ) Half-wave potential A%

E, Peak potential \Y

E,,. Anodic peak potential \Y

E,. Cathodic peak potential \Y%

F Faraday’s constant 96 485 C mol ™

1 Current A

It Current signal at the first lactate addition A

Iax Current signal at the highest significantly detected A
lactate concentration

I, Peak current A

I,. Anodic peak current A

I,. Cathodic peak current A

J Flux molm~—2s7!

Ky Michaelis-Menten constant M

R Universal gas constant 8.314 JK~'mol™!

T Absolute temperature K

t Time S

z Number of electrons 1

Sensor Notation

PBI- Sensors where the working electrode was covered with a
Prussian Blue film.

PB|N Sensors where the working electrode was covered with a
Prussian Blue film and a Nafion membrane.

PB|L|N Sensors where the working electrode was covered with a

Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and
a Nafion membrane.

PB|L%|N Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes with
added glucose in a matrix of chitosan and single-walled car-
bon nanotubes and a Nafion membrane.
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PB|LS%|N

PB|1.5L|N

PB|2L|N

PB|L|N*

PB|L|N*Y 9,

PB|L|N**

PB|L|N** o)

PBJ|L|S

PB|L|S*

PBI|L|S* ;)

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes with
added glycerol in a matrix of chitosan and single-walled car-
bon nanotubes and a Nafion membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes with
a 1.5 times increase in standard enzyme amount in a matrix
of chitosan and single-walled carbon nanotubes and a Nafion
membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes with a
2 times increase in standard enzyme amount in a matrix of
chitosan and single-walled carbon nanotubes and a Nafion
membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and
a Nafion-Ce®*" composite membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and
a Nafion-Ce®" composite membrane. y is a number refer-
ring to the method of Ce*" incorporation. x is a number
specifying the weight percent of Ce*" in the membrane.
Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and
a Nafion-CeOy composite membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and a
Nafion-CeO, composite membrane. x is a number specifying
the weight percent of CeO, in the membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and
a SPPB membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in
a matrix of chitosan and

single-walled carbon nanotubes and a SPPB-Ce*" composite
membrane.

Sensors where the working electrode was covered with a
Prussian Blue film, a layer of lactate oxidase enzymes in a
matrix of chitosan and single-walled carbon nanotubes and a
SPPB-Ce*" composite membrane. x is a number specifying
the weight percent of Ce®*" in the membrane.
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Sensor Terminology

The listed definitions are meant to give the reader an overview of common biosensor
terminology actively employed in this work. The definitions are based on a combina-
tion of the Biosensor Glossary of Zimmer & Peacock [1] as well as the Recommended
Definitions and Classifications of TUPAC [2]. The terms reproducibility and repeat-
ability are found to be commonly used interchangeably in literature. In this paper,
the below definitions of the terms will be used.

Dynamic Range. The concentration interval between the lower and the upper detec-
tion limit of the sensor. Within the dynamic range, a change in analyte concentration
will generate a change in the signal output.

Linear range. A concentration interval within the dynamic range where the sensor
output signal is linear to the concentration of analyte in solution. For enzymatic bio-
sensors, this is dependent on the Michaelis-Menten kinetics of the enzyme.

Limit of Detection (LOD). The lowest analyte concentration required for a reliable
sensor signal. This is commonly defined as LOD > 3xSD of the blank signal.

Limit of Quantification (LOQ). The lowest analyte concentration required for a
reliable analyte quantification signal. This is commonly defined as LOQ > 10xSD of
the blank signal.

Reproducibility. The ability of a biosensor to generate identical responses when
subject to multiple experiments employing identical testing conditions.
Repeatability. The ability of biosensors with identical formulations to generate
identical responses when subject to experiments employing identical testing condi-
tions.

Response Time. The required time for the biosensor signal to stabilise after a change
in analyte concentration. The signal is considered stable when larger than 90% of the
steady-state signal.

Selectivity. The ability of the biosensors to exclusively interact with the analyte of
interest, and not to other interfering species present in the sample.

Sensitivity. The change in current signal with a change in analyte concentration. In
other words, this will be the slope of the calibration curve of the sensor.

Signal Drift. The ability of the biosensor to produce an even and reliable signal when
all other parameters are kept constant.

Signal resolution. The smallest possible change in analyte concentration that can be
distinguished, thus generating a significant change in sensor signal. The signal change
should be AS > 3xSD. The resolution is often dependent on experimental noise, such
as magnetic stirrers or electric noise.
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Stability. The drift in sensor signal, either during operational use or storage. The sig-
nal drift will be dependent on ambient conditions, such as temperature. High stability
implies low signal drift.
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Chapter 1

Introduction

1.1 Background

Wearable healthcare technology represents a huge step within the field of personalised
medicine, with the potential to improve the quality of life for millions of people and
transform the healthcare system [3, 4]. By taking patient-specific factors into consid-
eration, treatment options can be tailored specifically to meet individual needs. In this
manner, one can optimise treatment procedures, circumvent adverse drug reactions and
improve diagnostics accuracy [4]. Accurate diagnostics and personalised treatment can
be achieved by wearable sensors, offering real-time monitoring of physiological data
and health parameters. This will enable point-of-care diagnostics, which relieves the
burden on the hospitals and health care systems as well as improving the quality of
life for the patients. However, wearable sensors are not only useful in hospital and
disease monitoring settings, but also for daily routines and activities [3].

A famous example of wearable sensors is the Apple Watch, tracking fitness para-
meters such as motion, number of steps and training intensity, as well as health para-
meters such as stress levels, sleep patterns and heart rate [5]. Wearable systems can
be easily implemented into the daily life and routines of the user. They are small and
simple to use, and can be integrated into everyday devices such as watches, clothing
or other accessories, with a comfortable fit. Overall, wearable sensors can provide the
user with rich information on their personal health and physiological state [3, 6].

Despite the rich insight on health status that can be derived from physical data, a
considerable amount of information can only be obtained from analysis at a molecular
level [6, 7]. The composition of biochemical markers present in biological fluids such as
blood, urine and sweat reflects the molecular state of the body, indicating conditions
such as bacterial or viral infections, organ failure, malnutrition and muscle fatigue [8,
9]. For accurate monitoring of biochemical parameters, biosensors are a prominent
alternative. By employing recognition elements derived from biological systems, bio-
sensors are extremely accurate and highly specific towards the analyte(s) of interest
[10]. Despite the lack of transition to the commercial market, there is a great poten-
tial for integrating biosensors into wearable devices to track chemical and biological
parameters in real-time. Several biosensor systems are currently under clinical evalu-
ation, while still lacking regulatory approvals and sufficient validation studies [3, 7]. A
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success story of commercial wearable biosensors is the Abbott FreeStyle Libre glucose
sensor, which is a small wearable skin patch that continuously monitors glucose levels
to ease insulin management for people suffering from diabetes mellitus [11]. However,
a major drawback is the invasiveness, as the sensor requires skin piercing to access in-
terstitial fluids [6]. This poses discomfort, stress and risk of infections to the users [3,
12]. Current efforts are concerned with the development of non-invasive wearable bio-
sensors, meaning that there is no disruption of skin barriers or blood contact, offering
more convenience and comfort to the user. Non-invasive and continuous monitoring of
relevant biomarkers can be obtained by analysis of more readily available body fluids,
such as saliva, tears and sweat [3, 6].

Sweat is abundant in metabolic biomarkers and is readily available for biosensing
applications due to its accessibility and ease of collection. By combining smart micro-
fluidic systems and materials for comfortable wearable systems with efficient transport
of sweat to the biological sensing element, a fully wearable biosensor skin platform is
achievable [3, 13]. Sweat is secreted to the skin from sweat glands distributed over the
entire body, and is mainly used by the body for temperature regulation. The main
component of sweat is water, but it also contains small amounts of various solutes
partitioned from the sweat glands. Sweat is rich in electrolytes such as sodium and
chloride, while also containing metabolites such as glucose, urea and lactate [14, 15].

Lactate is a metabolite product of glucose metabolism, and is produced in excess
amounts when there is limited oxygen availability [16]. Especially in muscle tissue and
blood, high lactate level is an indication of anaerobic conditions. Lactate levels are
especially interesting to assess for endurance athletes, as it is related to performance
factors such as working muscle fatigue. Lactate tolerance, threshold, peak and clear-
ance values are all essential parameters to evaluate the physical shape of the athlete
[17-20]. For temporary lactate analysis, invasive measurements of blood lactate levels
are employed, which is both uncomfortable for the athlete and perturbs the training.
In addition, the measurements are discrete and do not provide continuous informa-
tion on the lactate levels [16, 21]. Lactate is not only partitioned to blood during
anaerobic conditions, but also to sweat. Sweat lactate measurements present several
advantages, such as continuous, real-time and non-invasive monitoring, as well as the
ease of integrating the sensor into a comfortable wearable device [15, 22, 23].

Despite the promising prospect of non-invasive lactate monitoring, there are doubts
regarding the clinical value of assessing bioanalytes in sweat [3, 24, 25]. No clear cor-
relation between blood and lactate levels has been reported, which additionally calls
for a mapping of sweat lactate value related to the degree of physical exertion, substan-
tiating the clinical value of assessing bioanalytes in sweat [3, 24, 26]. Some researchers
have demonstrated a positive correlation between the rate of lactate variation in blood
and sweat from the active muscle area [25, 27]. Moreover, sweat lactate concentra-
tions have been found to increase with higher exercise intensity and indicate the level
of physical exertion over prolonged exercise [13, 21, 26]. With an increase in exercise
intensity, the lactate content in sweat has been found to increase from 4 mM up to
values close to and even above 100 mM [25, 28-30]. Consequently, the development of
wearable sweat lactate biosensors could potentially enhance performance and training
regimes for endurance athletes [22].
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A major hurdle to overcome for translation of lactate biosensors to wearable sweat
measurement devices is to enable detection of sufficiently high lactate concentration
[28, 29]. For the lactate biosensor formulation employed in previous work, the best-
performing sensor reached signal saturation at bulk lactate concentrations of 8 mM [31].
It was concluded that the biosensor response was ultimately limited by the availability
of dissolved oxygen in the test solution or by capacity of the biorecognition element.
Adjusting this biosensor formulation to regulate substrate availability or increase the
catalytic activity is thus assumed to increase the upper detection limit, thereby making
the biosensor more suitable for quantification of physiologically relevant sweat lactate
concentrations.

1.2 Aim of Thesis

The aim of this work was to adjust and improve the lactate biosensor formulation to
enable detection and quantification of physiologically relevant sweat lactate concentra-
tions up to 100 mM. The sensing range limitations of the biosensor were identified, as-
sessing whether the current response was constrained by activity of the bioactive com-
ponent, stability of the mediator layer, substrate availability or combinations thereof.
Based on the findings, efforts were made to improve the existing formulation to over-
come these limitations and increase the upper limit of the dynamic range. All tested
biosensor formulations were based on a similar framework, with a layered structure
composed of a screen-printed carbon electrode substrate modified with a Prussian Blue
thin film, an enzyme immobilisation matrix and an outer polymer membrane. For each
layer, the loading amount, type of materials or post-treatment procedures were varied
to identify a formulation and fabrication protocol yielding a stable biosensor response
with an extended dynamic range. Considerable work was devoted to the incorporation
of additives in the outer polymer membrane, attempting to identify a suitable loading
dose and incorporation method. Additionally, ambient conditions such as temper-
ature, lactate availability and oxygen availability were adjusted to investigate their
impact on the performance of the bioactive component. The electrochemical activity
of Prussian Blue was studied in detail to ensure that its catalytic capacity did not
limit the biosensor response.

To quantify the dynamic range of the sensors, ex situ testing in phosphate buffer
solutions with a controlled and stepwise increase of lactate concentration was per-
formed. Chronoamperometry was the main method used to study the lactate response.
The maximum generated current signal, dynamic range and signal linearity were used
to evaluate and compare the performance of the sensors towards a gradual increase
in lactate concentrations. Signal linearity was quantified by comparing the size of the
initial current step to the maximum generated current signal. Sensor repeatability
and reproducibility were also addressed, as they are essential parameters for a reliable
sensor response and accurate lactate concentration assessments. Cyclic voltammetry
was used to study the electrochemical behaviour of Prussian Blue in different phos-
phate buffers and the effect of post-treatment procedures. Overall, the experimental
work aimed to identify a sensor formulation and fabrication protocol suitable for in-
tegration into a wearable system for continuous sweat lactate monitoring.



Chapter 2

Theory

This section will provide the theoretic foundation necessary for understanding the
biosensor operation and provides a rationale for the sensor formulation, including
findings from previous project work. In addition, the applied electrochemical detection
methods and the mechanism behind them will be elaborated on.

2.1 Analytical Electrochemistry

Electrochemistry is a branch within physical chemistry concerned with the transfer of
electrons at a polarised electrode surface, thus coupling chemical reactions to electrical
processes. Electrochemistry is a versatile field with numerous applications within both
industry and research, spanning from energy conversion and corrosion protection to
analytical chemistry and biomedical analysis. With electroanalytical techniques, elec-
tronic properties such as current, potential and charge can be measured and related to
chemical parameters and processes [32, 33]. Electroanalytical methods are especially
appealing due to their high sensitivity and selectivity, as well as user-friendliness, af-
fordability and portability of the measuring devices. Only small sample volumes are
required for bulk solution analysis, allowing for device miniaturisation. These advant-
ages are among the main motivations behind employing electroanalytical principles to
develop sensor devices for point-of-care testing. An example of such an electrochemical
device is the blood sugar test, which allows for point-of-care blood glucose assessment
for diabetic patients [33, 34].

Reduction-oxidation (redox) reactions are the driving forces of electrochemical pro-
cesses. Redox reactions can be induced by introducing two or more electronic conduct-
ors (electrodes) to an ionic solution (electrolyte) and applying a potential between
them. Such a construction, consisting of two or more electrodes immersed in an elec-
trolyte, is termed an electrochemical cell [35-37]. In order to obtain a closed circuit
and a current flow in an electrochemical cell, there need to be at least two electrodes.
Reduction and oxidation reactions are always coupled, with an oxidation occurring at
the anodic electrode (anode) and a reduction at the cathodic electrode (cathode) [37,
38]. The supporting electrolyte should keep a constant ionic strength [32].

The simplest electrochemical cell for electroanalysis consists of a working and a
reference electrode [38]. At the working electrode (WE), the electrochemical pro-
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cess of interest takes place, being either a reduction or an oxidation reaction. The
counter reaction takes place at the reference electrode (RE), thereby completing the
electrochemical cell. The RE should additionally provide a stable reference point by
delivering a constant potential [36-38]. To separate the counter reaction from the
reference point, a third electrode can be introduced, namely a counter electrode (CE).
The CE presents a designated electrode for countering the oxidation or reduction reac-
tion occurring at the WE; allowing for more accurate measurements of single reaction
events. In a three-electrode set-up, there will be a measurable current flow between
CE and WE, while the desired cell potential is applied and controlled between RE and
WE. A three-electrode system is more convenient for electrochemical analysis pur-
poses. By avoiding a current flow at the RE, there will be no chemical reactions that
may change the electrode environment composition and thus the electrode potential,
yielding a more stable point of reference [34, 36-38]. A three-electrode system is com-
monly operated by a potentiostat. By employing a feedback loop, the potentiostat
can accurately control the potential between the WE and RE by adjusting the current
flow between WE and CE [34].

2.1.1 Nernst Equation

The potential of an electrode is directly correlated to thermodynamic properties of the
surrounding solution and the activity of the electroactive species. This relation can be
expressed through the Nernst equation. For the redox reaction Ox + ne- == Red,
the Nernst expression becomes

p— o Bl e
zF ap,

(2.1)

where E (V) is the potential between WE and RE, E° (V) is the cell potential
under standard conditions, R (8.314 JK~!mol) is the universal gas constant, T’ (K) is
the absolute temperature, z is the number of electrons transferred in the reaction and
F (96485 Cmol ') is Faraday’s constant. The activity of the electroactive species un-
dergoing reduction and oxidation, Red and Ox respectively, are ideal thermodynamic
concentrations. Standard conditions are when the concentration of [Red] and [Ox] are
both 1 M, at a temperature of 298.15 K and 1atm pressure [32, 37].

The above equation can be simplified by introducing the formal electrode potential
EY which accounts for the activity coefficients ap, and ar.q when the reactants are
solutes [38]. In this case, the Nernst equation can be simplified to

g g BT, Hed
zF " [Ox]

(2.2)

where the activities are replaced by the concentrations [Ox] and [Red]. For most ap-
plications, F° and EY are approximately equal [34]. By applying the Nernst equation
to an electrochemical cell, the electrode potential can be used to directly determine
the concentration of analyte(s) [32, 36].
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2.1.2 Electrodes

Electrodes are conductive or semi-conductive materials that form an interface towards
the electrolyte solution. When the analyte of interest is present in the solution, electron
transfer processes occur at this interface. Depending on the role of the electrode, being
either the working, counter or reference electrode, the material and composition will
vary [34, 37].

At the working electrode, the process of interest takes place. The WE is commonly
made of an inert material that is unaffected by the reactions and charge transfers oc-
curring during an analytical measurement. Common electrode materials are platinum,
gold and various carbon compounds [38]. The WE can be chemically modified to in-
crease its specificity and selectivity towards a certain species, thereby turning the
electrolytic cell into a chemical sensor [32, 38].

The reaction of interest occurring at the WE should not be limited by the processes
at the counter electrode. Thus, the CE should provide an accessible and large surface
area for the counter reaction. The electrode material should be inert, with common
electrode materials being platinum and graphite [32, 39].

The reference electrode should maintain a constant, absolute potential under the
given reaction conditions. There should be no or minimal current flow through RE. The
most prevalent RE composition is an inert metal surrounded by a salt of low solubility.
Common RE materials are silver coated with a film of silver chloride (Ag/AgCl) and
mercury coated with a mercury(II)chloride film (Hg/HgyCly, the Calomel electrode).
The anion of the salt in the film should be present at high concentrations in the
surrounding solution to circumvent dissolution from the electrode. Additionally, small
changes in anion concentration in the solution will have a low impact on the RE
potential, evident from the Nernst equation (Eq. (2.2)) using the Ag/AgCl electrode
as an example

RT B
Eag/agc1 = l*?fi’g/Agc1 -5 In[C17] (2.3)

The activity of Ag and AgCl are both 1 as they are both solids, and they are
thus terminated from the Nernst expression. With large chloride concentrations, the
change in potential E is negligible with small concentration fluctuations [32, 34].

To provide a stable environment for the RE, the electrode is often immersed in a
dedicated solution, separated from the CE and WE. However, if currents are sufficiently
small, in the pA/nA range, the RE can be included in the same electrolyte as WE and
CE. This is termed a pseudo-reference electrode [34].

2.1.3 Mass-transport and Kinetic Limitations

An electrode reaction pathway is influenced and limited by the mass-transport of
species to/from the electrode and electron transfer kinetics at the electrode surface.
More complex reactions could also take place, such as coupled chemical reactions or
surface adsorption. The overall reaction rate and current are ultimately determined
by the slowest step, which is either the mass-transport or the reaction kinetics [34, 36].
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Electrochemically reversible reactions are purely mass-transport controlled, and
obey thermodynamic relationships [32]. For a reaction to occur at the electrode, elec-
trochemically active species must be transported from the bulk to the electrode surface.
Modes of mass-transport include diffusion, convection and migration. Diffusion is the
random Brownian motion of a specie down a concentration gradient, which results in
a net movement from areas of high to low concentrations. Convection is present when
an external force, such as a magnetic stirrer or a solution flow, physically moves the
solution or the electrode. This can be either forced, such as stirring, or natural, such
as density gradients. Migration is the movement of charged species in an electric field.
The effect of both migration and convection can often be minimised by tuning the test
cell conditions [32, 36].

Diffusion is present in about every electrochemical measurement. As the exper-
iment is initiated, the concentration of electroactive analyte (cy) will be uniform
throughout the solution. As analytes are consumed at the WE, the concentration
in close proximity to the solution-electrode interface will be reduced. This will create
a concentration gradient, governing diffusion of more analytes from the bulk solution
to the electrode surface, where they are consumed. Over time, the diffusion layer will
grow further into the bulk. The flux of substrate from the bulk to the electrode surface
is dependent on the concentration profile, and is given by Fick’s first law of diffusion

Oc(z,t)
Ox

where the substrate flux J [molm~—2s™!] is proportional to the concentration gradi-
ent, with D [m?s™!] the diffusion coefficient. The concentration gradient is given as
a function of time ¢ [s] and distance = [m] from the electrode surface. Due to natural
convection of the supporting solution, the diffusion layer cannot grow indefinitely. Ul-
timately, a stable diffusion layer will be established. The thickness of the diffusion
layer will be reduced in a stirred solution [34, 36].

The current generated in a diffusion-controlled electrode process after applying an
overpotential (£ > EY) is predicted by the Cottrell Equation

| D
I =2FAc\| — (2.5)
mt

where [ [A] represents the cell current, z the number of electrons transferred,
F [96485Cmol™!] Faraday’s constant, A [m?] the electrode area, D the diffusion
coefficient, ¢ [mol L™!] the bulk substrate concentration and ¢ [s] the time since the
potential step was applied. The Cottrell equation is valid when the operating potential
is larger than the formal potential of the electrochemical reaction [34].

When the mass-transport between the bulk and electrode is sufficiently fast, but
the reaction kinetics between analyte and electrode is slow, the reaction is electro-
chemically irreversible. The charge transfer is left as the rate-limiting step, and the
system is under kinetic control. Since the current is not limited by diffusion, the Cot-
trell equation cannot be employed to predict the current [32, 34, 39]. In the case of an
irreversible system, considerable kinetic and mechanistic information can be obtained
from electrochemical studies [39].

J(z,t) =—-D (2.4)
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2.1.4 Electrochemical Methods

Cyclic voltammetry

Cyclic voltammetry (CV) is a widely used electrochemical technique, as it can provide
information on thermodynamics of a redox reaction, the kinetics of electron transfer
and coupled chemical reactions such as adsorption [32, 34]. During a measurement, the
current is recorded while the cell potential is swept linearly over a predefined interval
[E1, E5]. When the upper interval limit Fj is reached, the sweep direction is reversed,
returning the potential to F;. This gives a triangular potential waveform as a function
of time, as illustrated in Figure 2.1a). At the starting potential, Ej, there should be
no electrochemical activity of the analytes. The vertex potential, Fy, should be in the
mass-transport controlled region. EY of the redox system under study should be in
between 7 and Es. Another crucial parameter is the scan rate v, which controls the
speed of the potential sweep. The scan rate is the change in potential per time, and is
typically set to a few mV s~ or Vs=!. The potential sweep can be performed a single
or multiple times, depending on the information one wishes to obtain. Multiple scans
are commonly used to study the stability of a system [34, 39].

Data from a CV scan is represented in a cyclic voltammogram, where the recorded
current is plotted as a function of potential. From this plot, both mechanistic and
kinetic information about the system at hand can be derived [39]. A generic, simple
cyclic voltammogram is presented in Figure 2.1b). When the potential is increasing,
an anodic peak appears. When the potential is reversed, a cathodic peak is formed.
The shape and position of the peaks are dictated by a combination of electrochemical
activity, described by the Nernst equation for the redox couple, and the mass-transport
of analytes between the electrode surface and bulk solution, described by Fick’s law
of diffusion [34]. At the initial potential F;, the redox couple is not electrochemically
active, and mainly the reduced form Red of the compound is present in the solution.
As the potential is gradually swept towards Ey and approaches the formal potential
EY of the redox couple, the current gradually increases as Red is oxidised to Ox at the
electrode surface, dictated by the Nernst equation (2.2). Due to the depletion of Red
at the electrode surface, a diffusion gradient from the bulk solution is established. The
gradient will continue to grow until complete depletion of Red at the electrode surface,
at which the peak anodic current I,, is reached. The subsequent current decay is
purely diffusion controlled, and exhibits at t~'/2 dependence according to the Cottrell
equation (2.5). Approaching F,, the diffusion layer will reach a finite thickness, and the
current stabilises. At Es, the potential sweep is reversed, and the process is repeated
with Ox as the dominating species in the solution. A cathodic peak will appear due to
the reduction of Ox to Red. Thus, the current peaks represent the continuous change
of the concentration gradient and redox activity around the electrode with a change
in cell potential [34, 39].
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Figure 2.1. a) The potential as a function of time in a CV measurement
over two cycles. b) A CV cycle for a reversible electrochemical reaction.
E, . and E, . are anodic and cathodic peak potentials, respectively. £/ is
the half-wave potential.

The peak potentials (E,) in a voltammogram can be used to approximate the
formal potential of a reversible redox reaction. If the reaction is purely controlled
by the electrode potential and diffusion, the formal potential will be somewhere in
between the anodic (E,,) and cathodic (E,.) peak. The exact position will depend
on the diffusive properties of Red and Ox. If the diffusion constant is identical for
oxidised and reduced species, EY = E, /2. Moreover, the E, of a reversible redox
system is independent of the scan rate v. The time scale of the experiment is slower
than the reaction kinetics, and a Nernstian equilibrium is rapidly established with a
change in potential. The peak separation AE, for a reversible system is given by

59mV
z

AL, = (2.6)

where z is the number of electrons transferred in the redox reaction. Contrastingly,
when there are kinetic limitations and thus slow reaction rates, increasing the scan
rate will shift the peak potentials and increase the peak separation AFE,. The reaction
kinetics are slower than the mass transport, and thus more negative /positive potentials
are required to observe a reduction/oxidation. This is referred to as electrochemical
irreversibility [34, 35, 39].

The shape and position of the voltammetric peaks are not only influenced by
electron transfer rates and diffusion, but also by processes such as surface adsorption
and coupled chemical reactions [32]. Performing CV at different scan rates can be
used to determine whether surface adsorption of the redox species occurs. Increasing
the scan rate will reduce the relaxation time of the diffusion layer and make it thinner,
which will generate larger peak currents. When the reactants are adsorbed to the
electrode after reaction, there is a direct proportionality between peak current and
scan rate. When the species are freely diffusing, the peak current is proportional to
the square root of the scan rate. Thus, adjusting the scan rate can give information
on surface adsorption of the redox species [32, 34, 39].

Cyclic voltammetry can be used to deposit material on an electrode, a process
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known as electrodeposition. If one or both of the redox species are involved in an
adsorption-desorption process, multiple cycling around the electrochemically active
area can give rise to a growing adsorbed layer on the electrode surface. This is reflected
in the gradual increase in cathodic and anodic peak current as a function of cycle
number. The amount of deposited material can be derived from the peak area [32].

Chronoamperometry

Chronoamperometric (CA) measurements record the current-time behaviour of the
electrochemical system at a constant direct current potential. The applied potential is
typically set to ensure a mass-transport-limited reaction. When diffusion is the main
mode of mass-transport, the Cottrell equation (2.5) will be valid, and can be used
to determine either the diffusion constant, the electrode area or the concentration of
the electroactive analyte [32]. According to the Cottrell equation, the current will
decay exponentially with time due to the gradual extension of the diffusion layer,
ultimately reaching a steady state. By introducing convection in the form of constant
stirring, the thickness of the diffusion layer is reduced, which facilitates a more rapid
current stabilisation. If the stirring rate is kept constant during the experiment, there
is a direct proportionality between the recorded current and analyte concentration.
Consequently, the concentration of analyte in the test solution can be determined by
dividing the current signal by an experimental calibration factor [34].

CA is a useful method for continuous monitoring of analyte concentration in a
solution. Changes in analyte concentration could be induced by direct addition or
depletion, or by natural changes in the system [10]. A typical chronoamperometric
measurement is shown in Figure 2.2. The annotated plateaus cl, ¢2 and c3 represent
three distinct analyte concentrations, which results in generation of three distinct
current signals.

Time [s]

v

cl

c2

Current [pA]

c3

Figure 2.2. An example of a chronoamperometric measurement. c1, ¢2 and
c3 represent different analyte concentrations under a constant WE potential.



CHAPTER 2. THEORY 11

2.2 Electrochemical Enzymatic Biosensors

Sensors are devices consisting of a recognition element that registers a physical, chem-
ical or biological change, and a transducer that converts this interaction into a measur-
able signal [10, 19, 32]. A signal processor will collect, amplify and present the detected
signal. In a chemical sensor, the recognition element interacts with the analyte(s) and
generates a chemical change, which is used to produce a signal [40]. Electrochemical
biosensors are a subclass of chemical sensors, in which the recognition element is a
biological component and the transducer element is an electrode [32]. A schematic of
an electrochemical biosensor is found in Figure 2.3. The electrochemical biosensors
are valuable analytical tools, with high specificity offered by the biorecognition ele-
ment and accuracy, sensitivity and analytical power provided by electrochemical tech-
niques [32]. The devices have a simple design and cheap instrumentation, making
them inexpensive. In addition, they are compact and easy to use, allowing for device
miniaturisation [10].

Biorecognition and Biocomponent on
Analyte Signal Transduction Electrode Transducer

Signal Processing
and Display

Figure 2.3. Schematic of an electrochemical biosensor. In the presence of
the analyte of interest, there will be a binding event between biorecognition
element and analyte which generates a change in output signal. The figure
is adapted from Biorender [41].

The recognition element determines the selectivity of the sensor. By utilising highly
specific elements derived from biological systems prone to years of evolution, biosensors
interact highly specifically with their target analytes. There are primarily two groups of
biological recognition elements employed for biosensing, yielding either a biocatalytic
or an affinity sensor. Affinity electrochemical biosensors utilise the strong binding of
molecular recognition elements to their substrates based on complementary size, shape
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or charge, among others. Examples are antibodies, membrane receptors and nucleic
acids (DNA). For biocatalytic electrochemical biosensors, the biorecognition element
is a species that converts the analyte(s) into an electroactive product. This could be
enzymes, cell organelles or microorganisms, among others [10, 32].

Using an electrochemical transducer, the biosensor produces an electrical signal
that is related to the concentration of analyte in the sample [32]. Amperometric
biosensors are the most common type of electrochemical biosensors and exploit the
current that is generated when an oxidation or a reduction takes place at an electrode,
which will be directly proportional to the concentration of the electroactive species.
By applying an appropriate potential between the WE and RE, the electrochemical
reaction of interest can take place at the electrode surface [19, 32]. For electrochem-
ical biosensors using enzymes as the biorecognition element, either the substrate or
the product of the enzymatic reaction is detected at the electrode. Amperometric bio-
sensors are commonly based on enzymes that consume oxygen and produce hydrogen
peroxide as a by-product, namely oxidase enzymes [19]. There exist multiple methods
for sensitive detection of hydrogen peroxide, including both direct oxidation or the use
of an electrocatalyst [42, 43].

2.2.1 Enzyme-Based Sensing

Enzymes are proteins that function as biological catalysts within living systems. Ap-
proximately every metabolic process that takes place within a cell requires enzymes
to obtain sufficient reaction rates and to control the catalytic processes [44]. Enzymes
are highly specific towards the substrate of the reaction they are catalysing, even in
complex sample mixtures, which makes them the most commonly employed biorecog-
nition element for biosensing purposes [40]. A typical enzyme-catalysed reaction can
be described as follows

S+E—=ES -2 E+P (2.7)

k_1

where S is the enzymatic substrate, E is the enzyme, ES is the intermediate
enzyme-substrate complex and P is the product [32, 40]. The k;, k_; and ko denote
the reaction rates of the individual reactions. When the concentration of enzymes is
constant, the overall reaction rate of the enzyme-catalysed reaction can be expressed
by the Michaelis-Menten equation

_ Vu[S]
T Ku [

where v is the overall reaction rate, Vj, is the maximum reaction rate and [S] is
substrate concentration. K, is the Michaelis-Menten constant, which corresponds
to the substrate concentration [S] when the reaction rate equals $Vis [32]. Enzymes
employed in biosensing should have a high V), for a wide linear range, and a low K, to
obtain high sensitivity and maximum catalytic activity at low substrate concentrations
[10]. This is illustrated in Figure 2.4, displaying a generic Michaelis-Menten plot.
At low substrate concentration, there is a large availability of enzymes, resulting in
a linear relationship between substrate concentration and reaction rate. At larger

(2.8)
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substrate concentrations, the enzymes are saturated, and a further increase in substrate
concentration will have little or no effect on the reaction rate. The enzymes are already
at their full catalytic capacity [32]. To increase the linear range of a biosensor, a
diffusion-limiting membrane can be applied on top of the enzymatic layer. This will
result in a lower substrate concentration in the local, enzymatic layer compared to the
bulk solution [2, 32].

Vmax

1/2Vmax

Reaction Rate (V)

Km

Substrate Concentration [S]

Figure 2.4. Schematic of a generic Michaelis Menten plot. K,; is the
Michaelis Menten constant. The figure is adapted from [32].

2.2.2 Enzyme Immobilisation and Stability

Enzyme immobilisation is an important step in the construction of an electrochemical
biosensor. The enzymes should be properly attached and in close proximity to the
electrode surface for efficient signal transduction [40]. This process is termed immob-
ilisation. It is paramount that the enzymes are retained at the surface and do not leak
out to the bulk medium, but must concurrently be available for diffusion of substrate
and product in and out of the sensing area. In addition, the microenvironment should
retain or enhance enzymatic activity, providing a favourable environment with regards
to temperature, pH, ionic strength and chemical composition [16, 19, 40].

The immobilisation is essential for sensor performance in terms of sensitivity, re-
sponse time and operational and storage stability. Methods for enzyme immobilisation
are either physical or chemical. With chemical methods, covalent bonds are induced
either between the enzymes or between enzymes and electrode material [10, 45]. Co-
valent bonding gives the most stable immobilisation and is better at retaining the
enzymes at the electrode, but may result in considerable loss in enzymatic activity
due to conformational changes in the enzyme structure. Physical methods do not
involve a structural change in the native enzyme and are thus better for retaining
inherent activity. Physical methods include adsorption, micro-encapsulation or en-
trapment within a gel or film. For physical adsorption, the enzymes are only held
in place by weak van der Waals interactions and hydrogen bonds, which gives low
stability and lifetime of the sensor. With micro-encapsulation, the enzymes are kept
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in place at the electrode by applying a membrane on top. For physical entrapment,
the enzymes are embedded into the interstitial spaces of a gel or film, providing the
most durable physical immobilisation method. However, with physical entrapment,
the immobilisation gel will present a diffusion barrier for the enzymatic substrate and
product, which reduces the response time of the sensor [10, 40]. Chitosan is an ex-
ample of a polysaccharide suitable for enzyme immobilisation by physical entrapment,
forming complexes with and stabilising the enzymes [45].

Maintaining long-term stability is a common challenge for enzymatic biosensors.
Most enzymes have low intrinsic stability when removed from their natural envir-
onment inside the cell. Several mechanisms give rise to loss of enzyme activity or
inactivation, such as aggregation, protein unfolding, chemical alteration or inhibition
[46]. The method of immobilisation should retain or enhance enzymatic activity by
preventing damage and alterations to the native enzyme conformation. Ambient con-
ditions such as pH and temperature also affect enzyme conformation and activity, and
should thus be kept relatively constant if possible [10]. Moreover, several enzymes are
regulated by a negative feedback mechanism in which their activity is down-regulated
when excessive amounts of product are present. This phenomenon is known as product
inhibition, and will contribute to fluctuation of enzymatic activity in a biosensor over
time [44, 47].

In addition to an appropriate immobilisation method, other techniques can be used
to enhance enzyme stability and compromise inhibition effects. Protein engineering
can be used to directly enhance protein stability and to improve properties such as spe-
cificity, selectivity, pH and temperature stability and activity [48]. However, there is an
intricate interplay between protein structure and function [22, 48]. Even minor adjust-
ments improving the stability of the enzyme could influence protein folding and alter
other important functions, such as substrate binding and conversion. Compared to
protein engineering, optimising immobilisation is more straight-forward technique [48].
The process of protein engineering is iterative and requires thorough screening, render-
ing it time-consuming and possibly with only minor improvements regarding stability
and activity [49, 50]. Another option is to introduce enzyme-stabilising agents. The
addition of cosolvents has been shown to greatly enhance protein stability and activity
for applications within biotechnology. The exact mechanism is not thoroughly under-
stood, but it is assumed that the cosolvents shift the protein conformation towards
more stable states and counteract protein unfolding. Glycerol has been routinely used
for this purpose, inducing effects such as lower protein flexibility, protein compaction,
stabilisation of unfolded intermediate state and aggregation prevention [51].

2.3 Electrochemical Biosensor for Lactate Detec-
tion

In this section, the layers comprising an electrochemical enzymatic lactate biosensor
will be described, namely the WE, inner mediator layer, enzymatic layer, and outer
permselective membrane. In combination, the biosensor layers ensure accurate and
sensitive lactate detection, while interference from other species is limited.
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2.3.1 Screen Printed Electrodes

Screen-printed electrodes (SPEs) have been widely employed for biosensing purposes
and offer several advantages for electrochemical measurements. The low production
costs allow for disposable sensors, which eliminates the need for electrode cleaning
and polishing after use, improving the user-friendliness. To produce SPE sensors, a
mask containing the electrode pattern can be placed on top of a support material,
often polyester, and an electrode paste can be accurately pressed through the mesh
and onto the support material. The electrodes can be made up of different pastes due
to the ease of applying a mask. CE is often made of a carbon paste, and RE of silver
paste with silver chloride. The material of the CE can vary, and for simplicity it is
often made from the same material as either the WE or RE. [34].

2.3.2 Lactate Oxidase

L-Lactate, hereby referred to as lactate, is a key metabolite in the anaerobic respiratory
pathway. Lactate is an important biomarker for hypoxia, which occurs when the energy
demand of the cell exceeds the oxygen availability [19]. Lactate oxidase (LOx) enzymes
are commonly employed in enzymatic lactate biosensors. LOx is highly specific towards
lactate, has a simple enzymatic reaction and is simple to integrate into biosensor
devices [16, 52-54]. Lactate Oxidases are expressed in several bacteria, Aerococcus
viridans among them. In the presence of dissolved oxygen, LOx catalyses the oxidation
of lactate to pyruvate, and hydrogen peroxide (H2O3) is formed as a by-product [16,
19]. The LOx-catalysed reaction can be summarised as follows

Lactate + Oy —— Pyruvate + H505 (2.9)

H50; is electrochemically active and can be directly oxidised by the following
reaction scheme [19]

HyOy — Oy +2HT +2e” (2.10)

The above reaction occurs at a potential of approximately 0.6 V vs Ag/AgCl [55].
H505 generated by the LOx enzyme can thus be directly oxidised at the WE, gener-
ating a current signal directly proportional to the amount of lactate present. Hence,
coupling of the two above equations can be used for accurate determination of the
lactate concentration in a sample [10].

A major challenge in using LOx for biosensing applications is the limited stability
when the enzyme is removed from its natural matrix [53, 56]. This restricts both the
performance and the lifetime of the biosensor. Efforts to improve the stability and
performance of lactate oxidase involve both enzyme engineering and identifying im-
mobilisation techniques that can contribute to increased stability. LOx has been thor-
oughly studied, and its amino acid sequence and three-dimensional shape have been
analysed and modelled [16]. Taurino et al. managed to improve the detection limit
and long-term stability of LOx by site-directed mutagenesis [52]. However, protein en-
gineering increases the complexity and cost of biosensor development [56]. Optimising
immobilisation procedures have provided techniques and materials that significantly
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improve LOx stability, with especially sol-gel immobilisation demonstrating retention
of enzymatic activity [16, 53, 57].

A second hurdle for lactate oxidase-based biosensors is the oxygen dependency, as
seen in Equation (2.9). Fluctuations in oxygen content will affect the detection limit of
the sensor, reduce the reliability of the measurements and limit sensor miniaturisation.
Alternatively, the enzyme lactate dehydrogenase has an oxygen-independent reaction
mechanism and could be employed to circumvent oxygen limitation issues. However,
lactate dehydrogenase enzymes face challenges in sensor integration, making LOx the
preferred choice for biosensing purposes [16, 19].

The activity of LOx is dependent on pH and temperature [54, 58]. Lactate oxidase
from Aerococcus viridans has a pH optimum between 6.5-7.5 and temperature 37°C.
The catalytic activity of an enzyme in a catalyst solution mix is given in units (U).
One unit (1U) of LOx is defined as the amount of enzyme necessary to convert 1 pmol
of lactate to pyruvat and HyOy at pH 6.5 and a temperature of 37°C [58].

2.3.3 Nanomaterials and Carbon Nanotubes

Nanotechnology refers to the creation and utilisation of materials, systems and devices
where either one, two or three dimensions are on the scale of 1 - 100 nm. Nowadays
there exists a wide range of available nanomaterials of different compositions, shapes
and sizes, with the possibility of tailoring the properties for specific applications [59].
Due to the versatility of nanomaterials, there are numerous application areas, bio-
sensing among them. 1D nanomaterials are especially appealing owing to properties
such as high surface-to-volume ratio and excellent electron transfer properties. The
effective surface area of the active electrode can be increased by implementing nano-
materials, increasing the overall current response. Moreover, nanomaterials may con-
tribute to enzyme immobilisation and cross-linking, as they show strong adsorption
properties [19].

The most commonly employed nanomaterials for lactate biosensing purposes are
carbon nanotubes (CNTs), gold nanoparticles (AuNPs) and zinc oxide nanostructures
(ZNO) [19]. CNTs are a 1D nanomaterial with unique electronic and mechanical prop-
erties owing to their structure. CNTs are formed by rolling up single or multiple sheets
of graphite, resulting in either single-walled or multi-walled tube [59]. These tubes
can have a length of several micrometres, whereas the diameter is on the nanometer
scale. Within the hollow tube structure, CNTs can accommodate guest molecules,
rendering them appropriate for immobilisation and retention of enzymes at the WE
of an electrochemical biosensor. Additionally, their large surface area enhances the
effective area of the working electrode, increasing the sensor sensitivity [8, 59, 60].
Lastly, CNTs possess exceptional electron transfer characteristics and can reduce the
necessary overpotential for HyOq reduction [45, 61, 62].

CNT-based sensors can be prepared by dispersing the CNTs in an aqueous solu-
tion and casting them onto the sensor surface. However, CN'Ts have low solubility
in most conventional solvents and have a tendency to aggregate. The natural and
biocompatible polysaccharide chitosan can be used to homogeneously disperse CNT's
and the CNT-chitosan solution can simply be drop cast onto the biosensor electrode
[45, 61, 62]. The solution preserves the CNT structure, has a uniform CNT distribu-
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tion and shows good stability. Furthermore, chitosan has proven useful for enzyme
immobilisation. Chitosan-CNT dispersions have a higher tensile modulus and mech-
anical strength than pure chitosan films, which is more suitable for efficient enzyme
immobilisation [45].

2.3.4 Permselective Membranes

A permselective outer membrane is a critical component of an enzymatic biosensor,
adjusting the linear range, dynamic range and sensitivity of the sensor. An outer mem-
brane decreases substrate diffusion into the enzymatic layer, and thus the substrate in
the local area is lower than in the bulk solution [2, 63, 64]. As a result, the apparent
Ky value increases [65]. Moreover, the membrane blocks interfering agents from in-
teracting with the enzyme or the electrode, thus enhancing sensor specificity [16, 63].
The outer diffusion membrane should limit the flux of lactate into the enzymatic layer,
but not significantly affect availability of oxygen (O). If the local O concentration
is low, the sensor response will be limited by O, availability rather than lactate. An
appropriate outer membrane will eliminate the complications of Oy dependence by
allowing for O, transport while limiting the lactate flux [66].

Nafion is one of the most commonly employed polymer membranes for lactate
biosensors [16]. Nafion is a sulfonated fluoropolymer, consisting of a hydrophobic
backbone of polytetrafluoroethylene with hydrophilic sulfonated side groups [16, 67,
68]. The molecular structure of Nafion is shown in Figure 2.5a). The morphology
and microstructure of Nafion membranes are complex. It is challenging to obtain
structural info on Nafion due to the random chemical structure and distribution of the
co-polymer, complexity in the organisation of crystalline and ionic domains, low degree
of crystallinity and dependence on membrane swelling state. Despite a heterogeneous
structure, it is generally accepted that there is an aggregation of the ionic groups in
the perfluorinated polymer matrix. There exists a connected network in which the
anionic sulfate groups form clusters and channels through which both polar solvents
and cations can migrate. Upon water swelling, the number of ionic clusters decreases
while the size of the remaining clusters increases. Thus, the membrane becomes more
permeable to larger species. The morphology of the Nafion membrane will change
depending on water and ion content, and is thus dependent on the properties of the
supporting electrolyte. Pre-treatment procedures, such as processing, temperature
treatment and swelling history can have a large impact on the membrane morphology.
Thus, specific casting and post-treatment procedures can be selected to control and
tailor the properties of Nafion films and membranes [67].

Nafion membranes are commercially available as ionomer solutions, which can be
used to cast uniform thin film membranes. The properties of the membrane are highly
dependent on the deposition method, as this will influence the crystallinity and supra-
molecular organisation in the film. Recast membranes have different properties and
performance than melt-produced membranes regarding morphology, physical proper-
ties and chemical characteristics. As-received membranes are flexible, though and
insoluble in about any solvent up to 200 degrees. Recast membranes are often more
brittle and are soluble at room temperature in several organic solvents. Nafion mem-
branes cast and treated at room temperature are essentially amorphous, and thus have
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low resistance to swelling. Heating of recast membranes can increase the crystallinity,
making them more similar to the melt extruded membranes [67].

Recast Nafion membranes are one of the most commonly employed polymers for
membrane construction in lactate biosensors, and are known to exclude interfering
species and anions [16]. However, the membrane is still susceptible to lactate passage
[64, 69]. Recast Nafion membranes have an amorphous structure, thus constituting a
diffusion barrier while still being partly lactate permeable [67]. Diffusion rates through
amorphous materials are known to be much greater than in crystalline materials due
to the more open structure [70].

A current field of research is the development of various sulfonated polymers as an
alternative to Nafion membranes. These sulfonated membranes are likewise based on
the presence of both hydrophobic and hydrophilic moieties, giving rise to the formation
of ionic clusters and channels that allows for passage of polar solvents and cations.
By developing polymers with a more controlled synthesis procedure, properties such
as ion exchange capacity, water adsorption, ion conductivity and durability of the
membrane can be tailored more accurately. Especially sulfophenylated-polyphenylene
with biphenyl linker (SBBP) membranes constitute a promising alternative to the
existing perfluorinated membranes, as it has a high backbone stability, simple synthesis
and favourable ion conductive properties [71]. The structure of SBBP membrane
monomers is found in Figure 2.5b).
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Figure 2.5. The chemical structures of Nafion (a) and SBBP (b) polymers.
The figures are adapted from Yu [72] and Tian [73].

Cerium can be introduced to Nafion or SBBP membranes to enhance the chem-
ical stability, and simultaneously reduce their proton conductivity, water uptake and
permeability. There are several reports in literature on incorporation of either Ce®"
or CeOy in proton exchange membranes to function as radical scavengers, thereby im-
proving the lifetime of the membranes in fuel cells [73-75]. Both CeOs nanoparticles
and Ce*" ions have been found to associate with the anionic sulfate groups of the
membranes by replacing up to three or four membrane protons. This proposed mech-
anism is shown in Figure 2.6. Consequently, the cerium functions as ionic cross-linkers
and perturbs the proton transport pathway within the membrane [73, 76]. Research
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on incorporation of cerium in anion exchange membrane is mainly concerned with
the radical scavenging effect of cerium, whereas reduced membrane conductivity is an
undesirable side effect [73, 74, 77, 78]. There exists little literature on the fabrication
of cerium composite membranes with the main objective of controlling and reducing
membrane properties for biosensing applications. Nevertheless, findings on cerium as
radical scavengers can be used to establish a minimum of cerium content to obtain a
significant reduction in membrane conductivity and permeability. For Ce*" incorpor-
ation, Tian concluded that concentration up to 2wt% of pristine membrane polymer
content had little impact on membrane conductivity [73, 74]. In the same manner,
Zhao et al. found that 10 wt% CeOs resulted in a significant reduction in membrane
conductivity [76]. These findings imply that cerium loading should exceed 2 wt% and
10 wt% for Ce*" and CeO,, respectively, to observe a significant effect.

Several methods for preparation of composite membrane-cerium have been de-
scribed, mainly concerned with direct mixing of cerium and membrane solution or
solution immersion. For direct mixing, CeO, particles or Ce®" salts are added to
the membrane solution and subsequently cast and cured at elevated temperatures
[74, 78, T9]. A second option is to immerse previously cast polymer membranes in
Ce®" solutions for a prolonged time and allow for ion exchange with the membrane
protons [73, 75, 77]. The immersion technique is challenging to employ with CeO,,
being practically insoluble in aqueous solutions. Nevertheless, the cross-linking effect
of CeO, is achieved despite the presence of the oxide lattice [78]. Overall, CeOy or
Ce*" Nafion and SBBP composite membranes could present a more efficient and stable
diffusion barrier for solution cast membranes by lowering the substrate flux across the
membranes [74, 75].

Figure 2.6. The cross-linking effect of incorporating either CeO, or Ce®*
in sulfonated polymer membranes. The Figure is adapted from Zhao [76].

2.3.5 Prussian Blue

Prussian Blue (PB), or ferric hexacyanoferrate, is a polymeric inorganic semiconductor
with electrocatalytic properties [42, 80]. PB is a complex between divalent (Fe*™) and
trivalent (Fe*") iron and cyanide ions (CN ™), produced from iron salts and hexacyan-
oferrate ([Fe''(CN)g]*") [34]. The exact stoichiometry and composition of PB are not
completely understood, and are dependent the method of deposition and subsequent
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conditioning [80]. Both structural complexity, risk of impurity inclusion and tend-
ency to form colloids facilitates several possible stochiometries. From spectroscopic
investigations and diffraction measurements, it has been established that PB forms a
three-dimensional polymeric network, similar to that of a face-centred cubic lattice cell
[81-83]. Divalent and trivalent iron ions are placed alternately on the lattice nodes,
with cyanide ligands in between. The Fe®" ions are coordinated by the carbon atom of
the cyanide complex and Fe** by the nitrogen [81, 83, 84]. As seen from the chemical
formula Fe'™,;[Fe' (CN)g]s, there is an excess of ferric ions compared to hexacyano-
ferrate complexes. Thus, each unit cell will on average contain a vacant Fe'(CN)g~
lattice site. A schematic of a PB unit cell with a vacant Fe''(CN)g ™ lattice site is dis-
played in Figure 2.7). The vacant site can be occupied by water molecules (insoluble
PB) or potassium ions (soluble PB) for necessary charge compensation [83, 84].

O Fe(CN), vacancy
O FeS+
O Fe*

Figure 2.7. Crystal structure of Prussian Blue.

PB can be found in two main stochiometric forms, referred to as either soluble or
insoluble PB. The terms do not refer to aqueous solubility, as neither forms are water
soluble, but have a historic origin [83, 84]. In soluble PB, the lattice vacancies are
occupied by potassium ions, resulting in the chemical formula KFeIHFeH(CN)G. For the
insoluble form, water molecules are incorporated to coordinate of excess Fe** yielding
the chemical formula Fe™;[Fe' (CN)g]s - nH,O. The interstitial water molecules are
normally omitted from the insoluble formula, writing only Fe'™,[Fe''(CN)g]s [84, 85].

Both forms of PB are electrochemically active, and their reduction requires par-
ticipation from cations in the supporting electrolyte to counterbalance the electron
transfer and maintain electroneutrality [42, 83]. The crystal framework of PB has
large channels, which allows for efficient insertion and desertion of cations upon reduc-
tion and oxidation. Potassium ions are found to be the most efficient cation for charge
compensation during electrochemical processes, though electroactivity of PB is stable
in solutions of other cations as well [42, 84]. The reduction and oxidation of insoluble
and soluble PB in a potassium-rich solution are given by



CHAPTER 2. THEORY 21

Fe'' [Fe (CN)g]s +4e™ + 4Kt == K, Fe,[Fe' (CN)g]3 (2.11)
for insoluble PB, and

KFe"Fe' (ON)g + e~ + Kt = K,Fe'',(CN)g (2.12)

for soluble PB [34, 86]. Due to the potassium dependency, the redox potential
at which the reaction takes place is dependent on the KT activity in the electrolyte,
according to the Nernst equation (2.2)

T  a(PBo, T

E=E"+ f—F In ﬁ + f—F Ina(K™) (2.13)
with PBoy, and PBgreq being the oxidised and reduced form of PB, respectively.
The activity of PBoy, and PBgreq are 1, as both are solids. Thus, the voltammetric
potential is purely a function of potassium activity and temperature [42, 83]. Most
electrochemical studies of PB are performed in electrolytes where the ionic strength of
potassium is larger than 0.1 M [15, 85-87]. A typical voltammogram obtained for PB
in a potassium-rich electrolyte solution is shown in Figure 2.8, including the reduction

and oxidation reactions associated with the respective peaks.
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Figure 2.8. Typical voltammetric behaviour of PB in a potassium electro-
lyte solution, showing both the reduction and oxidation reactions.

PB has a selective catalytic activity towards hydrogen peroxide at low electrode
potentials. PB has been attributed as an "artificial peroxidase” due to its excellent
catalytic rate of HyOy reduction, which is similar to that for the peroxidase enzyme
[34, 42]. Deposition of a PB film on the working electrode is a suitable alternative for
selective HyOy detection in the construction of biosensors based on oxidase enzymes.
By employing PB, the operating potential of the biosensor can be reduced from 0.6 V,
where HyO, is oxidised, to around 0.0V vs Ag/AgCl. By lowering the operating
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potential, interference from other electrochemically active species such as urate and
ascorbate, which are present in complex solutions like sweat, is circumvented [34].

The selective catalytic effect of PB towards HyO, is owed to its open lattice struc-
ture. The size of the PB channels allows for efficient transport of HyO5, which has a
low molecular weight, whereas larger molecules are excluded. When inside the lattice
structure of PB, the HyO5 molecules are surrounded by iron ions enabling reduction
of HyO5 and subsequent rapid electron transport to the active electrode. The reaction
between HyO5 and PB can be summarised in the following reaction schemes

K, Fe'!,[Fe (CN)g]s + 2 HyOy == Fe'j[Fe' (CN)g]3 + 4K +40H™ (2.14)

2 KyFel's(CON)g + HyOy == 2 KFe'Fe(CN)g + 2K+ +20H"~ (2.15)

for insoluble and soluble PB, respectively. Both reactions take place at approxim-
ately 0.0V vs. Ag/AgCl [34].

A PB electrode can be prepared by electrodeposition from an aqueous HCI solu-
tion containing Fe[CN]g, FeCly and KCl. By running multiple CV scans within the
electrochemically active region of PB, a thin film is deposited on the electrode [88].
Another option for PB deposition is chemical synthesis, where the electrode is simply
placed in a ferric ferricyanide solution for several minutes [34, 89]. Post-deposition
treatments can contribute to increasing PB film stability, and include electrochemical
activation in a 0.1 M KCI/HCI solution using CV to increase the potassium content
and/or drying procedures [43, 83, 90, 91|. The hydration state of PB film presumably
affects its conductivity and thus stability, with the presence of excess water lowering
its electrochemical activity. Both heat treatment 100-120 °C and desiccator drying of
PB films are found to have a positive effect on PB performance [34, 83, 85, 91].

A major disadvantage of utilising PB for HyO, detection is poor operational sta-
bility in neutral and alkaline solutions. In the presence of hydroxyl ions, Fe(OH);
complexes will form and dissolve the PB film [34]. The three-dimensional structure of
PB dictates the accessibility of iron for the hydroxyl ions. Consequently, the method
of deposition and post-deposition treatments affecting the structure of PB will impact
the stability in neutral and alkaline solutions [34]. In addition, deposition of PB on
carbon substrates has been shown to improve operational stability. It is suggested
that the amorphous carbon structure limits the transport of hydroxyl ions into the PB
crystal structure, enhancing its stability in neutral and alkaline media [83, 89].

It is known from literature the cycling performance of PB is highly dependent on the
alkali ion composition of the electrolyte with respect to voltammetric shape and formal
potential, while the mechanism behind this dependency is unknown [55, 80, 85, 92—
95]. PB electroactivity requires the entry of counterions to support the charge transfer
upon PB reduction, as seen from Equations (2.11) and (2.12), using potassium as an
example. The PB crystal framework has an open structure, containing channels with
a radius of approximately 0.16 nm, which is highly suitable for insertion and expulsion
of appropriately sized cations. Cations of similar size as K have been found to also
promote PB activity, such as NH,", Cs™ and Rb™, as they are efficiently inserted
and expelled from the PB structure. For cycling in electrolyte solutions dominated
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by Na*, findings are scattered. Some authors report on cycling stability [85], whereas
other concludes that sodium disrupts electrochemical activity of PB [43, 83, 86, 94].
It has been suggested that the ease of cation insertion is related to alkali ion hydration
energy [92]. K' has a large ionic radius and low hydration energy, and can thus be
dehydrated upon insertion. Smaller ions such as Na™ and Li* are intensively hydrated,
and presumably enters the PB lattice with their hydration shell [84, 91, 92]. These ions
have a too large hydrated radius to be efficiently transported through the PB lattice,
possibly blocking the electrochemical activity of PB and/or deforming and ultimately
delaminating the film [43, 83, 86, 92]. Cycling stability of PB in sodium-rich solutions
is presumably dependent on the stochiometry, hydration state and crystallinity of the
PB film, giving rise to the scattered findings on stability of PB cycling in sodium
solutions in literature [80, 85].

2.4 Lactate and Electrolytes in Sweat

The prospect of assessing biomarker composition in sweat to accurately determine
physiological data has been gaining momentum over the last years, as it present a non-
invasive alternative to blood sampling [3, 13, 28, 29, 96]. Sweat is rich in metabolites
and is a readily available fluid for continuous monitoring, avoiding complications such
as risk of infections and human trauma associated with blood level measurements.
The contemporary use of sweat analysis is partially limited by the scattered research
on correlation between blood and sweat biomarker levels, as well as uncertainty in the
correlation between regional and whole-body sweat [15, 23, 25, 97]. There is a gap
in literature with respect to biomarker partition to sweat and the physiological signi-
ficance of sweat content [23, 97, 98]. Moreover, there is a clear dependence on sweat
collection and sweat stimulation methodologies [15, 23]. Traditional sweat sampling
techniques suffer from uncertainties such as contamination and sweat evaporation, as
the sweat needs to be collected from the test objects and subsequently analysed [15,
23, 97].  With modern microfluidic systems, sweat can be immediately transported
into the active sensing area, thereby avoiding contamination and evaporation issues.
Further research on the topic and smart microfluidic sampling systems is likely to give
a better understanding of the correlation between sweat biomarker content and the
physiological state of the individual [99].

Sweat is an aqueous mix consisting mainly of water and NaCl, but also contains
several other solutes in various concentrations, such as ionic species, lactate, glucose
and vitamins, among others [15]. In Table 2.1, the range in sweat biomarker concen-
trations for Na™, Cl1, KT and lactate are listed. The reported values have a large
range, which is partly a consequence of the dependence on sweat collection and stim-
ulation methodologies. Nevertheless, the table provides an overview of the order of
magnitude in which the electrolytes and lactate are present in sweat. The values are
adapted from a review by Sonner et al., and correspond well with intervals reported
by Baker et al. and median values reported by Harvey et al. [15, 23, 100]. An upper
limit of 116 mM sweat lactate concentrations was detected by Mitsubayashi et al. and
is included in the Table [30].
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Table 2.1. An overview of normal physiological concentration ranges of
Na®, ClI", K* and lactate in sweat. Values are adapted from [23]. The
116 mM lactate limit was reported by Mitsubayashi et al [30].

Sweat Biomarker = Sweat Concentration Range

Na* 10 - 100 mM

Cl 10 - 100 mM

K™ 4 - 24mM
Lactate 5-60mM (116 mM)

Finding a correlation between blood and sweat lactate level has proven difficult.
Several authors have reported on a non-existing relation between blood and sweat
lactate levels [14, 24, 101, 102], while others have found a clear correlation between
the lactate concentration variation rates in sweat and blood [25, 27]. However, due to
the varying sampling methodologies across literature and issues such as evaporation
and contamination from sweat sampling to analysis, previous findings could be limited.
Moreover, sweat lactate content is regional, and there is little correlation between whole
body and specific body site levels [15, 23, 25, 103]. Thus, a whole-body sweat analysis
is not representative of the metabolic state of the body. Karpova et al. reported on
the variation in sweat lactate content from working and latent muscles during exercise,
proving a positive correlation between lactate concentration variation rates in working
muscle and blood [25]. Consequently, a wearable lactate biosensor should be positioned
on the skin area above the working muscle to evaluate level of physical exhaustion [25,
27]. In addition, sweat lactate proved to be the faster indicator of muscle metabolism,
as sweat lactate level from the working muscle changed more rapidly than blood levels
[25]. Another aspect to consider is the variance in sweat rates during exercise, with
a possible need to normalise detected lactate concentration values over sweat volumes
to obtain a better correlation to blood lactate values [26]. Overall, recent studies have
reported a positive correlation between blood and lactate levels by employing wearable
sensor systems, providing a proof-of-concept for non-invasive sweat lactate assessment
to improve athlete performance [26, 104].

The lactate level is 20-30 times higher in sweat compared to blood, and increases
dramatically upon exhaustive exercise [14, 25, 28, 105]. Estimated values for sweat
lactate content during exercise is again difficult to establish due to the large variation in
sampling protocols between research groups [14, 15]. Reported lactate concentration
at high exercise intensity in literature are as low as 25 mM and as high as 116 mM
[24, 30]. Other reported values are 80 mM and 102mM [25, 106]. Thus, a biosensor
for real-time sweat monitoring of lactate requires a wide dynamic range, and should
ideally be able to sense lactate concentrations well above 80 mM [105].

Applying a Ag/AgCl electrode for sweat sensing purposes requires the presence of
a relatively constant amount of Cl™ to provide a stable reference point. The reference
potential of such an electrode will be dependent on the concentration of Cl | as given
by the Nernst equation for the Ag/AgCl electrode shown in Equation (2.3). For
a concentration range of Cl~ between 10 and 100 mM, as reported in Table 2.1, a
potential shift of approximately 47mV is expected with maximum [Cl | variation.
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2.5 Summary of Previous Work

During the fall of 2022, a preliminary project work on amperometric lactate biosensors
was performed. All data and conclusions presented below are gathered from this work
[31]. The sensor formulation consisted of a screen-printed electrode substrate where
the WE was covered with a Prussian Blue mediator film, LOx immobilised in a matrix
of Chitosan/SWCNT and an outer Nafion membrane. A total of 7 sensors were tested
with chronoamperometric titrations against lactate and H,O,. The thickness of the
Nafion membrane was varied, having 1 sensor with no membrane (ON), 4 sensors with
3 layers (3N) and 2 sensors with 5 layers of solution-cast Nafion membrane (5N).

Figure 2.9 summarises the chronoamperometric current response of all 7 sensors
towards lactate increments of +1mM. The maximum current response (I.x) was
achieved by S0, having no Nafion membrane. S0 also had a large initial current (Ij,;),
as it had no outer membrane to limit the flux of lactate and O, to the enzymatic layer.
To achieve a linear-like response and large dynamic range, it was desirable to have a
small Ij;; while having a high I ... As can be seen from the figure, the highest dynamic
range was obtained with S5, with a maximum detected lactate concentration (¢pqz)
of 8mM. This sensor also exhibited the most linear-like behaviour, as it had a small
Linit compared to .y signal. Both S5 and S6 had the thickest Nafion membranes (5N)
and the most linear-like responses, reflected by the ratio between I;,;; and I,.c. The
Linit /Imax ratio for each sensor is explicitly given in Table 2.2. It is evident that the 5N
sensors had lower I, /Inax ratios, while SO had the lowest, indicating that increasing
the Nafion membrane thickness reduced the lactate flux through the membrane at the
initial current step and extending the dynamic range.
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Figure 2.9. Responses of sensors S0-S7 tested in previous work to increas-
ing lactate concentrations, displaying the current signal at the first (Z;n)
and last (Iq,) lactate increment (left axis). The ¢4, markers denote the
maximum detected lactate concentration (right axis). The x-axis specifies
the number of Nafion membrane layers (0,3,5) on the sensors.

Table 2.2. Ratio between initial current step (/;,;;) and maximum current
signal (I,,4,) and maximum detected lactate concentration (¢,,q,) for sensors
with 0 (S0), 3 (S1-S4) or 5 (S5-S6) layers of Nafion membrane.

Sensor Iinit/Imam Crmaxzx [mM] Imafc [pA]
S5 (5N)  0.294 8 20.935
S6 (5N)  0.491 6 -0.633
S1(3N)  0.557 5 20.803
S3 (3N)  0.660 3 -0.509
S$2 (3N)  0.710 3 -0.996
S4 (3N) 0.743 3 -1.079
SO (ON)  0.957 2 11.220

All 7 sensors were subject to both lactate and HyO5 chronoamperometric titration
measurements. The resulting current responses of sensors with either 0, 3 or 5 layers
of Nafion membrane (S0, S1, S5) are shown in Figure 2.10, with 2.10a) lactate and
2.10b) HyO, titrations. Based on the experimental findings and literature reviews,
it was suggested that biosensor response was limited by availability of Oy in the test
solution, efflux of enzymatically produced HyO5 to the bulk solution, enzyme satura-
tion, enzyme activity fluctuations, low enzyme stability or combinations thereof. The
H505 reduction capacity of the Prussian Blue film was disregarded as the response-
limiting factor, as HyO, titration of the SO sensor generated a 5-fold increase in Iy



CHAPTER 2. THEORY

27

compared to lactate titration measurements. The lower response of 3N and 5N sensors
to lactate titration measurements was mainly attributed to the efflux of HyO5 to the

bulk solution.

—— S0 (PBIC|L|-)
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Figure 2.10. The chronoamperometric responses of lactate biosensors to-
wards increasing a) lactate and b) HyOy concentrations in PBS (pH 7.11).
The sensor had either 0, 3 or 5 layers of Nafion membrane (S0, S1, S5, re-

100 200 300 400 500 600 700 800 900 1000 1100 1200
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spectively). Operational potential was 0.0V vs Ag/AgCL

Both repeatability and reproducibility of the sensors with respect to lactate con-
centration assessment were low. There were large variations in inter- and intra-sensor
responses with respect to dynamic range and maximum generated current signal. Low
repeatability was expected from the challenges associated with the manual sensor fab-
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rication process, with microliter volumes applied to small sensor area surfaces by hand.
The low reproducibility was presumably owed to a change in properties of the Nafion
membrane during operational use and from repeated hydration and dehydration over
multiple testing rounds. Fluctuations in enzymatic activity were also proposed to
contribute to low sensor reproducibility.
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Chapter 3

Experimental
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3.1 Materials

3.1.1 Reagents
A list of all reagents used is given in Table 3.1.

Table 3.1. List of reagents used. VWR = VWR Chemicals (US), SA =
Sigma Aldrich (US) and ZP = Zimmer & Peacock AS (NO)

Reagent Distributor
Disodium phosphate, NagHPOy4 SA
Monosodium phosphate, NaH,PO, SA
Dipotassium phosphate, KoHPO, SA
Monopotassium phosphate, KHyPOy SA
Potassium ferricyanide, K3FeCNg SA
Nafion ionomer solution (5 wt% in mixture of aliphatic alco-  SA

hols and 45% water)
Nafion 117 containing solution (5 wt% in mixture of aliphatic =~ SA
alcohols and water)

Hydrochloric acid (37% ), HCI SA
L-(+)-lactic acid solution (50%), C3HgO3 SA
L-(+)-lactic acid (lyophilized powder), C3HgO3 SA

Cerium(IV)Oxide, CeOy (powder, <5um, 99.9% trace SA
metals basis)

Cerium(III) chloride heptahydrate, CeCls-7H50 SA
Sodium chloride, NaCl VWR
Potassium chloride, KCI VWR
Iron(III) chloride anhydrous, FeCls VWR
Ethanol analytical reagent (96%), CoH;OH VWR
Lactate (LOx) Catalyst Solution Zp
Lactate (LOx) Catalyst Solution w/1wt% glycerol (gly) Zp
Lactate Catalyst Solution w/1wt% glucose (glu) ZpP

Single walled carbon nanotubes (SWCNT) in chitosan solu-  ZP
tion

All aqueous solutions were prepared with ultra pure water (18.2MQcm) from
Merck Millipore Milli-Q (GE), and will hereby only be referred to as water. Solid
sulfophenylated-polyphenylene wih biphenyl linker (SPPB-H™, hereby only referred
to as SPPB) membranes were received as a gift from Professor Steven Holdcroft at
Simon Fraser University (CA).
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3.1.2 Equipment
A list of all equipment used is given in Table 3.2.

Table 3.2. List of reagents used. ZP = Zimmer & Peacock AS (NO),

Equipment Distributor

Hyper Value Screen Printed Electrodes (SPE)  ZP

Potentiostat (EmStat 3) Zp

SPE connector ZpP

SPE connector (2mm banana) Palm Instruments (NE)
PHM?210 Standard pH Meter Radiometer Analytical (FR)
S-3400N SEM/EDS Hitachi (J)

Ultrasonic cleaner VWR (US)

Drying oven (TS8136) Termaks (NO)

Ar (5.0) gas tank Aga (NO)

Oy (5.0) gas tank Linde Gas (SE)

The PSTrace 5.9 software from PalmSense was used to control and visualise all
potentiostat measurements (Palm Instruments, NE).

3.2 Solution Formulations

The following section describes the preparation, conditioning and storage of all solu-
tions used in the sensor formulation or for sensor testing.

3.2.1 Phosphate Buffers

A stock solution of 10x phosphate buffered saline (PBS) was prepared by dissolving
17.8 g NagHPOy, 2.4 g KH5POy, 80.0g NaCl and 2.0 g KCI in water to a total volume
of 500 mL. The solution was vortexed until all the salt had dissolved. 10x PBS stock
solution was diluted to 1x PBS by adding water in a 1:10 ratio. The 1x PBS solution
(12mM) was the explicit test solution used in all experiments unless otherwise stated.
The molarity of the 1x PBS solution with respect to K™, Na™ and Cl~ can be found
in Table 3.3.

A base phosphate buffer solution of pH 7 was prepared by dissolving 1.87 g KoHPOy4
and 1.26 g KHyPO, in water to a total volume of 200 mL. The solution was vortexed
until all the salt had dissolved. From the base phosphate buffer, potassium and sodium-
potassium phosphate buffers were prepared. To make a potassium phosphate buffer
(PPB), 1.118 g KCl was added to 100 mL phosphate buffer base to obtain a final [C]]
of 0.15 M. To make a potassium-sodium phosphate buffer (PPB+NaCl), 0.878 g NaCl
was added to 100 mL phosphate buffer base to obtain a final [Cl | of 0.15 M. Table 3.3
gives an overview of the ionic strength and measured pH of all buffer solutions used.
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Table 3.3. Calculated ionic strength and measured pH of all employed
buffer solutions.

Buffer [K*] [Nat] [C1T] pH!
PBS 0.02 0.16 0.14 7.48
PPB 0304 0 0.15 6.83

PPB+NaCl  0.15 0.15 0.15 6.78

1pH was measured using a pH meter after solution preparation.

3.2.2 Prussian Blue Solution

A 50 mL centrifuge tube was filled with 40 mL of HC1 [0.1 M]. 0.3725 g KCI was weighed
out and added to the tube, and the solution was vortexed for a few seconds until the
salt was completely dissolved. This procedure was repeated for 0.0411g K3Fe(CN)g
and 0.0203 g FeCls, respectively. Lastly, HCI [0.1 M] was added until a total volume
of 50 mL was reached. The centrifuge tube was covered with aluminium foil to avoid
light exposure. The PB solution was stored in the fridge at 4°C if not immediately
employed. Unused solution was stored for a maximum of 2 days before being discarded
due to precipitation of PB.

3.2.3 Lactate Catalyst Solutions [2000 U/mL]

Lactate catalyst solutions with lactate oxidase (LOx) enzymes were prepared by ZP
and used as-received. The enzyme solutions were stored in the freezer at -20°C. Upon
application, the lactate catalyst solution was thawed for 30 minutes at room temper-
ature by placing the tube on an icing element. Thawing was performed slowly to avoid
enzyme denaturation.

3.2.4 Chitosan-SWCNT Mixture

Chitosan-single walled carbon nanotubes (SWCNT) mixture was prepared by ZP and
used as-received. Upon application, the chitosan-SWCNT solution was placed in an
ultrasonic bath for 20 minutes and thereafter vortexed for a few seconds to ensure a
homogeneous SWCNT dispersion.

3.2.5 SPPB Membrane Solutions

The solid, as-received sulfophenylated-polyphenylene wih biphenyl linker (SPPB) mem-
branes were dissolved to enable membrane casting onto the sensors. A total of three
different SPPB membrane solutions were made, with varying weight percentages and
solvent compositions. The following solutions were prepared:

e 7.5wt% SPPB in Ethanol
0.100 g solid SPPB membrane was dissolved in 1.563 mL ethanol. The solution
was stirred using a magnetic stirrer until completely dissolved.
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e 2.5wt% SPPB in Ethanol
A 2.5wt% SPPB solution was made by diluting 0.317 mL of the 7.5 wt% SPPB
solution with 0.636 mL ethanol.

e 2.5wt% SPPB in Ethanol and water
0.0890 g solid SPPB membrane was dissolved in 2.482 mL ethanol and 1.513 mL
H50. The solution was stirred using a magnetic stirrer until completely dissolved.

3.2.6 Cerium-Nafion Membrane Solutions

Two different cerium salts were employed to directly mix cerium into the Nafion mem-
brane solutions, namely CeOs, and CeCls-7TH50. The weight percentage of cerium is
given relative to the pristine Nafion content. The following cerium-containing Nafion
solutions were prepared:

e 24.8wt% CeO, in Nafion 117 containing solution
A stock solution of 650 wt% CeOy was made by dissolving 0.0615g CeOs in
0.205 mL Nafion 117 containing solution. The solution was vortexed for a few
hours to disperse the CeO,. To make a 24.8 wt% CeQO, solution, 6.1 pL stock
solution was diluted with 0.308 mL. Nafion 117 containing solution.

e N/Awt% CeO; in Nafion ionomer solution
A solution with an unknown content of CeO; was made by mixing 0.216 mL
Nafion solution with CeOy. The CeOy content was unknown due to difficulties
in obtaining an accurate weight for low CeO, amounts.

e 3.1wt% Ce*" in Nafion ionomer solution
A stock solution of 66.2wt% CeCl; was made by dissolving 0.0176 g CeCls in
0.216 mL Nafion ionomer solution. To make a 3.1wt% CeCls solution, 0.005g
stock solution was diluted with 0.103 mL Nafion ionomer solution. The cross-
linking effect of Ce®* on Nafion was immediate. Consequently, the solution was
not suited for storage and had to be employed instantly.

3.2.7 Aqueous CeCl3 Solutions

CeCly was dissolved in water at various concentrations, namely: 1M CeCl; (aq),
0.413 M CeCl;(aq), 0.076 M CeCls, 0.038 M CeCl;(aq). 0.01 M and 0.016 mM CeCl;(aq).

3.2.8 Lactic Acid Test Solution

Solutions of 0.5 M lactic acid was prepared both from stock solution and from powder.
Using a 50 wt% lactic acid stock solution, 0.901 g of stock solution was diluted with
water to a final volume of 10mL. To prepare 5mL lactic acid solution [0.5 M| from
powder, 0.230 g was added to a glass vial and water was added to the 5 mL mark. The
solution was vortexed until all salt had been dissolved.
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3.3 Experimental Setup

Similar experimental setups were used for electrochemical sensor characterisation and
PB electrodeposition. The sensors were coupled to the potentiostat via a connector
and positioned in a sample holder to keep the sensor in place. The sensor was im-
mersed in a beaker containing the test solution. 10 mL beakers with PBS were used
for sensor testing, whereas 5 mL beakers were used for PB electrodeposition and post-
treatment. All three electrodes were submerged, whereas the connector was kept dry
and above the solution interface. The setup was arranged with a magnetic stirrer for
mechanical mixing for lactate sensors, while no stirrer was applied for PB electrode-
position, post-treatment and testing. For electrodeposition of PB, two sensors were
immersed in the same solution, using two separate connectors. One sensor functioned
as the deposition substrate, whereas the second sensor provided a sacrificial counter
and reference electrode. The sensors were placed facing each other in the solution to
ensure an even deposition. A schematic view of the experimental setups can be found
in Figure 3.1, with 3.1a) showing the setup for sensor performance testing and 3.1b)
for PB deposition.

For testing at 37°C, the hot plate was turned on, and a thermometer was used to
monitor the temperature in the test solution every 100s.

When Ar or O, gas was purged into the test solutions, a glass pipette was inserted
in the outlet of the gas supply tube and placed in the test solution. A flow rate of 1-3
gas bubbles per second was employed.

Hot Plate / Stirrer

(a) (b)

Figure 3.1. Schematic view of the general experimental setups for a) sensor
testing and characterisation and b) PB deposition.
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3.4 Biosensor Assembly

A general schematic of a fully assembled lactate biosensor is found in Figure 3.2, show-
ing the screen-printed electrode substrate and an enlargement of the modified carbon
working electrode. The WE was coated with 3 consecutive layers, namely a thin film
of Prussian Blue, Lactate Oxidase enzymes and single-walled carbon nanotubes en-
trapped in a chitosan-matrix and an outer polymer membrane, being either Nafion
or SPPB. Biosensor were prepared with different formulation variations, with modi-
fications including post-treatment procedures for the PB film, increasing the enzyme
loading volume, incorporating additives in the enzyme or membrane layer, and chan-
ging the membrane material. An overview of all biosensor compositions that were
fabricated is found in Table 3.4. The table additionally includes the notation that will
be used to refer to the distinct sensor compositions throughout the paper.

O
CE(Ag/AgCl) — 4 -
WE (C) — -
RE (Ag/AgCl) ——+ O
-
(]
-
-
c =
onnectors O
WE (C) PB Chitosan Polymer
SWCNT == Membrane
LoxO

Figure 3.2. The general composition of a fully assembled lactate biosensor.
The SPE substrate is shown to the left, with an enlarged view of the suc-
cessive layers applied to the WE to the right.
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Table 3.4. Overview of biosensor formulation variations. The presence of
a layer is marked with ("x”). Layer-specific modifications are given in the

footnotes.
PB LOx Nafion SPPB Notation
X - - - PBJ-
X - X - PB|N
b'e X X - PBJ|L|N
X 1.5x* X - PBJ|1.5L|N
X 2x! X - PBJ|2L|N
X x (Glu)?  x - PB|LE™|N
X x (Gly)? x - PB|LEY|N
x x x (Ce?t) - PB|L|N*
p'e X x (CeOy)t - PBJ|L|N**
X X - X PBILIS
X X - x (Ce*™)3  PB|L|S*

! LOx loading was increased by a factor 1.5 or 2. This is represented by 1.5L or 2L.

2 Glycerol or Glucose was incorporated in the LOx catalyst solution. This is represented
by LG or LEW.

3Ce*T was incorporated in the polymer membrane. This is represented by N* or S*.
4Ce0y was incorporated in the Nafio membrane. This is represented N**,

3.4.1 Prussian Blue Film Deposition

Cyclic voltammetry (CV) was used to deposit a PB film onto the WE of the sensor
substrates. The scan interval was set to [-0.2, 0.5] V, with step size 1mV and scan
rate 50mV s~ for a total of 10 cycles. The sensors were submerged in a 5 mL beaker
filled with fresh PB solution. The beaker was carefully shaken by hand at each cycle
to prevent depletion of analyte at the electrode surface. The shaking was performed
in the potential interval [0.40, 0.50] V to not perturb the oxidation and reduction
processes.

When the deposition was completed, the sensor was transferred to a 0.1 M KCI in
0.1 M HCI solution and cycled for a total of 10 cycles. The scan interval was set to
[-0.05, 0.35] V, with step size 1mV and scan rate 50mVs~!'. The newly deposited
sensor was shaken dry and kept in a petri dish covered with aluminium foil to prevent
light exposure, as light can induce photochemical reactions and result in a structural
change. PB-deposited sensors were stored in a desiccator until further use, and for
at least 5 days. When necessary to accelerate the drying process, the PB sensors
were annealed at 100°C for 1 hour. The process of cycling the PB sensors in KCI and
annealing are hereby referred to as post-treatment of PB sensors.
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3.4.2 Enzyme Layer

LOx was immobilised in a matrix of SWCNT-chitosan by drop casting solutions onto
the WE of the sensor and letting the droplets dry at room temperature. First, 2 x
0.5 uL. CNT-Chitosan solution was cast on the PB-WE using a pipette, and allowed
to dry for 10-15 minutes. Next, a layer of lactate catalyst solution was added on top.
The amounts were either 0.5 pl, 0.75pL or 1.0 uL. If not otherwise specified, 0.5 pLL
enzyme catalyst solution was the explicit volume used. The layer was allowed to dry
for 10-15 minutes. Lastly, a second layer of 2 x 0.5 ul. CNT-Chitosan solution was
applied. The sensors were kept in a petri dish covered in aluminium foil and left to
dry at 4°C for 12-16 hours.

3.4.3 Polymer Membrane

For Nafion-coated sensors, 5 consecutive layers of 2 x 0.5 pl. Nafion solution were cast
on top of the enzymatic layer. For SPPB-coated sensors, 5 consecutive layers of 2 x
0.5 uLL SPPB solution were cast on top of the enzymatic layer. The drying period of
each layer was 20-30 minutes to allow for the solvent to evaporate. After applying
all 5 layers, the sensors were stored at 4°C for minimum 48 hours to allow for the
membranes to cure. Sensors with membranes containing cerium were stored at room
temperature in the fume hood. Only one type of membrane solution was employed
per individual sensor.

Polymer membranes with incorporated cerium ions were prepared by employing
one of the three following approaches:

1. Direct addition of cerium to the Nafion membrane solution. The Ce-polymer
membrane solution was cast onto the sensor using the approach described above.
Both 24.8 wt% CeOsy, N/A wt% CeO, and 3.1wt% Ce*™ Nafion solutions were
used for this purpose.

2. CeCl3 (aq) immersion. A Nafion membrane was applied as described above.
After membrane curing (48 hours), the sensor was immersed in a 0.016 mM
CeCl;(aq) solution for 24 hours.

3. Co-casting of polymer solution and CeCls (aq). The polymer membrane was
applied as described above. In between one of the membrane layers, 2x or 4x
0.5ull of 1M, 0.42M, 0.076 M or 0.076 M CeCls(aq) was drop cast onto the
sensor and left to dry for 30 minutes before a new membrane layer was applied.

Due to the multiple methods and loading amounts employed to incorporate cerium
ions into the polymer membranes, it is convenient to introduce a notation to distinguish
between variations of PB|L|N*, PB|L|S* and PB|L|N** sensors with respect to the
cerium incorporation method and contebt. The cerium content was calculated in
percent with respect to the mass of pristine Nafion or SPPB in the membrane, assuming
that all added cerium was incorporated. The notation that will be used for this purpose
is given in Table 3.5.
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Table 3.5. Notation for sensors with cerium (%) incorporated in the mem-
branes. 1,2,3 refers to the incorporation method. * = Ce®*™ and ** = CeO,.

Method of Cerium Incorporation

Notation

Direct mixing of CeOs(s) and Nafion solution
Direct mixing of CeOs(s) and Nafion solution
Direct mixing of CeCls(s) and Nafion solution
Immersing PB|L|N in 0.0016 mM CeCl; (aq)
Co-casting of Nafion and 1M CeCl3 (aq)
Co-casting of Nafion and 2 x 0.413 M CeCl; (aq)
Co-casting of Nafion and 0.413 M CeCls (aq)
Co-casting of Nafion and 2 x 0.076 M CeCl; (aq)
Co-casting of Nafion and 0.076 M CeCl; (aq)
Co-casting of Nafion and 0.038 M CeCl; (aq)
Co-casting of SPPB and 0.076 M CeCl; (aq)

PB’L|N**24.8%
PB|LIN** /4%
PB|L|N*13 1o
PB|L|N*2505
PB|L|N*360.7%
PB|L|N*3505
PB|L|N*3950
PB|L|N*3 30
PB|LIN*? 65
PB|L|N*3, 35
PB|L|S*3g 30

Figure 3.3 gives a brief schematic summary of the entire biosensor assembly process.

PB
CV in PB precursor
CVin [0.1M] KCl in [0.TM] HCI

Annealing at 100°C for 1h if storage < 5 days

Store in desiccator
> 5 days

Enzyme Layer
2 x 0.5 uL SWCNT-Chitosan
10-15 min

0.5 (or 0.75 or 1) yL LOx solution

10-15 min
2 x 0.5 yL SWCNT-Chitosan

Store at 4°C or at RT
in fume hood

12-16 hours

Polymer Membrane
2 x 0.5 pL polymer solution
20-30 min
Repeat 4 more times

Store at 4°C or at RT in fume hood

> 48 hours

Figure 3.3. Flow chart summarising the general sensor assembly proced-
ure. The polymer solution was either Nafion or cerium-Nafion solution,
SPPB or cerium-SPPB. Only one type of polymer solution was employed

per sensor.
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3.5 Characterisation and Testing

3.5.1 Prussian Blue Characterisation

CV studies of PB-deposited sensors (PB|- and PB|N) were carried out using the exper-
imental setup described in Experimental Setup (3.3). Voltammograms were recorded
using a potential interval of [-0.3, 0.5] V and scan rate 50mV s™'. The following test
solutions were used: PBS, PPB and PPB+NaCl. A total of 30 cycles were performed
per CV measurement.

EDS analysis of two PBJ- sensors subject to different conditioning was performed
in a Hitachi S-3400N SEM. One sensor had only been subject to post-deposition treat-
ment (KCl-cycling and annealing), whereas the second sensor had been post-treated,
tested in PBS solution for a total of 30 cycles and thereafter dried at 100°C for 1 hour.
The images were captured using a 15kV acceleration voltage and a magnification of
x500.

3.5.2 Lactate Sensor Testing

Lactate responses were evaluated by chronoamperometric measurements, using the
experimental setup described in Experimental Setup (3.3). A potential of 0.0V vs
Ag/AgCl was found to be optimal for PB activity in previous work, and was the
explicit WE potential applied in all experiments [31]. After the formation of a stable
baseline, approximately 500s, lactate concentration was incremented stepwise every
100-300s, after the signal had properly stabilised (when the gradient was less than
approximately —0.02 pA per 50 seconds). Standard lactate increments were +1mM
and used throughout unless otherwise specified, while +0.1 mM increments were used
for step size testing.

Lactate sensor response was additionally evaluated by adjusting ambient conditions
such as solution temperature or dissolved oxygen content, with the setup described
in Experimental Setup (3.3). Standard testing conditions refer to testing at ambient
temperature without gas purging, using lactate addition increments of +1mM. An
overview of all sensor formulation variations and testing conditions are summarised in
Figure 3.4.

All sensors were chronoamperometrically tested 2-3 times. In between testing
rounds, the sensor was rinsed carefully with DI water to remove remnant test solution
from the sensor surface. The sensors were allowed to dry for at least 1 hour before
initiating the next testing round. Drying of the sensors ruptured the outer membranes,
altering the sensor architecture between testing rounds. Thus, reproducibility could
not be evaluated. Repeated rounds of sensor testing should be performed immedi-
ately after one another, only rinsing the sensor with DI water in between subsequent
testing rounds and changing the test solution. Mainly chronoamperometric data from
the first testing rounds will thus be presented in this work, while chronoamperometric
data from all 3 testing rounds can be found in Appendix B.
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Dissolved O, content:
- Ambient Temperature:
- 0, purging - Ambient -
; e Membrane Material:
Ar purging 37°C - Nafion
Lactate Step Size: - SPPB
“+1mM @ Crosslinked Membranes:
-+0.1 mM © - Nafion + CeCl,
@ - Nafion + CeO,
\\ { @@ - SPPB + CeCl,

Polymer Membrane QZJ

Post-Treatment:
- KCl cycling
Enzyme Layer - Heat treatment
Desiccator storage
Enzyme Loading:
-1U q
S15U Prussian Blue <,‘://

-2U

Stabilising Agents:
- Glycerol
- Glucose

Figure 3.4. Overview of all sensor formulation adjustments and testing
conditions employed, achieved by tuning properties of either the distinct
biosensor layers or the test solution. L (green) is lactate and Oy (purple) is
dissolved oxygen.

3.6 Data Analysis and Visualisation

Experimental data was recorded using PSTrace 5.9 and exported to Python Spyder
(Anaconda 3) for visualisation and analysis. Before export, all chronoamperometric
curves were post-processed in the PSTrace software using the ”low” smoothing filter to
minimise interference effects from the magnetic stirrer and/or electrical noise. PSTrace
uses the Savitzky—Golay method for smoothing, which is similar to a low-pass filter.
5 points were used for the smoothing (corresponding to the ”low” filter).

The average value and standard deviation (std dev) were calculated at each am-
perometric concentration step, using the last 55 seconds of the measurement at each
step. The current values for the first seconds at each step were not included in the
average to allow for signal stabilisation. The last 5 seconds at each step were addition-
ally omitted to avoid interference from the subsequent lactate addition. The average
current at each concentration step was plotted against concentration for all tested
sensors. All measurements were baselined to 0.0V at 0 mM lactate concentration. An
amperometric current step was accepted if the average current signal of the subsequent
step was larger than three times the std dev of the previous step, by biosensor signal
resolution definition [1]. The upper concentration cut-off for the chronoamperometry
plots was when an addition gave a current step smaller than 3 x std dev. All standard
deviations were calculated using the following formula,
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> (x —T)?
stddev = =~
with x the individual values, T the average over all the measured values and N the
total number of measurement values.
For voltammetry measurements, the second and the last cycle was extracted from
the measurement and plotted. The first cycle was not included, since the signal had
to stabilise. The cathodic and anodic current values were extracted at 0.0V.

(3.1)
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Chapter 4

Results

In the following section, the results from sensor testing and characterisation are presen-
ted. The first section shows the results from chronoamperometric measurements of
fully assembled lactate sensors in PBS solutions with a stepwise increase in bulk lactate
concentration. In the last section, the results from the Prussian Blue characterisation
are shown. All presented potential values are measured against a Ag/AgCl reference
electrode in phosphate buffer solutions. An overview of the sensor notations used can
be found in Tables 3.4 and 3.5.

4.1 Lactate Sensor Testing

A total of 36 lactate biosensors of various sensor formulations were chronoamperomet-
rically tested. The primary chronoamperometric measurements for all tested sensors
can be found in Appendix B. To investigate the sensing range limitations of sensors
made with the standard PB|L|N formulation, PB|L|N sensors were tested with various
lactate concentration increment sizes and in solutions where the content of dissolved
oxygen was increased or decreased. Thereafter, various sensor formulation adjust-
ments were introduced to increase the maximum current signal (I,,,4,) and upper limit
of the dynamic range (¢pa.) of the sensors. The following section will present the
results from initial PB|L|N sensor testing and efforts to improve the sensor response
by introducing adjustments in the enzyme or outer membrane sensor layers.

4.1.1 Lactate Increment Size

The chronoamperometric response of a PB|L|N sensor towards lactate increments of
either 0.1 mM or +1mM are compared in Figure 4.1, displaying the average current
signal at each lactate concentration step. The sensor was subject to a total of 3 testing
rounds, with two rounds of +0.1 mM increments and a round in between using the
standard +1 mM increments. The +0.1 mM increment testing is shown in the figure
as the average over the two testing rounds, with standard deviation included. The
two testing rounds reached signal saturation at different currents, giving rise to the
gradually increasing error bars.
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It can be seen that lowering the lactate increment size to +0.1 mM reduced the
upper limit of the dynamic range from 4mM to 2mM, but also increased the total
number of distinct current steps before signal saturation was reached. In the 40.1 mM
testing rounds, the sensor was sensitive to minimum 20 lactate additions. A linear
relationship between the current signal and lactate concentration was observed up to
approximately 1 mM lactate concentrations when the increment size was reduced.
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Figure 4.1. Responses of 1 PB|L|N sensor to +0.1 mM or +1 mM lactate
increments (number of measurements ngj,y = 2 and ny,y = 1). Error
bars correspond to 41 std dev. The average current signal at each lactate
concentration is displayed, with +1 std dev for a single measurement in the
nA-range (not visible in fig.).

4.1.2 Dissolved Oxygen Availability

To assess the dependence of 1,4z, Cmae and signal linearity on the availability of dis-
solved oxygen in the test solution, PB|L|N sensors were tested in Oj-enriched and
-deprived solutions. O purging was used to increase the availability of O, whereas
Ar purging was used to deprive the solution of oxygen.

The chronoamperometric response of a PB|L|N sensor under standard testing con-
ditions and under O purging conditions are compared in Figure 4.2a), displaying
the average current signal at each lactate concentration step. The sensor was tested
twice under standard conditions, with one round in between using O, purging. The
standard conditions testing is shown in the figure as the average over the two testing
rounds, with standard deviation included. Similarly, Figure 4.2b) shows the response
of a PB|L|N with the average of two testing rounds with Ar purging and one round
with standard condition testing.

For both sensors, there was a significant difference between the current signal at
standard conditions testing and gas purging testing at all lactate concentration steps.
O, purging increased the relative current signal, whereas Ar purging reduced the
relative current signal. It can also be observed that testing with O, purging generated
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a quite linear response over the entire responsive range of the sensor. Upon increasing
the lactate concentration from 11 mM to 12mM during testing, the signal started to
drift, resulting in a gradually increasing current despite continued lactate additions
(Appendix B Fig. B.2). In contrast, standard and Ar purging testing conditions
showed a hyperbolic saturation behaviour with increasing bulk lactate concentrations.

0.01{ = e 0O, Purging 0.00 = m Standard
§ Standard ¢ Arpurging
—os5{ ¥ -0.251
| |
° —0.50
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e | ]
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Lactate Concentration [mM] Lactate Concentration [MM]
(a) O2 Purging (b) Ar Purging

Figure 4.2. Responses of 2 PB|L|N sensor subject to (a) oxygen purging
compared to at standard conditions (number of measurements nyq = 2 and
np, = 1). (b) shows a similar test, but with a reduced oxygen content due
to argon purging (number of measurements ngq = 1 and ny, = 2). Error
bars correspond to +1 std dev. The average current signal at each lactate
concentration is displayed, with 41 std dev for a single measurement in the
nA-range (not visible in fig.).

The maximum detected lactate concentrations (¢,q,) and the associated current
signal (I,,4.) for both the Oy and Ar purging tests are given in Table 4.1. Compared to
the standard testing rounds, purging O, into the solution resulted in a 104% increase
in [, and extended the upper limit of the dynamic range. Testing in an Os-enriched
solution resulted in the highest I,,,, and ¢,,,, obtained for all sensors tested in this and
previous work. Conversely, purging Ar gas into the solution during testing generated
a relatively lower [,,,,, value compared to the standard conditions testing round.
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Table 4.1. Maximum generate current signal (/,,,,,) and detected lactate
concentration (¢q,) for sensors subject to oxygen or argon purging com-
pared to standard conditions. Averages and +1 std dev are over n=2 testing
rounds. ¢, are given for all n=3 test rounds.

Sensor  Testing Conditions I, [A] Cmaz [MM]
PB|L|N Standard -1.458 + 0.002 9,9

Oy Purging -2.97 11
PB|LIN  Standard 11,705 4

Ar Purging -1.204 £ 0.131 5,5

4.1.3 Adjusting Enzyme Activity

To increase the maximum current response of the sensors, properties of the enzymatic
layer were adjusted to increase enzyme stability and catalytic activity. This included
testing in 37°C solutions, increasing the enzyme loading or adding enzyme stabilising
agents, either glucose or glycerol, to the enzyme catalyst solution. Table 4.2 sum-
marises the I,,,, and ¢,,,, obtained from the chronoamperometric testing towards
increasing lactate concentrations for a total of 10 enzyme layer-modified sensors. The
sensors are listed from the highest to the lowest [,,,.. Sensors made with an identical
formulation are listed after one another, with the sensor having the highest I,,,, dic-
tating the listing position.

Table 4.2. Maximum generated current signal (/,,,,) and detected lactate
concentration (¢4, ) for sensors with enzyme layer modifications. 37°C refers
to testing in solutions of T = 37°C. 1.5L and 2L indicate increased enzyme
loadings. Gly and Glu denote incorporation of glycerol or glucose.

Sensor Loz [BA]  Crae [(mMM]
PB|L¢"|N -1.199 4
PB|LE™|N -0.155 4
PBILIN (37°C)  -0.953 6
PBILIN (37°C)  -0.713 2
PBILIN (37°C)  -0.691 5
PB|1.5L|N -0.943 8
PB|1.5L|N -0.552 6
PB|L¢Y|N -0.809 3
PB|LSW|N 10.545 7
PB|2L|N 10.762 7
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None of the enzyme-modified sensors achieved a maximum current response larger
than —1.199 pA. The maximum obtained current response for all enzyme-modified
sensors was obtained with a sensor where glucose had been added to the enzyme
catalyst solution. Contrastingly, the lowest current response was obtained by the
second PB|L¢"|N sensor. Despite the large spread in I,,q, values, the two sensors
had an identical ¢,,,,. With the exception of the PB\LGZ“|N sensors, there was no
repeatability in ¢4, and I,,,, for sensors with identical formulations.

The highest detected lactate concentration was 8 mM, obtained with a sensor where
the enzyme loading had been increased to 1.5 U. Further increasing the enzyme loading
to 2 U did not result in a further increase in ¢,,,.

4.1.4 Adjusting Membrane Permeability

Properties of the sensor polymer membrane were adjusted to reduce the lactate diffu-
sion into the enzyme layer. 23 sensors were tested in total, employing various methods
to reduce the permeability of lactate across the outer polymer membrane. Membrane
modifications included either replacing the Nafion membrane with a SBBP membrane
or incorporating cerium into the Nafion membrane to induce polymer cross-linking.

To enable comparison and evaluation of the performance of the membrane-modified
sensors, the chronoamperometric response of each sensor will be represented by 3
characteristics: Cmaz, Imaz and L. Cmae is the highest bulk lactate concentration
that was significantly detected, thus being the upper limit in the dynamic range of the
sensor. [, is the current signal at ¢,,4., thus being the maximum current generated
at sensor signal saturation. The I;,; is the detected current signal after the first
lactate addition, when the bulk lactate concentration is changed from 0 mM to 1 mM.
To achieve a large ¢4, as well as a linear-like response, I,,,, should be large, while
L;ini: should be low. To compare the sensor responses, the ratio between I;,;; and I,
and the ¢,,,, values will be used.

SBBP Membranes

Solid SBBP membranes were dissolved to allow for solution casting onto the sensors,
employing a total of 3 distinct solvent conditions and /or SBBP concentrations: 7.5 wt%
SPPB in ethanol, 2.5 wt% SPPB in ethanol and 2.5 wt% SPPB in ethanol/water. All
solvent compositions proved suitable for the dissolution of solid SPPB membranes.
The resulting ¢4z, Linig and 1,4, from chronoamperometric lactate titration testing
of 4 PB|L|S sensors are shown graphically in Figure 4.3, with the x-axis specifying the
composition of the SBBP casting solution for the membrane of each sensor.
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Figure 4.3. Responses of 4 PB|L|S sensor to increasing lactate concentra-
tions, displaying the current signal at the first (1;,;;) and last (I,,q.) lactate
increment (left axis). The ¢4, markers denote the maximum detected lact-
ate concentration (right axis). The x-axis specifies the SBBP membrane
casting solution composition of each individual sensor.

Table 4.3 gives the /I nae ratio and ¢, for all the 4 PB|L|S sensors shown in
Figure 4.3. The sensors are listed from the highest to the lowest ¢,,,. Sensors made
with an identical formulation are listed after one another, with the sensor having the
highest ¢, dictating the listing position.

Table 4.3. Ratio between initial current step ([;,;;) and maximum current
signal (1,,4,) and maximum detected lactate concentration (¢, ) for sensors
with SPPB membranes prepared from different casting solutions.

Sensor Membrane Solution Linit/ Imaa Cmaz [MM]
PBILIS  2.5wt% SBBP in ethanol 0.736 7
PBILIS  7.5wt% SBBP in ethanol 0.463 5
PBILIS  7.5wt% SBBP in ethanol 0.510 5
PBIL|IS  2.5wt% SBBP in ethanol/H,O  0.420 3

Casting the membrane from a 7.5 wt% SBBP in ethanol solution generated inter-
mediate sensor responses with respect to both I,/ I na. ratio and ¢,.,. However, the
membranes had partly delaminated from the WE after the testing. By reducing the
SPPB membrane solutions content 2.5 wt%, no delamination was observed. Lowering
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the wt% of SPPB concurrently increased the I;;i/lna. ratio of the sensor. Chan-
ging the solvent composition to a mixture of ethanol and water generated the lowest
Linit/ Imaz ratio sensor response, still showing no membrane delamination after testing.

The highest detected lactate concentration of all PB|L|S sensors was 7mM, ob-
tained with the sensor where the membrane was cast from a solution of 2.5 wt% SPPB
in ethanol.

Cerium-Incorporated Membranes

3 different methods were employed to incorporate various wt% of either CeOq or Ce®*
into Nafion membranes. An overview of the sensor notation, referring to both the
implementation method and cerium loading, can be found in Table 3.5.

Figure 4.4 shows the ¢puz, Imae and I;,; from the chronoamperometric lactate
titration testing of PB|L|N* (4.4a) and PB|L|N** (4.4b) sensors. Only 13 out of 19
tested sensors are presented, excluding the data from 3 PB|L|N*3 1 PB|L|S*® and
2 PB|L|N**y, g% sensors. Supplementary findings from these sensors did not signific-
antly deviate from or provide any additional information to the presented results. A
complete overview of all tested sensors can be found in Appendix A.

For PBI|L|N* sensors, the largest ¢,,q, values were obtained with sensors where the
membrane was made from direct mixing of CeClz and Nafion solution (PB|L|N*!) as
seen in Figure 4.4a). The storage stability of the CeCls-Nafion solution was low, with
the addition of CeCl;s to the Nafion solution resulting in precipitation of cross-linked
Nafion within 5 days of storage, rendering the solution useless for fabrication of new
PBJ|L|N*! sensor batches. A picture of the cross-linked Nafion precipitate within the
solution can be found in Appendix C in Figure C.1.

The second largest ¢p,q, values in Figure 4.4a) was obtained by the sensors im-
mersed in CeCls(aq) solutions (PB|L|N*?), however generating relatively low I,,,q.-

The lowest dynamic ranges of the PB|L|N* sensors were observed for the sensor
where the composite membrane was made from co-casting of Nafion and CeCls(aq)
solutions (PB|L|N*3). Tt can also be seen that both ¢, and I,,4, increased with
reduced Ce®* membrane content (%) for the PB|L|N*? sensors.

Incorporation of CeOs into the sensor membranes was only performed by direct
mixing of Nafion solution and CeO,. Direct addition of CeOs to the Nafion membrane
solutions did not yield homogeneous dispersions. Despite prolonged mechanical stir-
ring, non-dispersed CeQOs particles were readily observed. A picture of the CeO,-Nafion
dispersion can be found in Appendix C in Figure C.2.

The leftmost PB|L|N**y/49 sensor in Figure 4.4b) stands out, having both the
highest I,,,4, and lowest I;,,;; of all PB|L|N** sensors, as well as the highest ¢4, value
of all cerium-modified membrane sensors tested in this work. This PB|L|N**y /49, was
the only PB|L|N** sensor where the CeOs-Nafion membrane solution was cast onto
the sensor immediately after solution preparation. The 24.8 wt% CeO,-Nafion solution
was prepared 12 hours before casting, and the second PB|L|N**y, 49, sensor was made
5 weeks after the N/A wt% CeOy-Nafion solution had been prepared. The difference
in storage time of the CeOs-Nafion solutions used to fabricate the membranes of the
PBJ|L|N** sensors should be noted.
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Figure 4.4. Responses of (a) 9 PB|L|N* and (b) 4 PB|L|N** sensors
to increasing lactate concentrations, displaying the current signal at the
first (1;nit) and last (I,q,) lactate increment (left axis). The ¢4, markers
denote the maximum detected lactate concentration (right axis). The x-
axis specifies the sensor formulation, with cerium loading method (1,2,3)

and content (%). * = Ce*" and ** = CeOs,.
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Table 4.4 gives the Iini/ e ratio and ¢, for all the PB|L|IN* and PB|L|N**
sensors shown in Figure 4.4. The sensors are listed from the highest to the lowest
Cmaz- Sensors made with an identical formulation are listed after one another, with
the sensor having the largest c,,q, dictating the listing position. It can be observed
that the sensors with the highest lactate detection limit also had the most linear-like
responses, reflected by the relatively low i/ lina. ratio. The ¢4, values and ratios
varied slightly for individual sensors having an identical formulation, with the largest
spread seen for the PB|L|N**y/ 49 sensors. The largest difference in Iini¢/Iimes ratio
was also observed for the PB|L|IN**y/ 49 sensors.

Table 4.4. Ratio between initial current step (/;,;;) and maximum current
signal (I,4,) and maximum detected lactate concentration (¢, ) for sensors
with cerium-modified membranes. The sensor formulation is specified, with
cerium loading method (1,2,3) and content (%). * = Ce*™ and ** = CeOs,.

Sensor Iinit/Imam Cmax [mM]

PB|LIN*¥y 40, 0.270 10
PB|L|N*¥y 40, 0.742 5
PBILIN*13,0,  0.336 9
PBILIN*13,6,  0.365 7
PB|L|N*250 0.347 6
PB|L|N*250 0.329 5
PB|LIN*3,65  0.551 5
PB|L|N*355,  0.591 5
PB|L|N**5, 50  0.752 4
PB|L|N**5, 0  0.789 3
PB|L|N*3g7  0.191 3
PB|L|N*®3gm  0.811 3
PB|L|N*3,50 0.548 3

Pictures captured of the WE of 5 PBI|L|N* sensors and 1 PB|L|N sensor after
3 rounds of chronoamperometric lactate testing are shown in Figure 4.5. Varying
the incorporation method and content of Ce®*" changed the visual appearance of the
membrane. The membranes on PB|L|N*!3 5 and PB|L|N*?50 4y sensors were similar
to the non-modified PB|L|N Nafion membrane, with a thin and transparent film visible
on the WE (Figs. 4.5d to 4.5f). In stark contrast, the membranes of PB|L|N*? sensors
had a matt white colour (Figs. 4.5a to 4.5c). Decreasing the cerium content from
60.7 wt% to 4.6 wt% concurrently reduced the intensity of the white colour.
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(a) PB|L|N*3, 7, (b) PB|L|N*3y; o, (c) PBI|LIN*?, 59

(d) PBILIN*'310,  (e) PBILIN*?y, 59, (f) PBILIN

Figure 4.5. Pictures captured of sensors where the membrane was made
from (a-c) co-casting of Nafion and CeClz(aq) of various Ce*" (%) content,
(d) direct mixing of Nafion and CeCls(s), (e) immersion in CeCl;(aq) after
casting and (f) a normal Nafion solution after 3 rounds of chronoampero-
metric lactate titration testing. Arrows indicate openings or cracks in the
membranes.
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4.2 Prussian Blue Characterisation

This section presents the findings from voltammetric studies of PB without and with
a Nafion membrane (PB|- and PB|N). Experiments involved cycling of PB|- sensors
in electrolyte solutions of various cationic compositions, and investigating the effect of
post-treatment procedures on the voltammetric behaviour of PB|- and PB|N in PBS
solution. In addition, EDS elemental analysis of PBJ- sensors before and after PBS
cycling will be shown.

4.2.1 PBJ- Cation Dependency

Figure 4.6 compares the voltammetric behaviour of PBJ- sensors in 3 distinct phos-
phate buffer solutions: PPB, PPB+NaCl and PBS. The ionic strength and pH of the
solutions can be found in Table 3.3. Only the second cycle is shown in the figure, while
the voltammograms showing both the second and last (30th) cycle can be found in
Appendix D in Figure D.1. The voltammograms were relatively stable over 30 scans
in all but the PBS solution. Cycling in PPB generated the most narrow and largest
current peaks. Increasing the sodium and concurrently increasing the potassium con-
tent in the buffer resulted in a peak widening and I, reduction, both for the anodic
and cathodic peaks.
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—407 —— PPB
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E [V] (vs Ag/AgCl)

Figure 4.6. CVs of PB|- sensors in PPB (pH 6.83), PPB+NaCl (pH 6.78)
and PBS (pH 7.48) at 50mV s™!, showing the 2nd cycle. The scan rate was
50mV st

The cathodic and anodic peak potentials, peak-to-peak separation and half-wave
potential for each voltammogram are given in Table 4.5. Decreasing the potassium
and increasing the sodium concentrations resulted in a gradual shift of I, towards
lower potential values and a gradual increase in AF.
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Table 4.5. The peak potentials (E),), peak-to-peak separation (AE) and

half wave potential F; /5 for PB|- sensors cycled in PPB, PPB+NaCl or PBS
solution from voltammograms in Figure 4.6.

Buffer E,.[V] E,.[V] AE]I[V] E;;]|V]
PPB 0.21 0.06 0.15 0.14
PPB+NaCl  0.19 0.03 0.16 0.11
PBS 0.09 -0.09 0.18 0.0

4.2.2 PB Post-Treatment

PBS-cycling of PB|- sensors with and without post-treatment generated distinct voltam
mograms after multiple scans, as seen in Figure 4.7. Post-treatment refers to cycling
in a 0.1 M HCI/KCI solution directly after PB deposition and annealing the sensor
at 100°C before use. The PBJ- sensor tested in 4.7a) had not been subject to any
post-treatment. Approximately all voltammogram features were lost over a total of 30
cycles in PBS. A more stable voltammogram was obtained with a post-treated PB|-
sensor, as seen in 4.7b).
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E [V] (vs Ag/AgCl) E [V] (vs Ag/AgCl)
(a) PBJ- (b) Post-treated PB|-

Figure 4.7. CVs in PBS (pH 7.48) of PB|- sensors with (a) no post-

treatment (b) both KCl cycling and annealing. The scan rate was 50 mV s~

The relative change in the anodic and cathodic current at 0.0V from the 2nd to
the 30th cycle for the non-treated and post-treated PBJ- sensors are given in Table
4.6. The table additionally gives the peak current change from identical testing of
non-treated and post-treated PB|N sensors. The corresponding CVs for the PB|N
sensors can be found in Appendix D in Figures D.2a) and D.3a). A reduction in
cathodic current will give rise to a positive percent change, as the current will become
less negative.

Both post-treatment and Nafion membrane coating enhanced the cycling stability,
reducing the peak current decay from the 2nd to the 30th cycle at 0.0V, especially
when employed in combination. The post-treated PB|N sensor had the best cycling
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stability over a total of 30 cycles, even showing an increase in anodic current from
the 2nd to the 30th cycle. Contrastingly, the non-treated PBJ- sensor showed a 96%
and 91% anodic and cathodic current reduction, respectively, losing approximately all
electrochemical activity over 30 cycles.

Table 4.6. Percent change in anodic (Al,/I,0) and cathodic (AI./I.0)
current signal at 0.0 V from the 2nd to the 30th CV cycle for PB|- (Fig. 4.7)
and PBJ|N (Figs. D.2a and D.3a) sensors subject to distinct pre-conditioning.

Sensor  KCl-cycling  Annealing AI,/I,o [%] AIL/I.o [%]

PBI- i ; 96 91
PBJ- X X -22 23
PBIN - - -30 27
PBN  x X 25 19

A non-treated PB|- sensor previously cycled in PBS was transferred to and cycled
in a 0.1 M KCI/HCI solution. The resulting voltammogram is shown in Figure 4.8.
The electrochemical activity of the PBJ- sensor was not restored after 30 cycles in
0.1 M KCI/HCI. Conversely, approximately all remaining voltammetric features from
the PBS cycling were lost during the subsequent KC1/HCI cycling.

—— 2 cycle
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_1 -
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—03-02-01 00 01 02 03 04 05
E [V] (vs Ag/AgCl)

Figure 4.8. CV in 0.1 M KCI/HCI solution (pH 1.16) of a non-treated PB-
sensors previously cycled in PBS. The scan rate was 50mV s™!.

4.2.3 PBJ|N Durability Testing

The durability of PB|N sensors in PBS was tested by repeated cycling. A non-treated
and post-treated PB|N sensor were subject to a total of 6 repeated CV measurements,
with 30 cycles in each testing round. The sensors were stored and dried between each
testing round. The resulting CVs are shown in Figure 4.9, with only the last (30th)
cycle from each of the 6 testing rounds included in the figure.
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The peak currents for both oxidation and reduction peaks were strictly decaying
with repeated testing, as indicated by the arrows in the figures. For the non-treated
PBJ- sensor in 4.9a), the electrochemical activity around —0.05V was rapidly lost with
repeated testing, while the peaks around 1.0 V was better retained. The cathodic peak
shifted from —0.05V to 1.0V with repeated testing. The post-treated PB|N sensor in
4.9b) displayed a relatively better retention of electrochemical activity at both —0.05V
and 1.0V.

With the exception of the first testing round, the post-treated PB|N sensor gen-
erated a stable signal over all 30 cycles in all testing rounds. The non-treated PB|N
sensor showed a slight, gradual current decay from the first to the last cycle in all
testing rounds. The voltammograms showing both the 2nd and the 30th cycle for all
6 rounds can be found in Appendix D in Figures D.2 and D.3.

It should be noted that the initial current signal from the post-treated PB|N sensor
was twice as large compared to the non-treated PB|N. The electrodeposition process
result in PB films of various thicknesses, with a larger area under the deposition
curve indicating a thicker PB layer. From the electrodeposition data (Appendix D
Fig. D.4) it is evident that the post-treated PB|N sensor had quantitatively more PB
and therefore has a higher electrochemical activity. Thus the CV curves of the PB|N
sensors must be read relatively.
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Figure 4.9. 6 rounds of CV of (a) non-treated and (b) post-treated PB|N
sensors, with minimum 5 days storage between testing rounds. Only the last
(30th) cycle per testing round is shown. All measurements were performed
in PBS (pH 7.48) with scan rate 50mVs™!.

Table 4.7 summarises the anodic and cathodic current decays at 0.0V for both the
non-treated and post-treated PB|N sensor from the second cycle in the first testing
round to the last cycle in the last testing round.
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Table 4.7. Change in anodic (Al,/I,0) and cathodic (Al./1.o) current
signal at 0.0V for non-treated and post-treated PB|N sensors from voltam-
mograms in Figure 4.9. Current change is measured from the 2nd cycle in
the first testing round to the 30th cycle in the last (6th) testing round.

Sensor  KCl-cycling  Annealing AI,/I,o [%] AIL/I.o [%]

PB|N - - -89 86
PBIN X X -38 60

4.2.4 EDS Elemental Analysis

EDS data for two post-treated PB|- sensor are given in Table 4.8. One of the sensors
had not been prone to PB deposition and post-treatment, whereas the second sensor
had been subject to 30 CV cycles in PBS. The elemental analysis showed the presence
of both potassium and sodium at the surface of the PBS-cycled PBJ- sensor. The full
EDS spectra are given in Appendix E.

Table 4.8. Atomic wt% data obtained from EDS of two post-treated PB|-
sensors, one of them untested and the second one previously cycled in PBS
(pH 7.48) for 30 cycles.

Detected Element  PB|- [at%] PBS-cycled PBJ- [at%]

C 81.1 85.8
N 8.6 3.5
O 4.7 6.2
Cl 2.5 2.6
Si 1.1 1.1
Fe 1.0 0.5
K 0.9 0.1
S 0.1 0.1

Na 0.0 0.1
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Chapter 5

Discussion

5.1 Lactate Sensor Testing

5.1.1 O; Availability and Enzyme Layer Capacity

The O, purging testing results implies that the sensor current response was ultimately
limited by the availability of dissolved Os in the test solution. Considering all chro-
noamperometric lactate titrations tests performed in the present and previous work,
the highest current signal obtained under ambient testing conditions was —1.77 pA,
with the PB|L|N sensor shown in Figure 4.1. Contrastingly, purging O, gas into the
solution during PB|L|N testing generated a maximum current of —2.97 pA (Tab. 4.1).
Testing the same PB|L|N sensor both without and with Oy supplementation resulted
in a signal increase of 104% at the point of signal saturation, confirming that the
relatively high I,,,,, signal was caused by the increased O, availability.

Ar purging testing results further substantiated that availability of dissolved Os
limited the maximum obtainable current of PB|L|N sensors at standard testing con-
ditions. Depriving the test solution of Oy resulted in a significant I,,,, reduction. It
is evident from Figure 4.2b) that the PB|L|N signal was significantly larger at every
concentration step at standard conditions compared to testing with continuous Ar pur-
ging. Performing complementary testing with both Ar and O, gas purging eliminated
the plausibility that the purging process itself affected the sensor responses. Purging
of Oy could possibly have increased the sensor response by inducing a convection ef-
fect, thereby reducing the size of the diffusion layer [32]. Considering that Ar and Oy
purging had complete opposite effects, respectively reducing and increasing I,,,4,, this
can be disregarded.

Adjusting properties of the enzyme layer did not increase the maximum current
signal, further reinforcing that the sensor response was limited by O, availability.
Only 1 out of 10 enzyme-layer modified sensors generated a I, response larger than
—1.0pA (Tab. 4.2), thus showing no pronounced improvement compared to PB|L|N
sensors tested in previous work (Tab. 2.2). Moreover, all enzyme layer-modified
sensors had profoundly lower 1,,,, than the standard conditions testing of the PB|L|N
sensors presented in Table 4.1. If the activity or stability of the enzyme layer had been
limiting the sensor response, increasing the enzyme loading, adding stabilising agents
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or testing the enzyme at temperature optimum should have substantially increased
Lmaz [19]. However, when limited by substrate availability, adjusting properties of
the enzyme layer has little or no effect, evident from Michaelis-Menten kinetics (Fig.
2.4) [32]. In conclusion, attempts to increase I,,,, by increasing enzymatic activity or
loading gave no significant improvement with respect to maximum generated current,
implying that the sensor was limited by substrate availability rather than enzyme
saturation.

The catalytic capacity of the enzyme layer was possibly not exceeded at the point
of current signal saturation in the O, purging experiment. Increasing the dissolved Oq
content generated an approximately linear response up to 11 mM lactate (Fig. 4.2a),
suggesting that the enzyme layer had not yet reached catalytic saturation levels. From
Michaelis-Menten kinetics, enzyme saturation should produce a hyperbolic curve (Fig.
2.4) [32]. Upon increasing the lactate concentration from 11mM to 12mM during
testing, the current signal started to drift towards more positive current values, and was
unresponsive to further lactate additions (Appendix B Fig. B.2). Systems employing
pseudo-RE are especially prone to signal drifting, as the RE is immersed directly in the
test solution and is subject to a changing electrolyte composition [107]. The observed
signal drift could be owed to a change in pH by the addition of lactate or by RE
surface adsorption effects, among others [107], but none of the mentioned effects was
experimentally measured and thus not confirmed. A shift in the reference potential
would affect the catalytic activity of the PB layer and consequently the current signal
[34]. PBJ|L|N sensors could potentially reach even higher ¢4, and I,,., values by
employing O, purging if circumventing potential drift effects. Ultimately, 1,4, should
be imposed by enzyme saturation, PB saturation or by reaching the limit of dissolved
O, in the test solution, as the Os-content in the test solution cannot be infinitely
increased by purging. More O, purging tests could be performed in future work to
identify the linear range and I,,,, for PB|L|N sensors in Oy-enriched solutions.

Lowering the permeability of lactate across the sensor membrane could enable de-
tection of even higher bulk lactate concentrations [2]. For sweat sensing applications
of the biosensor, the content of dissolved Oy cannot be forcedly increased. It would be
highly inconvenient to perform endurance training with an O tank. Thus, I,,,,, would
be limited by O, availability. From Figure 4.1 it is evident that reducing the lactate
addition increment size simultaneously reduced the current step sizes and increased
the total amount of steps, which would be a favourable response to adapt with respect
to increasing ¢,,q, while restricted by an upper [,,4. limit. By reducing the bulk lactate
concentration increments from +1mM to +0.1 mM, the PB|L|N sensor was responsive
to minimum 20 additions. Testing the same sensor with the standard +1mM in-
crements, the sensor response ceased after only 4 lactate additions. The experimental
findings demonstrated that lowering lactate flux through the membrane could dramat-
ically reduce the current step size for bulk lactate additions of +1.0 mM, mimicking
the sensor responses obtained with the +0.1 mM additions [65, 66]. Both Burmeister
et al. and Almeida et al. significantly increased the linear range and apparent Kj;
of their respective enzymatic biosensors by applying an outer polymer membrane [65,
66]. The membranes limited the lactate flux while simultaneously having a low im-
pact on the Oy diffusion [66]. Based on the step size testing and literature findings,
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it is rational to assume that reducing lactate permeability across the outer membrane
could increase the dynamic range of the biosensor when restricted by availability of
Oy, thereby approaching physiologically relevant sweat lactate concentration.

Reducing the current step size and membrane permeability could still be insuffi-
cient to enable detection of lactate concentrations up to 100 mM, and might need to
be combined with other approaches. If the +0.1 mM step sizes in Figure 4.1 was repro-
duced for +1.0 mM increments, ¢,,., would be extended to 20 mM. The step size could
be further reduced to increase ¢,,q., but excessive step size reduction has a negative
impact on the sensitivity of the sensor [66]. The step size must still be large enough
to distinguish between two distinct lactate concentration levels. A possible solution
could be to supplement with alternative approaches to decrease the local lactate con-
centration. Firstly, a scavenger could be employed to deplete the bulk solution of a
predetermined quantity of lactate. During signal post-processing, the original bulk
concentration can be recalculated by combining the measured values and the known
depletion. A second approach could be to dilute the bulk solution, similar to the
performed step size testing. With respect to the practical application of the sensor
with integration into a wearable device, the two above suggestions would complicate
the system architecture, involving inclusion of a scavenger and/or a liquid chamber for
sweat dilution. Contrastingly, reducing the lactate permeability of the outer diffusion
membrane would be more compatible with and simpler to integrate into a wearable
device. However, considering that sweat lactate concentrations can reach values up
to 100 mM, it might be necessary to ultimately combine multiple approaches to suffi-
ciently increase the dynamic range of the wearable lactate biosensor.

5.1.2 Adjusting Membrane Permeability

New membrane materials were tested in an attempt to reduce the lactate flux over the
sensor membrane, with the objective of lowering the current step sizes and increasing
the dynamic range. The following section will discuss and evaluate the prospect of the
new sensor membranes to lower the current step sizes and increase the dynamic range
compared to the PB|L|N sensor formulation employed in previous work. The sensors
will be distinguished with respect to both the membrane material, concentrations
of membrane materials in the casting solution (wt%) and the method of membrane
fabrication.

SBBP Membranes

PBJL|S sensors did not improve sensor response with respect to current step size reduc-
tion or dynamic range compared to PB|L|N sensors tested in previous work. ¢, was
lower or equal to 7mM for all PB|L|S sensors (Tab. 4.3), thus showing no improve-
ment to S5 (Cpae = 6mM) and S6 (¢pe, = 8mM) from previous work. Moreover,
membrane permeability of PB|L|S sensors were larger, with I,/ ne. ratios either
between or larger than I,/ I .. ratios of sensors S5 and S6. In a study by Adamski
et al, the properties of SBBP and Nafion 211 membranes were measured and com-
pared, where SBBP membranes were found to have a higher water uptake than Nafion
211 membranes of identical thickness [108]. Assuming that lactate is co-transported
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with water through the hydrophilic domains of the polymer membrane during swelling,
higher water uptake is expected to increase lactate permeability and result in larger
Ling (67, 76, 109]. This effect could explain the higher I/ lnq. ratio for PBIL|S
sensors compared to PB|L|N. However, it is difficult to accurately compare Nafion
and SBBP membranes with respect to water permeability due to the differences in
thickness (wt%) and solvent composition between the Nafion and SBBP solutions em-
ployed in this work. Despite no improvement in linear or dynamic range from casting
of SBBP membranes from 7.5wt% or 2.5wt% in ethanol or ethanol/water solutions
was demonstrated, other wt% and solvent compositions could be attempted. Adjust-
ing the weight percentage, solvent composition and curing conditions of the solution
cast SBBP membranes could affect the membrane morphology and accordingly water-
and lactate transport properties, thereby improving sensor PB|L|S performance [67,
110, 111]. This could be investigated in future work.

The response of PB|L|S sensors was dependent on wt% pristine SBBP and solvent
composition of the SBBP casting solution. As seen from Table 4.3, changing the solvent
composition from ethanol to a mixture of ethanol and water reduced the Ij,i/Inmaz
ratio. Adjusting properties of the solvent might have affected the membrane structure
by changing the organisation of polar and non-polar groups, and possibly by prolonging
the curing time [51, 112]. However, overall sensor performance was not improved,
as both I,,,, and ¢, were reduced. It should be noted that the sample size of
tested PBJ|L|S sensors was low, with only one or two sensors tested per formulation
permutation. Thus, the sensor responses could have been dictated by differences in
testing conditions or low sensor repeatability. More tests should be performed to
obtain further data on the effect of solvent composition and wt% SPPB on lactate
permeability in solution-cast SBBP membranes.

Cerium Incorporation

It was confirmed that Ce®*" and possibly CeO, had a cross-linking effect on Nafion
polymers. Direct addition of CeCls to the Nafion ionomer solution resulted in pre-
cipitation of cross-linked Nafion upon storage (Appendix C Fig. C.1). In contrast to
the CeCl3-Nafion solution, it was not possible to discern precipitation of cross-linked
Nafion in the CeOs-Nafion solutions by eye due to the presence of non-dispersed CeO,
(Appendix C Fig. C.2). However, considering that the expected mechanism for sulf-
onate group cross-linking is similar for CeO, and Ce®', it is rational to assume that
direct addition of CeOs to the polymer solution also resulted in precipitation [73, 76].

Although a precipitate could not be directly observed, the scattered responses of
the CeOy-Nafion composite membrane sensors (Fig. 4.4b) could imply that also CeOs
induced polymer cross-linking within the casting solution. It is evident from Figure
4.4b) that all but one PB|L|N** sensor responded with a relatively high I;,;;, which
was the only sensor where the CeOs-Nafion membrane was cast from a freshly pre-
pared composite membrane solution. Low storage stability of the casting solution
would readily explain the relatively high membrane permeability of the remaining
PB|L|N** reflected by the high I;,;;/I e tatio (Tab. 4.4), as the membranes would
be thinner and thus more permeable if cast from a polymer-depleted solution. How-
ever, the large variability in the PB|L|N** sensor responses could alternatively be owed
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to an inhomogeneous dispersion of CeO, in the Nafion membrane solution. The actual
weight percentage of CeO; in the membrane of each distinct PB|L|N** sensor would
be dependent on how well the composite membrane solutions were mixed immediately
prior to casting. As the PB|L|N** sensors were made in three different batches, the
distinct responses could possibly just reflect a large variation in CeOy membrane con-
tent. No literature has been found on the explicit shelf life of CeOs-Nafion solutions,
as most research on composite membranes has been directed toward fuel cell applic-
ations, where composite membrane preparation is followed by immediate casting and
solution storage is irrelevant [74, 78, 113, 114]. A more thorough investigation of the
shelf life of CeOy-Nafion solutions is required to draw a final conclusion on whether
precipitation occurs upon solution storage.

The prospect of using cerium-Nafion composite membranes to reduce lactate per-
meability was not unambiguously demonstrated due to the limited test data. The two
sensors made from the CeCl;z-Nafion solution before precipitation had a relatively high
Cmaz and 1ow Iy /I e tatio (Tab. 4.4) compared to sensors tested in both present
and previous work (Tab. 2.2). In addition, the lactate diffusion was not excessively
hindered, as the PB|L|N*!; o, sensors still responded with relatively high maximum
currents. Correspondingly, the one PB|L|N**y, 49, sensor with a membrane cast from a
non-precipitated CeOg-Nafion solution achieved the highest ¢, and lowest I,/ Inaz
of all sensors tested under standard conditions both in this and previous work (Tabs.
4.4 and 2.2). These 3 sensors could function as a proof-of-concept for cerium-mediated
membrane cross-linking to moderate lactate transport. However, although the reduced
step size and increased c¢,,,, of the sensors could be owed to a cross-linking effect of
cerium in the membranes, it could as well have been a result of other variables, such
as a complete and homogeneous membrane coverage and high catalytic activity of PB
and enzyme layer. The low shelf life of the composite membrane solutions impeded
fabrication of new sensor batches to conclude a significant effect of the cerium incor-
poration. It was not attempted to make new cerium-Nafion mixtures, since relatively
large volumes of Nafion ionomer solution were required to enable addition of meas-
urable quantities of CeCl;(s) or CeOs(s), which was inconvenient for fabrication of a
limited amount of sensors. Large amounts of solution would be necessary to screen for
and optimise the cerium loading content, and considerable amounts of cerium-Nafion
solution going to waste for each fabrication round. In order to obtain more test data
on cerium-Nafion composite membranes, these impracticalities must be overcome, or
alternative methods for cerium membrane implementation must be identified.

The alternative cerium-incorporation method of immersing PB|L|N sensors in CeCls
(aq) solutions resulted in low I,,,, signals, presumably owed to low storage stability
of the biosensors in aqueous solutions. From Figure 4.4 it can be seen that both
the PB|L|N*250y sensors had a I,,4, lower than 0.6pnA. The immersion procedure
was adapted from Tian, who produced SPPB-Ce®*" composite membranes by soaking
previously cast SPPB membrane pieces in aqueous solutions of CeClz for 24 hours,
demonstrating an efficient uptake of Ce*" into the membranes [73]. Employing a sim-
ilar approach as Tian was expected to increase the dynamic range of the sensors, but
soaking the biosensors in solution for 24 hours prior to testing presumably had a negat-
ive impact on the maximum sensor response. Enzymatic biosensors with solution-cast
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Nafion membranes are found to have low storage stability in aqueous buffer solutions,
with a rapid loss of responsiveness as compared to dry storage conditions [69]. Reduced
responsiveness could be owed to leaching of enzymes from the immobilisation matrix
and out to bulk solution [16, 19, 69]. Moreover, storage of PB films in aqueous solution
has been shown to reduce its catalytic capacity towards HoO5 reduction, likely due to
film dissolution [34, 64, 94]. Lastly, prolonged soaking could result in partial membrane
dissolution. Nafion films cast from aqueous solutions and cured at room temperature
have proven to be slightly soluble in polar solvents and are readily susceptible to crack
formation [51, 67, 115]. Overall, soaking the sensor in aqueous solutions could have
had a negative impact on both the PB film, enzyme layer and polymer membrane,
thus explaining the low maximum current signals.

The experimental data from the PB|L|N*?5, sensors could further substantiate a
positive effect of cerium in reducing membrane lactate permeability, despite the sensors
having a low I,,4,. Both sensors had a I/ Lna. ratio in between that of S5 and S6
from previous work (Tabs. 4.4 and 2.2, respectively). From Figure 4.4 it can be readily
observed that the PB|L|N*25y sensors also had among the lowest I;,; values, which
could indicate a reduced lactate flux across the membrane. However, no improvement
in the ¢4, was observed for the PB|L|N*?50, sensors compared to previous work. A
reduction in the current step size will have little effect on the dynamic range of the
sensors if accompanied by a concurrent reduction in I,,,,. A possible adjustment to be
investigated in future work to circumvent a reduction in catalytic activity could be to
let the sensors soak in a more concentrated solution of CeCl;(aq) for a shorter period of
time. In this manner, the immersion method could be a viable method for cerium ion
incorporation and could possibly be employed as an alternative to the direct mixing
of CeCl3/CeOq and membrane polymer solution.

The method of co-casting CeCl; and polymer membrane solution presented the
simplest method to accurately tune cerium content and circumvent issues related to
solution precipitation and low I,,,,, but did not result in efficient incorporation of
Ce®" in the membranes. It is clear from comparing the pictures in Figure 4.5 that
there was a white substance present within the membranes of the PB|L|N*3 sensors
(Figs. 4.5a to 4.5¢), while the membranes of sensors where cerium was incorporated by
direct mixing (Fig. 4.5d) or immersion (Fig. 4.5¢) were transparent. The correlation
between colour intensity of PB|L|N*3 sensor membranes and CeCl; loading indicates
that the white membrane colour originated from solid CeCl; remnants. The time
required for Ce**-proton exchange when mixing CeCls and semi-cured Nafion ionomer
solution is not known. Zaton et al. reported on a complete uptake of Ce*" in pre-cured
Nafion membranes from a 0.04 mM immersion solution after only 90 minutes, obtaining
a final doping of approximately 0.9wt% Ce*" [75]. During co-casting of alternating
Nafion and CeCls(aq) layers in this experiment, the CeCls(aq) solvent had completely
evaporated after 30 minutes, and loading amounts were at the lowest 2.3 wt%. Thus,
both doping time and loading amount differed from the experiments performed by
Zaton, in addition to employing semi-cured Nafion membranes. Based on this, it is
strongly suggested that evaporation could have occurred faster than the Ce**-proton
exchange process, leaving solid CeCl; salt remnants within the membrane layers.

The low response of PB|L|N*3 sensors with a high wt% Ce®*™ (> 25wt%) was
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presumably owed to solid CeCls salt grains forming a physical barrier towards the
passage of lactate and O, across the membrane. All sensors generated relatively low
current responses, with I,,,, consistently lower than —0.4 pA (Appendix A Fig. A.1).
From pictures captured of the WE of PB|L|N*? sensors in Figure 4.5, it is suggested
that the low sensor responses were owed to a continuous layer of solid CeCl; salt
rendering the membranes practically impermeable in the first testing round. It is clear
from repeated testing of the sensors that the low current response of the sensors was
not owed to a low catalytic activity of PB or the enzyme layer (see Appendix B.4
for data on the second and third testing rounds). There was a large increase in I,
from the first to the second testing round, presumably owed to crack formation in
the membranes upon repeated hydration and re-hydration [67], which would increase
the flux of lactate and O in the subsequent testing rounds and enhance the current
signal [65]. Solution-cast Nafion membranes are found to be brittle and prone to crack
formation [67], which can be readily observed for the PB|L|N*3,50 sensor in Figure
4.5b), indicated by the red arrow. Consequently, it can be excluded that the low I,
in the initial testing rounds was owed to low catalytic activity of PB or the enzyme
layer, but rather caused by excessively low membrane permeability.

Reducing the cerium loading content in the PB|L|N*? sensor membranes (wt%
Ce?t < 9.3wt%) did not improve Ce®" incorporation and additionally had a negative
impact on the mechanical integrity of the polymer membranes. The relatively high
Linit/ Imar and low ¢p,q, of the sensors (Appendix A Tab. A.1) imply that the mem-
branes were a less efficient barrier towards lactate diffusion than PB|L|N sensors tested
in previous work (Tab. 2.2). The increased membrane permeability was presumably
owed to the formation of cracks in the membranes, as seen in the picture in Figure
4.5¢). Lowering the loading of CeCl; circumvented formation of a continuous layer of
solid CeCl3 completely obstructing lactate transport, but presumably had a negative
impact on the mechanical integrity of the Nafion membrane. The presence of sharp
notches within a polymer matrix induces points or regions of concentrated stresses
[70]. Upon membrane swelling and deswelling, these localised stresses could result
in crack formation [70]. Accordingly, the picture of a PB|L|N*3, ¢ sensor in Figure
4.5¢) reveals a torn and ruptured membrane. The presence of solid CeCls could addi-
tionally have interrupted the regular arrangement of the Nafion polymers, obstructing
association between Nafion chains layered before and after the CeCls layer in the cast-
ing process and thus further weakening the membrane. Membrane rupture could be
augmented by the hygroscopic properties of dehydrated CeCls, resulting in excessive
swelling of the Nafion [116]. Moreover, hydration of the membranes could result in
a gradual dissolution of solid CeCl; in the membranes, resulting in ion migration.
Cerium ions are found to be mobile within the membrane and could migrate with
their diffusion gradient out to the bulk solution when dissolved [75, 76, 117]. Hence,
several possible mechanisms could have contributed to low mechanical integrity and
rupture of the PB|L|N*3 sensor membranes.

In summary, testing results do not discard the prospect of cerium-induced polymer
cross-linking to increase the dynamic range without notably affecting the maximum
current, but only limited test data was obtained. Sensor membranes produced from
either direct addition of cerium to the polymer casting solution or by immersion in
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aqueous CeCls solutions generated promising responses with respect to both current
step size reduction and maximum detected lactate concentration, which could indic-
ate a positive effect of cerium in reducing lactate membrane permeability. Adversely,
both methods of cerium incorporation were associated with practical issues, which
obstructed the production and testing of more sensors. More sensor data would be ad-
vantageous both with respect to confirming a significant effect of cerium incorporation,
as well as to optimise the cerium loading content to further reduce the current step sizes
and expand the dynamic range. Further increasing the cerium loading content could
be necessary to obtain a more pronounced reduction in lactate diffusion across the
sensor membrane [73]. Co-casting of polymer membrane solution and aqueous CeClj
was simple to perform and allowed for a more precisely tuned cerium loading content.
However, the CeCls solvent evaporated too fast to allow for cerium-proton exchange
in the membranes, only leaving solid and dehydrated CeCls within the membrane lay-
ers, which had a negative impact on sensor performance both at high and low CeCl;
loadings. The method of co-casting should be discarded, whereas further work should
be devoted to either solver the practical challenges of direct mixing or immersion,
or identifying alternative methods to obtain cerium-induced membrane cross-linking.
This will allow for a thorough screening of various cerium loading amounts and result
in a final conclusion on the prospect of cerium-composite membranes to increase the
sensing range of the lactate biosensors.

5.1.3 Sensor Repeatability

The low sensor repeatability makes it difficult to conclude a significant improvement in
sensor performance when based on test data from only 1-3 sensors. Sensors fabricated
with identical formulations and similar ambient conditions responded inconsistently
with respect to both [, and ¢4, upon chronoamperometric lactate testing. The low
sensor repeatability is particularly pronounced for the enzyme-layer modified sensors
in Table 4.2. For instance, the two PB|1.5L|N sensors responded with two distinct ¢paz
values, ranging from 6 to 8 mM, and a spread in I,,,, from -0.552 to —0.942 pA. Also in
Figure 4.4, the two PB|L|N*!; ¢, show a spread in I,,4, and ¢4, values, despite being
made in the same batch and having an identical formulation. Low sensor repeatability
was also observed in previous work, as seen by the spread in [,,,., lini and ¢pq. in
Figure 2.9. Due to the large variation in individual sensor responses, a final conclusion
on whether a sensor formulation resulted in an improved performance should not be
based on the data of only a small number of sensors. Especially for the cerium-
incorporated membrane sensors, there was limited test data on each distinct sensor
formulation. Focus was rather directed towards screening over a wide range of cerium
incorporation methods and loading amounts to get an indication of which method and
loading was the most suitable. For future work, more tests should be performed on
identical sensor formulations to gather sufficient data and conclude whether cerium
incorporation significantly improved sensor performance.

The low sensor repeatability was much owed to the manual fabrication process. It
was challenging to deposit enzyme and polymer membrane solutions exclusively at the
WE, and it could be observed by eye that some solution was commonly delocalised to
the junction between WE and CE or on the CE (Fig. 4.5). An instance of insufficient
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and non-uniform membrane coverage can be readily observed in the picture in Figure
4.5a), where the red arrow indicates a WE area which received no or little membrane
solution upon casting. The PB|L|N*34 75 sensor in the picture was remarkably more
responsive than the second PB|L|N*34 7o, sensor tested (Fig. 4.4), presumably owed
to the poor membrane coverage allowing for a slight flux of lactate and Os into the
enzyme layer despite an otherwise impermeable membrane. Openings in the mem-
brane diminish its function as a diffusion barrier [65], resulting in an initially larger
current flux and higher I;,;;. The membrane should additionally counteract efflux of
enzymatically produced HyOs and assists in enzyme immobilisation [28, 69]. Open-
ings in the membrane more readily allow for leakage of both enzymes and H5O5 out to
the bulk solution, reducing the I,,,,. Similarly, low enzyme loading or WE coverage
upon casting would also result in a more rapid saturation of the enzyme layer and
lower I,,,, values. The picture in Figure 4.5f clearly shows a partial deposition of
enzyme and immobilisation matrix on the CE and in the WE/CE junction. Overall,
the method of drop casting low solution volumes onto the small surface area of the
WE proved challenging, resulting in inconsistency with respect to enzyme respons-
iveness and activity as well as the diffusion-limiting properties of the outer polymer
membrane. The manual fabrication process facilitated irregularities with respect to
loading amounts and WE coverage for individual sensors, irrespective of sensor batch.

Batch-to-batch variations could be owed to slight variations in curing conditions
for the solution-cast polymers. Depending on the curing conditions such as humidity
and ambient temperature, sensors produced in different batches could have differ-
ent properties with respect to the structure and nature of the solution-cast polymers
[67]. Drop-casting polymer membranes from solution generally yield a more unordered
structure and organisation than commercially extruded membranes [67]. This applies
both to the outer polymer membrane and to the chitosan-SWCNT immobilisation
matrix. The difference in curing conditions between sensors could affect the enzyme
immobilisation and the permeability of the outer diffusion membrane [65, 67], and
thus contribute to low sensor repeatability.

Sensors with particularly low I,,,,, values were presumably not limited by O, avail-
ability, but by properties of the enzyme or PB layer, with the exception of the complete
impermeable cerium-membrane sensors. This can be seen by comparing the I,,,,, of the
enzyme-modified sensors in Table 4.2 and sensors tested in previous work (Tab. 2.2).
One of the two PB|LY“|N sensor tested in this work reached an I, of only —0.155 1A,
in stark contrast to the —1.199 A signal obtained by the second PB|LE"|N sensor.
Such low sensor responses were not observed for any PB|L|N sensors when examining
the effect of Nafion membrane thickness on I,,,, and I;,;; in previous work, rendering
it highly unlikely that the PB|L“"|N sensor was limited by low substrate availability
at such low current values. Dismissing low substrate availability as a plausible cause,
enzyme or PB layer saturation remains the most probable signal-limiting factor.

Low enzyme loading could be a result of poor WE coverage, as discussed above,
but could also be due to an inhomogeneous distribution of LOx in the enzyme cata-
lyst solution. As enzymes are proteins and prone to denaturation upon mechanical
mixing, the catalyst solutions were never mixed or agitated before use. Possibly,
some sensors received enzyme catalyst solution with a low presence of enzymes. Fur-
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thermore, immobilisation is paramount for enzyme performance, and the immediate
microenvironment can dramatically enhance or reduce enzyme activity [16, 19, 40].
The immobilisation matrix should also ensure that the enzymes were retained in close
proximity to the WE. Considering the dependency of enzyme activity on the immob-
ilisation medium [16, 19, 40], contaminations of the chitosan-SWCNT matrix upon
casting or low immobilisation matrix loading amounts could have reduced enzymatic
activity. Since several factors could contribute to a lowered enzyme activity, a variation
in sensor saturation limits and thus reduced sensor repeatability would be expected.

The PB layer is expected to have had a low impact on sensor repeatability, despite
variance in PB-film thickness between individual sensors. In the preliminary project
work, it was found that the capacity of PB was not exceeded upon lactate titration
testing, as seen from the SO sensor in Figure 2.10. For the SO sensor, having no
membrane influencing HoO4 availability, maximum current signal was —5.8 pA. The SO
sensor had exceedingly sufficient PB catalytic activity compared to the current signals
generated in lactate titration measurements. Thus, variations in PB film thickness
are not expected to have affected the overall sensor response. On the contrary, the
method of PB electrodeposition could result in formation of thin PB films at the CE
and/or RE of the sensor [34, 89]. The presence of PB increases the resistance against
charge transfer in the counter and reference reactions, and could shift the operational
potential of PB [89]. This would have a negative impact on the sensor response and
possibly limit the maximum current signal. It could be assessed by optical inspection
whether a thin layer of PB had formed on the CE or RE. PB has a bright blue colour
and was readily visible on a Ag/AgCl electrode. Thus, sensors that were obviously
discoloured after the PB deposition were disregarded. The post-treatment of PB|- was
found to efficiently removed excess PB on the RE and CE from the deposition and
diminish this effect. Consequently, the two remaining sensor layers are reckoned to be
the largest sources of error regarding sensor repeatability.

Large variability in the response of PB|L|N** sensors could be owed to inhomogen-
eous dispersions of CeO, in the polymer membrane solutions. Embedding inorganic
nanoparticles in a polymer matrix is challenging due to the strong preference of nano-
particles to form agglomerates [118]. Accordingly, it was difficult to obtain homogen-
eous dispersions with direct addition of CeO, to Nafion membrane solutions. Despite
prolonged mechanical stirring, non-dispersed CeQO, particles were readily observed in
the solutions. Pearman et al. used a similar approach for preparing CeO,-Nafion
composite membranes, reporting on successful incorporation for 2wt% CeQOy. How-
ever, mechanical mixing could be insufficient for achieving homogeneous dispersions
for higher CeO, contents, such as the mixtures employed in this work. Weissbach et
al. produced solution cast Nafion membranes with 10 wt% CeOs by direct addition
followed by repeated cycles of mechanical stirring and sonication [74]. The sonica-
tion step was not adapted in this work, and could possibly have facilitated a more
homogeneous dispersion of CeOy particles in the membrane solutions before casting.
This could be investigated in future work. Overall, the method of solution casting
CeOy-membrane mixtures had low repeatability. The inhomogeneity of the disper-
sions resulted in uncertainty towards the actual weight percentage of CeO, in each of
the solution-cast membranes.
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5.1.4 Sensor Reproducibility

The reproducibility of the sensors upon lactate concentration fluctuations was not
properly evaluated in the performed experiments. All sensors were chronoampero-
metrically tested 2-3 times, but the prolonged lag time between the repeated testing
rounds allowed for the sensor layers to dry, which was not representative of continuous
sweat measurements. The chronoamperometric data from all 2-3 testing rounds of all
sensors are shown in Appendix B. Some sensors showed a good overlap for all 3 test
rounds, as seen for the PB|LE"|N sensor in Figure B.13, indicating that properties
both the PB, membrane and enzyme layers were retained between testing rounds.
Contrastingly, Figure B.9 (PB|2L|N) shows a spread in current values associated with
lactate concentrations of 1 mM, which complicates accurate lactate quantification.

Ideally, subsequent testing rounds should have been initiated immediately after one
another, just renewing the test solution in between the measurements. The formation
of cracks and occasionally delamination of the outer polymer membranes was readily
observed after the first testing rounds, as seen in Figure 4.5. Membrane cracking was
presumably owed to the hydration and dehydration process, as solution cast Nafion
membranes are brittle and prone to crack formation [67]. As discussed above, openings
in the membrane notably altered the sensor response by allowing for a larger influx of
substrates [2, 65], but could also allow for efflux of enzymes and enzymatically pro-
duced HyO5 and thereby lowering the I,,,,,. Consequently, the repeated testing format
employed in the performed experiments was not representative of sensor reproducibil-
ity by definition, since the sensor architecture was not identical from one testing round
to the next [2]. Moreover, the employed testing format was also not representative of
single-use sweat sensors, as the sensors will be continuously wetted during practical
sweat monitoring applications. In future work, the testing format should be adjusted
to allow for a proper evaluation of sensor repeatability. To obtain a reliable signal for
lactate quantification, it is paramount that the sensor generates reproducible responses
when the lactate concentration is both decreased and increased under operational use
[13].

For the step size, Oy and Ar gas testing, the presented data include all 3 rounds
of repeated testing. Despite the non-optimal testing format with respect to repro-
ducibility, the results are still regarded as reliable. It was necessary to compare the
sensor response at standard conditions in order to investigate the effect of adjusting
the ambient conditions. To minimise the influence of varying sensor responses from
one round to the next, two of the three testing rounds were performed under identical
conditions in a sandwich format. For the step size testing, the 4+0.1 mM increment
tests were performed first and last, with a standard testing round in between. Dis-
regarding the differences in I,,,4,, a similar behaviour was observed for both rounds
of +0.1mM testing with respect to current step sizes. Similarly, the Os testing was
performed in between two rounds of standard conditions testing, thus discarding that
the increase in I,,,, was purely a result of the change in sensor properties upon prior
testing and repeated hydration and dehydration. To confirm the validity of the exper-
imental findings, the step size and purging experiments could be repeated in future
work without allowing for the sensor membranes to dry in between testing rounds.
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5.2 Prussian Blue Stability

For optimal biosensor performance, the sensor response should not limited by the cata-
lytic capacity of the PB layer towards HyO5 reduction. It was confirmed in previous
work that the catalytic activity of PB towards H,O, initially exceeded that of LOx to-
wards lactate (Fig. 2.10). However, the explicit stability of PB activity over prolonged
testing duration was not assessed. Electrocatalytic activity of PB is not only depend-
ent on HyO4 availability, but also alkali ions for charge compensation upon reduction,
evident from Equations (2.15) and (2.14) [34, 86]. It is known from literature that PB
has good cycling stability in potassium-rich solutions [55, 86, 95, 119]. However, the
concentration of potassium in sweat ranges only from 4-24 mM. The dominant alkali
ion in sweat is sodium, which is present in concentrations between 10-100 mM [15].
Consequently, to employ PB for a reliable and stable sweat sensing signal, the activity
and stability of PB must be sufficient in electrolytes where sodium is the dominating
cationic specie. The PB activity retention must coincide with the length of a lactate
threshold endurance training, preferably for more than 60 minutes. The following sec-
tion is therefore concerned with understanding and evaluating the performance of PB
under physiological conditions similar to a sweat environment to conclude whether PB
is a suitable mediator for sweat lactate sensing purposes. Both alkali ion dependency
and stability of PB will be discussed, and the effect of post-treatment procedures on
the operational stability of PB will be evaluated.

5.2.1 Electrolyte Dependency

Sodium ions appeared to participate as charge compensators upon the reduction and
oxidation of PB in PBS. The peak current position for cycling of PBJ- sensors was
contingent on the relative and absolute content of potassium and sodium ions in the
electrolyte, as seen in Figure 4.6 and Table 4.5. Employing Equation 2.13, a shift in
Ei/; of —0.07V is expected when the K™ concentration is reduced from from 0.3 M
(PPB) to 0.02M (PBS). The experimentally observed FEj/, shift was —0.14V (Tab.
4.6), thus exceeding the theoretical prediction for potassium-mediated PB activity.
The substantial shift in F,/, indicates that Na™ participated in the reduction and
oxidation of PB, resulting in a change in redox activity and/or electron transfer kinetics
in the PB film [34, 85, 92]. The Na'*-dependent PB reduction and oxidation must
consequently occur at lower potentials than the K*-mediated process. An explanation
behind the systematic reduction of E} /5 in Na™ electrolyte solutions has not yet been
established in literature [85, 86, 92, 93].

EDS data obtained for a PBS-cycled PB|- sensor showed the presence of trace
amounts of both sodium and potassium ions (Tab. 4.8), which could further strengthen
the hypothesis in co-participation of both ions in the electrochemical activity of PB.
However, EDS is not a considerably sensitive technique for detection of low elemental
concentrations in a sample [120]. Consequently, no definite conclusion should be drawn
on the basis of the EDS findings. The trace amounts of sodium detected with EDS
could also be surface remnants from immersing the sensor in PBS during cycling, and
not necessarily sodium incorporated within the PB structure.
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The PB films appeared to be irreversibly damaged upon repeated cycling in PBS
solution. Figure 4.7a) shows a gradual loss of electrochemical activity, which is in
agreement with literature findings [86, 92, 121, 122]. The electrochemical activity of
PB in potassium-rich solutions was not restored when the PBS-cycled PB|- sensor was
subsequently cycled in a 0.1 M KCI/HCI solution (Fig. 4.8). Based on the voltam-
metric findings in this study, it cannot be evaluated whether PBS-cycling resulted in
a decomposition or inactivation of PB. It could possibly have been evaluated by eye
whether the film thickness was reduced before and after cycling in PBS, as the PB film
has a strong blue colour. However, as the WE was black, the PB film was not visible
by optical inspection. For future work, performing an identical test with platinum
WEs could be relevant to enable a visual evaluation of whether PB films in sodium
solutions are decomposed or if electroactivity is purely blocked upon cycling in PBS.

5.2.2 Optimising PB stability

Cycling stability of PB|- in PBS solution was significantly enhanced when introducing
post-treatment procedures. Post-treated PB|- sensor displayed a smaller current decay
over 30 cycles (Fig. 4.7b), especially at 0.0V (Tab. 4.6), which is the potential em-
ployed for HyO5 reduction. Similar findings are also reported in literature, suggesting
that ionic permeability is dependent on the PB deposition method and post-treatment
procedures, which again dictates the structural disorder in the PB film [80, 85, 93].
Itaya et al. proposed that cycling of PB in 0.1 M KCI/HCI directly after deposition
resulted in a structural change from the insoluble to the more stable soluble form of
PB, thus improving cycling stability [80]. Another possibility is that cycling in KCI-
rich solutions saturated the deeper layers of the PB film with potassium, resulting in
improved retention and re-use of potassium ions upon oxidation and reduction, even
in solutions with a low potassium content [85]. Overall, post-treatment of PBJ- had a
significantly positive effect on the stability of carbon-deposited PB films, and should
thus be implemented as a part of the standard preparation procedure of PB films for
sweat biosensing purposes.

Both cycling stability and durability of PB films were enhanced by applying a
Nafion membrane, presumably owed to the ion-conductive and -retaining properties
of the Nafion membrane [67, 94, 123]. For non-treated PBJ- sensor, approximately
all electrochemical activity was lost after 30 cycles (Fig. 4.7a). Contrastingly, both
PBJN sensors were still electrochemically active after a total of 180 cycles, spread over
6 rounds of testing (Fig. 4.7). Similar findings were obtained by Garcia-Jareno et
al. when cycling PB and PB-Nafion sensors in 1 M NaCl solutions (pH 3) [94]. The
authors suggested that the Nafion membrane functioned as a sieve that stripped away
the hydration shell around the sodium ions during transport across the membrane.
Correspondingly, a review by Mauritz et al. similarly reports that sodium is in an
intermediate hydration state when transported across the Nafion membrane [67]. Non-
hydrated sodium ions are appropriately sized for transport through the PB lattice and
can thus participate as charge compensators upon reduction and oxidation of PB [94].
The Nafion membrane could additionally facilitate retention of potassium ions already
present within the PB film, preventing or slowing down the efflux to the bulk solution
[94, 123]. Consequently, increased participation of both sodium and potassium ions as
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charge compensators during reduction and oxidation of PB could explain the improved
retention of electrochemical activity for PB|N sensors compared to PBJ-.

The post-treated PB|N sensor showed relatively better retention of electrochemical
activity around 0.0 V compared to the non-treated PB|N sensor upon repeated testing
(Tab. 4.7). From Figure 4.9 it can be observed that both treated and non-treated PB|N
had a similar decay in redox activity around 1.0 V, while post-treated PB|N had a lower
relative reduction in current values at potentials around —0.05V. The activity of PB
around —0.05V is presumed to be associated with sodium participation, as discussed
above. Post-treatment of PB|N involved cycling in KCI/HCI solution, which does
not explicitly clarify the observed retention in sodium affinity upon repeated testing.
Rather opposite, cycling in KCI should be expected to improve potassium activity. A
possible rationale is that KCI cycling resulted in a change from the insoluble to the
soluble form of PB, which is more stable [86, 94]. The soluble PB form could be more
suited for sodium transport, since the affinity of PB towards sodium is presumed to
depend on the stochiometry, hydration state and crystallinity of the PB film [80, 85].

Overall, the combination of PB post-treatment and Nafion membrane application
stabilised CV behaviour over both multiple cycles and repeated testing. Especially
the activity around 0.0V was retained by KCI cycling and Nafion membrane coating
(Tab. 4.6), which is the relevant range of PB-mediated reduction of HyO,. Over 6
rounds of testing, the post-treated PB|N sensor was still electrochemically active at
0.0V (Fig. 4.9b). The mechanism behind the observed improvement in stability and
sodium activity by post-treatment of PB was not identified, but possibly resulted in
a stochiometric change of insoluble PB to the soluble form [80], increased the pres-
ence of interstitial potassium within the PB lattice [85], or a combination of the two.
The presence of a Nafion membrane presumably increased the amount of potassium
retained in close proximity to the PB and increased sodium participation by partly
dehydrating the ions upon transport across the membrane [94, 123]. The findings on
the stability of post-treated PB|N in PBS do not undermine the suitability of PB as
a catalyst for HyO4 reduction in sweat, which has an ionic composition of sodium and
potassium similar to that of PBS. In total, the post-treated PB|N sensor was cycled
for 96 minutes over 6 rounds of testing, which corresponds well with and even exceeds
the duration of a lactate threshold endurance activity.



71

Chapter 6

Conclusion

The aim of this thesis was to identify the sensing range limitations of the biosensor
formulation employed in previous work and adjust the formulation to overcome these
constraints. The main objective was to extend the upper limit of the dynamic range to
enable detection of physiologically relevant sweat lactate concentrations for wearable
sweat lactate monitoring applications.

The experimental findings indicated that the maximum current signal of the bio-
sensors used in previous work was ultimately limited by the availability of dissolved
O, in the test solution. Increasing or depriving the testing solution of O, significantly
affected the maximum current signal, whereas efforts to increase the activity of the
enzyme layer had no positive effect. To overcome the influence of dissolved O, avail-
ability on the upper detection limit of the biosensors, properties of the outer polymer
membrane were adjusted to reduce the current step sizes of the sensors. It was shown
by reducing the bulk lactate concentration increment size that the sensors could gen-
erate at least 20 distinct current levels before signal saturation was reached, implying
that the upper limit of the dynamic range could be increased if the diffusion of lactate
across the outer polymer membrane was reduced.

Incorporation of cerium into the Nafion membrane by direct addition of cerium
compound to the Nafion solution followed by immediate casting onto the sensors in-
creased the upper lactate detection limit from 8 mM in previous work to 9mM and
10mM, employing CeCls or CeQOs, respectively. The improvement was presumably
owed to a cross-linking effect of cerium on the sulfonate groups of the membrane
polymers, which reduced the lactate diffusion across the membrane. However, the
significance of the findings is questionable due to the limited sample size and low
sensor repeatability. Sensors made by direct addition of CeClz could not be repeated
because the CeClz-Nafion mixture had a low shelf life. For CeO,-Nafion composite
membranes, only one sensor displayed an improved dynamic and linear range, whereas
all the attempts to repeat this sensor were unsuccessful. The low repeatability could be
owed to the precipitation of cross-linked polymers from the mixture upon storage, an
inhomogeneous dispersion of CeOs in the membrane polymer solutions, or the single
improved sensor response could have been a statistical outlier. More tests should be
performed to exclude all potential variables and evaluate whether CeO, and CeCly
had a significant effect on reducing the current step sizes of the sensors.
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Other methods of cerium incorporation did not improve sensor performance com-
pared to previous work. Immersing the sensors in aqueous CeCls solutions for 24 hours
had an adverse impact on the maximum current response. Storing the biosensor in
an aqueous environment negatively affected the catalytic sensor layers, resulting in
a decreased maximum current signal. Reducing the immersion time could possibly
circumvent this problem, and should be examined in future work. The method of
co-casting of CeCly and membrane polymer solution in alternating layers was unsuc-
cessful, as the CeCls solvent evaporated too fast to allow for incorporation of Ce®"
into the polymer networks. The presence of solid CeClz salts within the membrane
both constituted a physical barrier towards lactate and Oy diffusion and disrupted
membrane integrity, facilitating membrane rupture. The co-casting method was thus
not suited for cerium incorporation.

SBBP polymer membranes were tested as an alternative to Nafion, but none of the
SBBP membrane sensors demonstrated reduced current step sizes or increased lactate
detection ranges compared to previous work. However, considering the low sample size
of only 4 sensors, the results could be biased by the low sensor repeatability. Moreover,
solvent composition and wt% SBBP content appeared to influence the permeability of
the solution-cast SBBP membranes, and thus optimising solvent and dissolved SBBP
content could possibly enhance the sensor performance by improving membrane dur-
ability and by reducing the current step size. However, this is highly speculative and
must be confirmed by further experimental testing.

The combination of post-treatment and Nafion membrane application should be
sufficient for stabilising the PB film and ensuring sufficient delivery of ions for PB
catalytic activity over the duration of an endurance training. Direct cycling of PB in
0.1 M KCI/HCI solution after preparation had a positive effect on the cycling stability
of PB in PBS solution, and should be implemented in standard PB film preparation.
Annealing was found useful to accelerate the drying of the PB film as an option for
several days of desiccator storage. Applying a Nafion membrane further increased the
cycling stability of PB, presumably due to retention of potassium ions and dehydration
of sodium ions entering from the bulk solution.

Despite the lack of identifying an optimal method of loading cerium into the sensor
membrane, testing results from direct mixing of cerium and Nafion solution demon-
strated the prospect of cerium incorporation to increase the upper detection limit of
the biosensors. Further research on cerium implementation approaches and identifying
an optimal cerium loading could produce biosensors more suitable for quantification of
physiologically relevant sweat lactate concentrations. The maximum dynamic range
obtained in this work was 10 mM, which is about 10% of the required range for ath-
lete sweat-sensing applications. Reducing the increment size of bulk lactate additions
showed that at least 20 significant current steps were achievable, which would in-
crease the dynamic range of the sensors up to 20mM. Further efforts on tuning the
permeability of lactate over the membrane could further increase the sensing range,
but an excessive reduction in the step size will compromise sensor sensitivity. Con-
sequently, it could ultimately be necessary to combine a reduced step size with sweat
sample dilution or employ a lactate scavenger to enable practical applications of the
sensor in a wearable sweat-sensing device.
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Chapter 7

Future work

7.1 Cerium-Polymer Composite Membranes

As far as the author is concerned, the work in this thesis is the first to examine the
effect of incorporating cerium in solution-cast membranes to improve the dynamic
range of enzymatic biosensors. The objective was to investigate whether cerium-
induced membrane cross-linking to reduce lactate permeability was feasible, which
was performed by screening a wide range of implementation methods and loading
contents. The improved performance of the PB|L|N**y/ 45, and PB|L|N*!5 ;¢ sensors
compared to previous work could serve as a proof of concept, while it should be kept
in mind that the findings are based on a limited sensor sample size of only 3 sensors.
If further investigations are done on the topic, emphasis should be on identifying how
cerium incorporation method, loading content and type of cerium compound employed
dictates membrane properties. An improved understanding of the cerium-Nafion or
cerium-SBBP composite membranes can be obtained by studying the membranes as
isolated systems, and could possibly accelerate the implementation of cerium-infused
membranes in the biosensors. Investigating the entire biosensor system as a whole
allows for more variables in each experiment due to the complex layer structure and
accordingly low sensor repeatability. It is challenging to evaluate whether a low sensor
response is owed to properties of the PB mediator, the enzyme immobilisation layer or
the outer membrane. Isolated cerium-Nafion and cerium-SBBP permeability studies
could be performed by layering solution-cast membranes directly onto the WE of the
SPE sensors and investigating transport of species that can be directly oxidised or
reduced at the WE surface, such as ascorbic or uric acid [22].

Direct mixing of CeCl3 or CeO, into the membrane solutions generated the best
sensor responses with respect to signal linearity and maximum detected lactate con-
centrations. However, practical issues complicated sensor reproducibility. For direct
addition of CeCls to a Nafion ionomer solution, precipitation of cross-linked Nafion
could be observed (Appendix C Fig. C.1). Thus, it was not investigated whether
increasing the CeCl; loading from 3.1 wt% resulted in a further reduction in I,/ I ez
ratio, and only limited data on the effect of direct mixing of polymer solution and
CeCl; were obtained. Further increasing the cerium loading content could be ne-
cessary to obtain a more pronounced reduction in lactate diffusion across the sensor



4 CHAPTER 7. FUTURE WORK

membrane. In the work of Tian, a Ce*™ loading of 4 wt% gave a noticeable reduction
in SBBP-membrane conductivity, while 2wt% had no influence [73]. Consequently,
slightly increasing the Ce®' loading content from the 3.1 wt% used in this work would
be reasonable.

For CeO, implementation, reproducibility issues could have been related to the
inhomogeneous dispersion of the CeOs in the membrane solutions and possibly pre-
cipitation issues, though a Nafion precipitate could not be directly observed. Storage
stability of CeOs-Nafion or CeO,-SBBP mixtures should be investigated more closely
to evaluate whether or not the dispersions are suitable for long-term storage. Possibly,
a polymer-containing precipitate could be easier to observe if employing a more con-
centrated polymer solution containing only trace amounts of CeOs. Moreover, inhomo-
geneity of the dispersions results in uncertainty towards the actual weight percentage
of CeOs in each of the solution-cast membranes. Repeated cycles of mechanical mixing
and sonication have been found to yield homogeneous dispersion of 10 wt% CeO, in
Nafion solutions [74], and could be adapted to the preparation procedure. By homo-
genising the solutions, the content of CeOy loaded into the solution cast membranes
will be approximately known, yielding more reproducible results.

If the impracticalities associated with the direct mixing of membrane solution and
CeOy or CeCls are not overcome, alternative methods of cerium ion implementation
should be investigated more closely, including immersion of the sensors in aqueous
CeCl;. The method of CeClz(aq) immersion presented a viable approach where pre-
cipitation issues could be circumvented, but the immersion time employed in this work
must be reduced to avoid adverse effects on the activity of the catalytic sensor layers.
The time required for Ce*"-proton exchange is not known, but a possible adjustment
could be to let the sensors soak in a more concentrated CeCls solution for a shorter
period of time. Tian et al used a prolonged immersion time of 24 hours [73], which was
the method adapted in this work. Contrastingly, Zaton et al. reported a complete up-
take of Ce®" in pre-cured Nafion membranes from a 0.04 mM immersion solution after
only 90 minutes, obtaining a final doping concentration of approximately 0.9 wt% Ce"
[75]. Identifying a suitable combination of [Ce**] and immersion time could be done
in a larger scale screening assay, using various combinations of the two parameters.

7.2 SBBP Polymer Membranes

The SPPB presents an interesting alternative to employ in the lactate biosensors due
to their improved durability compared to Nafion [71]. SBBP membranes were received
as solid membranes and were dissolved in various solvent compositions and with dif-
ferent wt% pristine membrane content. Only three different combinations thereof
were investigated, whereas a more optimal solvent and wt% membrane composition
could exist. A limited amount of SBBP membrane sensors were presented in this
work, with experimental data on 5 sensors lost due to issues experienced in 3 sub-
sequent sensor batches, where all fabricated sensors were practically non-responsive
for unknown reasons. Loading of Ce*™ into SPPB membrane was attempted with the
co-casting method, which only resulted in solid CeCl; within the membrane layers
and resulted in a highly permeable membrane (Appendix A Fig. A.1), similar to the
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PB|L|N*3 sensors. Consequently, there was a lack of experimental data on sensors
with SBBP membranes in this work, both with and without incorporation of cerium.
To properly evaluate the suitability of SBBP membranes, more sensors should be fab-
ricated and tested, using various combinations of solvent and wt% dissolved SBBP.
Furthermore, incorporation of Ce®*" into SBBP membranes has been investigated in
literature, showing that the conductivity of the membrane was reduced with larger
loading amounts of cerium [73]. SBBP membranes thus present a viable possibility
of producing more durable membranes with a reduced lactate permeability and could
possibly be employed to increase the dynamic range of the biosensors.

7.3 Sensor Response Limitations

The maximum catalytic capacity of the enzyme layer could be investigated more closely
by performing more Oy purging experiments. In this work, a maximum current signal
of —2.970 pA was obtained with O, purging. However, as the signal did not exhibit
a hyperbolic decrease in current signal, as would be expected from Michaelis-Menten
kinetics [32], it was suggested that the capacity of the enzyme layer was not yet ex-
ceeded. The response could once again be limited by availability of O., as purging
cannot infinitely increase the content of dissolved Oy [124]. However, the sensor re-
sponse indicated that the response was rather limited by a sudden drift in the sensor
reference potential (Appendix B Fig. B.2). Thus, performing more O purging exper-
iments could provide useful data on the maximum catalytic capacity of the enzyme
layer.

O, purging could additionally be employed to confirm that low sensor responses are
owed to low catalytic activity of the PB or enzyme layer, and not by substrate avail-
ability. One of the two PB|LE"|N in Table 4.2 generated an I, of only —0.155A.
Whether low substrate availability or enzyme activity was the signal limiting factor
could have been confirmed by purging Os gas into the solution at signal saturation. If
the PB|LE"|N sensor would still not respond to further lactate additions, the enzyme
activity was the limiting factor. This was not performed in the current work due to the
ordinary test station not being localised in close enough proximity to an O, supply and
the inconvenience of the experimental set-up. However, it could be useful to perform
a few experiments in further work on the topic to gain a better understanding of the
mechanisms behind low sensor repeatability.

7.4 Wearable Sweat Lactate Biosensors

With a successful improvement of the dynamic range of the biosensor, the next step
should be to test the sensor with a continuous flow of liquid over the electrode sur-
face. Rather than employing a stepwise increment in lactate concentration, the lactate
content should be continuously increased and decreased to evaluate the ability of the
sensor for accurate lactate quantification when concentrations are fluctuating. This
would be more similar to a wearable sweat-sensing environment, where lactate concen-
trations are continuously changing [21, 22, 104]. Such experiments could be performed
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by employing a flow cell system, using a simple microfluidic design to ensure supply
and discharge of solution over the electrodes.

Moreover, the response of the biosensors in a more complex test solution should be
assessed to confirm the specificity of the biosensor towards lactate [13, 16, 21]. Sweat is
abundant in biomarkers which could potentially interfere with the biosensor response
[13, 15, 21, 91]. Employing an operating potention of 0.0V reduces the number of
potential interfering agents, but explicit sweat sensor testings should be performed to
experimentally confirm sensor specificity [87].

Lastly, the biosensor should be integrated into a wearable device and tested on
the skin during physical activity. The wearable would need to contain a microfluidic
system for collection, delivery and discharge of sweat, suitable for low sample volumes
[3, 13, 22, 104]. The sweat sampling and transport for real-time lactate monitoring
still face challenges regarding irregular or low sweat generation, sample contamination
by mixing with other skin components or with old sweat, air bubble entrapment and
sweat evaporation, to mention a few [3, 104]. There will be a need for a careful and
sophisticated designed microfluidic system to allow for accurate and real-time sweat
monitoring of sweat lactate. Moreover, a wireless transmission device is necessary to
read out the results in real-time [98, 104]. Testing the sensor under endurance activity
could possibly induce noise in the measurements, which must also be considered when
increasing the dynamic range of the sensor. The sensitivity of the sensor needs to be
sufficient for on-body measurements during physical activity, and not only for a simple
laboratory setup with minimal noise. Overall, there are still remaining components
that must be constructed, tested and optimised in order to assemble a fully integrated
wearable device for sweat lactate sport monitoring applications.
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Appendix A

Extended Results
Cerium-Incorporated Membrane
Sensors

Chronoamperometric data from the first testing round of all 19 sensors where cerium
was incorporated in the sensor membrane. The following sensors are presented in
addition to what was included in the Results section: PB|L|N*35 g0, PB|L|N*3g 30,
PB|L|IN*3, 60, PBIL|S*3g30, and 2 PB|L|N**,435,. Figure A.1 present testing results
from PB|L|N* and PBJ|L|S* sensors and Figure A.2 from PB|L|N** sensors. Table A.1
summarises the 4. /linie ratio and ¢,,q, for all tested sensors, sorted by decreasing
Crnaz-

It can be observed from Figure A.1 that I,,,,, was strictly increasing with a decrease
in Ce®" membrane content, with the exception of the PB|L|N*35¢ sensor. The slightly
higher responsiveness of one of the PB|L|N*34 7o sensors was presumably owed to a
non-sufficient membrane coverage of the WE. It is evident from the photo in Figure 4.5a
that there was an opening in the membrane at the right edge of the WE, which would
allow for a slight flux of lactate and O2 into the enzyme layer despite an otherwise
impermeable membrane. When reducing the molarity of the cast CeClz(aq) solution,
the density of the solid CeCl; layer is expected to have decreased, thus increasing
membrane permeability and explaining the observed trend.

Only one PBJ|L|S* sensor was tested, made with the co-casting method. It was
evaluated that this method was not suitable for cerium incorporation into the sensor
membranes, and thus the performance of cerium-SPPB membranes was not investig-
ated in this work. The PB|L|S*g 35 sensor behaved similar to the PB|L|N* sensors,
with a high ;i1 /Ina. Tatio.
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APPENDIX A. EXTENDED RESULTS CERIUM-INCORPORATED
MEMBRANE SENSORS
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Figure A.1. Responses of all PB|L|N* and PBI|L|S* sensors to increasing
lactate concentrations, displaying the current signal at the first (/;,;;) and
last (1,4:) lactate increment (left axis). The ¢4, markers denote the max-
imum detected lactate concentration (right axis). The x-axis specifies the
sensor formulation, with cerium loading method (1,2,3) and content (%). *
= Ce’t.
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Figure A.2. Responses of all PB|L|N** sensors to increasing lactate con-
centrations, displaying the current signal at the first (;,;;) and last (1,4.)
lactate increment (left axis). The ¢, markers denote the maximum de-
tected lactate concentration (right axis). The x-axis specifies the sensor
formulation, with cerium loading content (%). ** = CeOs.
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Table A.1. Ratio between initial current step (/;,;;) and maximum current
signal (I;4,) and maximum detected lactate concentration (¢,,q,) for sensors
with cerium-modified membranes. The sensor formulation is specified, with
cerium loading method (1,2,3) and content (%). * = Ce*" and ** = CeO,

Sensor Formulation I/ Inaz Crmax

PB|L|N**y 45 0.270 10
PB|L|N** 5/ 45 0.742 5
PB|L|N*!; 0.336 9
PB|L|N*;3 0.365 7
PB|L|N*2500, 0.347 6
PB|L|N*2500, 0.329 5
PB|L|N*3, 65 0.551 5
PB|L|N*3, 65 0.696 4
PB|L|N*3, 55, 0.591 5
PB|L|N*3 55, 0.557 4
PB|L|N**5, 50, 0.720 4
PB|L|N**5, 50, 0.752 4
PB|L|N**5, 0, 0.856 4
PB|L|N**5, 0, 0.789 3
PB|L|N*3g0 75 0.191 3
PB|L|N*3g0 75 0.811 3
PB|L|N*3550, 0.548 3
PBJ|L|S*3 30, 0.773 3
PB|L|N*3500, 1.000 1
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Appendix B

Chronoamperometry Raw Data

All presented lactate sensors were chronoamperometrically tested in PBS for 2 or 3
rounds, with approximately 1 hour between each subsequent testing round. The raw
testing data for all testing rounds are presented below. The figure captions specify the
sensor formulation and testing conditions if relevant.

B.1 Lactate Increment Size

0.0 — R1
— R2
051 —— R3
<
3
= _1.01
_1‘5.
0 500 1000 1500 2000 2500 3000
Time [s]

Figure B.1. 3 rounds of chronoamperometry measurements of PB|L|N
sensor with 2 rounds of 4+0.1 mM and 1 round of +1mM. Applied voltage
was 0.0V vs. Ag/AgCl.
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B.2 Dissolved Oxygen Availability

0.0 —— R1 (Standard)
-0.5 —— R2(0y)

—— R3 (Standard)
-1.0
<-15
T 20
—25
-3.0

0 500 1000 1500 2000 2500

Time [s]

Figure B.2. 3 rounds of chronoamperometry measurements of PB|L|N
sensor with O, gas purging into the solution. Applied voltage was 0.0V vs.
Ag/AgCl

001 __ -4 — R1(Ar)
—— R2 (Standard)
—— R3 (Ar
—0.51 (An)
<
=2
— -1.0
—1.51

200 400 600 800 1000 1200 1400 1600
Time [s]

Figure B.3. 3 rounds of chronoamperometry measurements of PB|L|N
sensor with Ar gas purging into the solution. Applied voltage was 0.0V vs.
Ag/AgCl
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B.3 Adjusting Enzyme Activity

Testing at 37°C

0.0
-0.14
-0.21
—0.34
-0.4+
—0.54
—0.61
-0.7+
-0.8

— R1
— R2

I [HA]

100 200 300 400 500 600 700
Time [s]

Figure B.4. 2 rounds of chronoamperometry measurements of a PB|L|N
sensor at 37°C. Applied voltage was 0.0V vs. Ag/AgCL.

0.0 o
~0.1 R
~0.2
~0.3
~0.4-
~0.5
~0.6
~0.7-
-0.8

I [HA]

100 200 300 400 500 600 700
Time [s]

Figure B.5. 2 rounds of chronoamperometry measurements of a PB|L|N
sensor at 37°C. Applied voltage was 0.0V vs. Ag/AgCL
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0.0+ R1

-0.2 1 — R2
—0.4

—0.61

I [HA]

—0.81

-1.01

100 200 300 400 500 600 700 800 900
Time [s]

Figure B.6. 2 rounds of chronoamperometry measurements of a PB|L|N

sensor at 37°C. Applied voltage was 0.0V vs. Ag/AgCL
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Testing with 0.75 uL Loading

— R1
0.2 R
e — R3
r<—(~—0.4
2
- -0.6
-0.8
—-1.0+ . . . . . . .
200 400 600 800 1000 1200 1400
Time [s]
Figure B.7. 3 rounds of chronoamperometry measurements of a

PBJ|1.5L|N. Applied voltage was 0.0V vs. Ag/AgCL

0.04
— R1
-0.1+ — R2
— R3
-0.2
$-03
-0.4
-0.5
-0.6 i i i i i i
200 400 600 800 1000 1200
Time [s]
Figure B.8. 3 rounds of chronoamperometry measurements of a

PBJ|1.5L|N. Applied voltage was 0.0V vs. Ag/AgCL
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Testing with 1 L Loading

0.0 R1

—— R2

-0.21 — R3
< -04
-0.6
-0.8

200 400 600 800 1000 1200
Time [s]

Figure B.9. 3 rounds of chronoamperometry measurements of a PB|2L|N.
Applied voltage was 0.0V vs. Ag/AgCl.
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Testing with Glycerol Additive

0.0 1
-0.14

—0.24

I [HA]

—0.4-
~0.51

—0.6 1

Figure B.10.

—0.34

— Rl
—— R2
— R3
200 400 600 800 1000 1200 1400
Time [s]

PBILS%|N. Applied voltage was 0.0V vs. Ag/AgCl

0.0 1

Figure B.11.

3 rounds of chronoamperometry measurements of a

PBILS%|N. Applied voltage was 0.0V vs. Ag/AgCl

— — Rl

—— R2

— R3

200 400 600 800 1000
Time [s]

3 rounds of chronoamperometry measurements of a
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Testing with Glucose Additive

0.0 1

—— R1

-0.1+ — R2

— R3
—0.2 1
S -03-
—0.4
—0.51
—0.6 1

200 400 600 800 1000 1200 1400

Time [s]
Figure B.12. 3 rounds of chronoamperometry measurements of a

PB|LY|N. Applied voltage was 0.0V vs. Ag/AgCl

0.0

S — R1

—— R2
E—OA
-0.6
-0.8

200 400 600 800 1000

Time [s]
Figure B.13. 3 rounds of chronoamperometry measurements of a

PB|LY|N. Applied voltage was 0.0V vs. Ag/AgCl
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B.4 Adjusting Membrane Permeability

SPPB Membranes

0.0
—— Round 1
—-0.21 —— Round 2
—— Round 3

_ —0.41
<
3
= _0.61

~0.81

~1.01

200 400 600 800 1000 1200
Time [s]

Figure B.14. 3 rounds of chronoamperometry measurements of a PB|L|S
(7.5wt% SPPB in ethanol). Applied voltage was 0.0V vs. Ag/AgCl.

—— Round 1
—— Round 2
—0.5 —— Round 3
<
= —1.01
—1.51

200 400 600 800 1000 1200 1400
Time [s]

Figure B.15. 3 rounds of chronoamperometry measurements of a PB|L|S
(7.5wt% SPPB in ethanol). Applied voltage was 0.0V vs. Ag/AgCl.
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0.0 1 —— Round 1

—— Round 2

—0.2 —— Round 3
= —0.4

=
- 06
-0.8
~1.0
200 400 600 800 1000 1200 1400 1600
Time [s]

Figure B.16. 3 rounds of chronoamperometry measurements of a PB|L|S
(2.5wt% SPPB in ethanol). Applied voltage was 0.0V vs. Ag/AgCl.

0.0

—0.21

—0.4

I [HA]

—0.61

—0.81

-1.04

200 400 600 800 1000 1200

Time [s]
Figure B.17. 3 rounds of chronoamperometry measurements of a PB|L|S

(2.5wt% SPPB in ethanol and water). Applied voltage was 0.0V vs.
Ag/AgCl
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Cerium-Incorporated Membranes

0.01 %_—;: —— Round 1
—0.21 —— Round 2
—— Round 3
— —0.4
<
=
— —-0.6
-0.8
—1.0
200 400 600 800 1000 1200 1400
Time [s]
Figure B.18. 3 rounds of chronoamperometry measurements of a

PB|L|N*5 1. Applied voltage was 0.0V vs. Ag/AgCl.

0 500 1000 1500 2000
Time [s]

Figure B.19. 3 rounds of chronoamperometry measurements of a
PB|L|N*5 1. Applied voltage was 0.0V vs. Ag/AgCl.
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0.0

-0.2
g
=-04
—0.6 1
200 400 600 800 1000 1200
Time [s]
Figure B.20. 3 rounds of chronoamperometry measurements of a

PB|L|N*?50,. Applied voltage was 0.0V vs. Ag/AgCl.

0.0
—— Round 1
—— Round 2
-0.1 —— Round 3

< -02
-0.3
-0.4
200 400 600 800 1000 1200 1400
Time [s]
Figure B.21. 3 rounds of chronoamperometry measurements of a

PB|L|N*2550. Applied voltage was 0.0V vs. Ag/AgClL.

0.0 1
—0.14
-0.21
—0.34
—0.41
—0.54
—0.61
-0.71
-0.8

I [HA]

200 400 600 800 1000 1200
Time [s]

Figure B.22. 3 rounds of chronoamperometry measurements of a
PB|L|N*340.7%. Applied voltage was 0.0V vs. Ag/AgCl.
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—0.05 1
_—0.10
<
=
~ —0.151
—— Round 1
—-0.201 —— Round 2
—— Round 3
200 400 600 800 1000 1200 1400
Time [s]
Figure B.23. 3 rounds of chronoamperometry measurements of a

PB|L|N*3¢07%. Applied voltage was 0.0V vs. Ag/AgCl.

0.0 1

—— Round 1

0.2 —— Round 2

' —— Round 3
= -0.4

=2
© -0.6
-0.8
200 400 600 800 1000 1200
Time [s]
Figure B.24. 3 rounds of chronoamperometry measurements of a

PB|L|N*3500,. Applied voltage was 0.0V vs. Ag/AgCl.

0.0 1

—0.21

~0.41

I [HA]

—0.61

—0.84

—1.01

250 500 750 1000 1250 1500 1750
Time [s]

Figure B.25. 3 rounds of chronoamperometry measurements of a
PBJ|L|N*3550,. Applied voltage was 0.0V vs. Ag/AgCl.
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0.01 ] —— Round 1

—-0.2 —— Round 2

—— Round 3
-0.4

g

= -0.6
-0.8
-1.0

200 400 600 800 1000 1200

Time [s]
Figure B.26. 3 rounds of chronoamperometry measurements of a

PB|L|N*3g 35,. Applied voltage was 0.0V vs. Ag/AgCl.

0.0

200 400 600 800 1000 1200
Time [s]

Figure B.27. 3 rounds of chronoamperometry measurements of a
PB|L|N*3, ¢%. Applied voltage was 0.0V vs. Ag/AgCl.

0.00 1

— —— Round 1

—0.251 —— Round 2

—0501 — Round 3
é —0.751
~ -1.001
—1.251
—1.50 1

200 400 600 800 1000 1200
Time [s]
Figure B.28. 3 rounds of chronoamperometry measurements of a

PB|L|N*3, ¢%. Applied voltage was 0.0V vs. Ag/AgCl.
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0.01 — —— Round 1
—— Round 2
—-0.51 —— Round 3
<
3
— -1.01
-1.51
200 400 600 800 1000
Time [s]
Figure B.29. 3 rounds of chronoamperometry measurements of a
PB|L|N*33 5,. Applied voltage was 0.0V vs. Ag/AgCl.
0.001 e rRmensd —— Round 1
—— Round 2
—0.25 —— Round 3
— —0.501
<
=
— —0.751
—1.001
-1.251
200 400 600 800 1000 1200
Time [s]
Figure B.30. 3 rounds of chronoamperometry measurements of a

PB|L|S*3g 3%. Applied voltage was 0.0V vs. Ag/AgCl.
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Figure B.31. 3 rounds of chronoamperometry measurements of a
PB|L|N**x/4%. Applied voltage was 0.0V vs. Ag/AgCl.
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PBJ|L|N**,4 16,. Applied voltage was 0.0V vs. Ag/AgClL
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Appendix C

Cerium-Nafion Solution
Precipitation

Pictures were captured of the CeCl-Nafion and CeOs-Nafion membrane solutions made
from direct mixing of cerium salt and Nafion. Figure C.1 shows the CeCl-Nafion, with
the red arrow indicating a cross-linked Nafion precipitation. Figure C.2 shows the
CeOs-Nafion solution, where non-dispersed and agglomerated CeQ, is readily visible,
as indicated by the red arrow.

Figure C.1. Picture showing precipitation of cross-linked Nafion after the
direct addition of CeCl;(s) to the Nafion ionomer solution.
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Figure C.2. Picture showing the presence of non-dispersed and agglom-
erated CeO, in the Nafion-CeOs mixture. Precipitation of Nafion polymers
could not be directly observed or concluded with.
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Appendix D

Prussian Blue CV

D.1 PB|J- Cycling in Buffer Solutions

CVs obtained from cycling of PBJ- in PPB and PPB+NaCl solutions, including both
the second and the last (30th) cycle. The CVs were relatively stable over 30 cycles.

4 60.

601 — 2nd cycle
404 ---- 30th cycle 40
201 20
0 s < O

2

-20 - =20
—40 _401
-60 —601
-80 —80

03 -02 -0.1 0.0 01

02 03 04 05

E [V] (vs Ag/AgCl)

(a) CV of PB in PPB

60

401

—— 2nd cycle
1 -=-- 30th cycle

-03-02-01 00 01 02 03 04 05
E [V] (vs Ag/AgCl)

(b) CV of PB in PPB + NaCl

—— 2nd cycle
---- 30th cycle

03 -02 0.1 00 01

02 03 04 05

E [V] (vs Ag/AgCl)

(c) CV of PB in

PBS

Figure D.1. The second and last (30th) cycle for CVs of PBJ|- sensors in
(a) PPB (pH 6.83), (b) PPB+NaCl (pH 6.78) and (c) PBS (pH 7.48) at
50mV s~ showing both the second and the last (30th) cycle.
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D.2 Repeated PB|N Cycling in PBS

CVs obtained from cycling of non-treated and post-treated PB|- and PB|N sensors
in PBS solution for a total of 5 rounds, showing the 2nd and 30th cycles from all 5
testing rounds.
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Figure D.2. The second and last (30th) cycle for repeated CV of a PB|N
sensor in PBS. There were at least 5 days between each round of CV. The

first round is shown in (a) and the last in (e). Scan rate was 50mV s

-1
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Figure D.3. The second and last (30th) cycle for repeated CV of a post-
treated PB|N sensor in PBS. There were at least 5 days between each round
of CV. The first round is shown in (a) and the last in (e). Scan rate was

50mV st
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D.3 PB Deposition Data

PB deposition data for the non-treated and post-treated PB|- and PB|N sensors presen-
ted in Figures 4.7 and 4.9. Only the last (10th) cycle from the deposition is shown.
It is expected that thicker PB films were formed from sensors with larger deposition

peak currents.
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Figure D.4. The last (10th) cycle in the electrodeposition of PB for non-
treated and post-treated PB|- and PB|N sensors. Scan rate was 50mV s~
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Appendix E

Prussian Blue EDS Spectra

Raw EDS spectra obtained for a post-treated PBJ- sensor and a non-treated PB|-
sensor previously cycled in PBS.
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Figure E.1. EDS spectra for post-treated PB|- sensor.
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Figure E.2. EDS spectra for a post-treated PB|- previously cycled in PBS.
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