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Abstract

There is increasing interest in point-of-care (POC) determination of drugs and biomolecules, as
well as real-time monitoring of these analytes, with wearable and in vivo sensors. Rapid response
POC tests can improve patient safety in situations like poisoning and enable personalized
treatments whereas real time detection of physiological processes such as neurotransmission events
can improve our understanding of neurophysiology and enable novel treatments for neurological
disorders. Electrochemical detection is an attractive technology for both POC in vitro diagnostics
and wearable sensors alike, due to its low price, simple instrumentation and small required sample
volume.

Many analgesic drugs show highly individual dose response and thus a dose that causes dangerous
side effects in one patient may lack analgesic effect in another. Analgesics are also some of the most
abused prescription drugs. Opioid overdoses kill tens of thousands of people annually in the United
states alone. Both intentional and unintentional poisoning of over-the-counter analgesics, such as
paracetamol, also regularly occur. Therefore, a quantitative POC test for determination of
analgesics in capillary blood samples, could be a powerful diagnostic tool for poisoning. However,
the POC determination of small drug and biomolecules in unprocessed blood samples has proven
to be difficult.

In this thesis, we have investigated the use of tetrahedral amorphous carbon (ta-C) and single-
walled carbon nanotube (SWCNT) thin films in electrochemical sensing. We have carried out
extensive physicochemical characterization of these electrode materials. We combine synchrotron
based x-ray spectroscopy with electron microscopy, diffraction and conventional spectroscopic
techniques. Both the studied materials were found to support facile electron transfer and show low
background currents enabling highly sensitive detection of dopamine and morphine. They,
however, lack the fouling resistance and selectivity required for detection of dopamine and
analgesics in complex biological samples. Modification with carbon nanomaterials or polymer
membranes significantly improved the selectivity as well as reduced the electrode fouling, allowing
for detection of dopamine and analgesics in blood samples without precipitation of proteins. We
show that such multilayer electrodes can be tailored for the requirements of detection of
neurotransmitters and analgesic drugs.

Finally, we demonstrate a process for mass production of electrochemical test strips. These sensor
strips were shown to be capable of detecting clinically meaningful concentrations of paracetamol
from a 20 pL blood sample in less than 5 min. Based on these results we propose an
electrochemical assay for quantitative detection of paracetamol.

Keywords Amorphous carbon, ta-C, carbon nanotubes, SWCNT, electroanalytical chemistry,
dopamine, paracetamol, morphine, opioids
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Kiinnostus vierimittauksiin seké ladkkeiden ja biomolekyylien reaaliaikaiseen mittaamiseen kasvaa
jatkuvasti. Lisdksi ndiden analyyttien monitorointi puettavilla- sekd in vivo -antureilla on kiivaan
tutkimuksen kohde. Nopeat vierimittaukset voivat parantaa potilaan hoitoa myrkytystapauksissa
sekd mahdollistaa yksil6idyn terveydenhoidon. Neurotransmissioiden reaaliaikainen
havaitseminen tutkimuksessa voi my6s parantaa neurofysiologian ymmarrysta ja edelleen kehittda
neurodegeneratiivisten sairauksien hoitoa. Sahkokemiallisten mittausten matalan hinnan,
yksinkertaisen laitteiston ja pienen naytevolyymin vuoksi se on kilpailukykyinen menetelma
vierimittauksissa seka puettavissa antureissa.

Potilaiden vasteet analgeettisiin ladkkeisiin ovat usein yksilollisia. Taméan vuoksi annos, jolla ei
ole analgeettista vaikutusta yhdella potilaalla, voi aiheuttaa vaarallisia sivuvaikutuksia toisella.
Lisdksi analgeettien vadrinkaytto on yleistd ja erityisesti opioidien aiheuttamiin yliannostuksiin
kuolee pelkéstddn Yhdysvalloissa kymmenié tuhansia ihmisié vuosittain. Myds tahalliset ja
tahattomat yliannostukset reseptivapailla 1dakkeilld kuten parasetamolilla, ovat yleisid. Néistd
syista kvantitatiivinen vierimittausmenetelma analgeettien méarittamiseen kapillaariverinaytteesta
voisi olla tehokas tyokalu yliannostusten diagnoosissa. Vierimittausmenetelméan kehittdminen
pienmolekyylien maarittamiseen kasittelemattomasta verindytteesta on kuitenkin osoittautunut
haastavaksi.

Tassa tyossa tutkimme tetraedrisestd amorfisesta hiilesti ja yksiseinamaisista hiilinanoputkista
valmistettujen ohutkalvojen kayttoa sihkokemiallisissa antureissa. Lisidksi tutkimme nédiden
materiaalien fysikaaliskemiallisia ominaisuuksia yhdistamaélla synkrotronisateilyyn perustuvan
rontgenspektroskopian elektronimikroskopiaan, elektronidiffraktioon seki perinteisiin
spektroskooppisiin menetelmiin. Tutkittujen materiaalien hyvit elektroninsiirto-ominaisuudet ja
matala taustavirta mahdollistavat dopamiinin ja analgeettien herkdn mittaamisen. Materiaalien
rajallinen selektiivisyys ja biolikaantuminen kuitenkin rajoittavat niiden kéytt64 biologisissa
naytteissd. Naitad ominaisuuksia sekd herkkyytta voitiin kuitenkin parantaa hiilinanomateriaali- ja
polymeeripinnoitteilla. Osoitamme, ettd nima monikerroksiset elektrodit voidaan raataléida
dopamiinin ja analgeettien havaitsemiseen. Lisdksi niilla elektrodeilla voidaan havaita analgeetteja
ihmisen veriplasmassa ja kokoveressa ilman proteiinien saostusta. Tamén tyon tulosten perusteella
kyseisia elektrodeja voidaan kayttaa ladkeaineiden vapaan pitoisuuden méarittdmiseen ldhes
reaaliajassa. Lopuksi, kehitimme massatuotantoon soveltuvan prosessin sdhkokemiallisten
mittaliuskojen valmistamiseen. Ndiden anturien avulla voitiin mitata kliinisesti relevantteja
konsentraatioita parasetamolia 20 pL verindytteestd alle viidessda minuutissa.

Avainsanat Amorfinen hiili, ta-C, hiilinanoputket, SWCNT, sdhkokemia, voltammetria,
dopamiini, parasetamoli, morfiini, opioidit
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1. Introduction

1.1 Background

Most healthcare systems are reactive, and the treatments are not individualized. This is despite
the well-established knowledge that the human metabolome and the metabolism of drugs are
affected by our personal attributes, such as genetics, age, diseases, sex, other concurrent drugs,
and what we eat and drink. Realizing personalized healthcare requires more cost-effective
analytical methods and new technologies that allow for decentralized analysis of biological
samples. Such technologies can mitigate the increasing healthcare burden due to an aging
population, as well as improve the safety and efficacy of a wide range of treatments. Moreover,
point-of-care (POC) testing has the potential to expedite decision making and treatment in the
clinical setting and has thus become increasingly popular:.

Analgesics are widely used to treat post-operative, acute and chronic pain, and cancer pain23.
It has been estimated that up to 19 % of Europeans suffer from chronic pain and it is a major
source of disability. Moreover, chronic pain is also a significant cause of lost productive
working time.4 Clinicians who care for patients with chronic pain often struggle to provide
effective pain management, while avoiding the support of addiction behaviors and substance
abuses. The efficacy of a certain dose of analgesic can be highly individual. Extreme case
examples are prodrugs, such as codeine and tramadol, that require biotransformation into
their active metabolites®. Misuse of prescription painkillers is also a growing problem and
overdoses can cause significant side-effects and even death78. In the United States alone, in
2017 more than 70 000 people died from drug overdose, out of which 67.8 % were related to
opioids®. In addition, paracetamol poisoning is currently the leading cause of liver failure in
the United States and Europe?d-°. In fact, it is so common that the National Academy of Clinical
Biochemistry has endorsed screening for acetaminophen in all patients who present with
intentional drug overdose!!.

The quantitative POC determination of analgesics from less invasive capillary blood samples
could be highly beneficial, both in differential diagnosis of intoxication, and as an enabler of
individualized pain treatments. At present, small molecule analysis is commonly carried out
using gas chromatography or liquid chromatography, coupled with mass spectrometry. These
methods are considered to provide the ultimate performance in selectivity and sensitivity, but
require time-consuming sample treatments and highly skilled personnel. Semi-rapid tests
based on spectrophotometric immunoassays are also increasingly available for emergency care
of suspected poisoning'2'3. This method is, however, also confined to specialized laboratories
and is poorly suited for point-of-care (POC) testing. In addition, various lateral flow
immunoassays are also available for various drug molecules, such as acetaminophen and
opioids'45. While immunoassays enables the measurements of dozens of proteins and other

15



analytes in biological samples to help in establishing the diagnosis and prognosis of disease,
the detection of small molecules remains challenging, since they are too small to bind to the
two different binding agents required for a sandwich-type assay. Currently there is no
technology available for near real time detection of analgesics from small blood samples.

Many drug and biomolecules are electrochemically active and can be readily
electrochemically detected by monitoring the current due to their redox reactions. Therefore,
electroanalytical methods can be used for highly sensitive detection of small molecules in blood
samples!®7. In addition, they show great potential for continuous monitoring of drug and
biomolecules using wearable or implantable sensors'®-2. The rapid technological
advancements and increasing availability of miniaturized and more affordable wireless
potentiostats, have made electroanalytical methods more attractive in point-of-care testing.
Further, miniaturized potentiostats on chip have also been fabricated and used for detection
dopamine (DA)22. The detection of dopamine is of special interest, for research into
neurochemistry and neurodegenerative diseases’®?®. Advances in printing and
microfabrication technologies have enabled low cost mass production of fully integrated
electrochemical platforms, with working, reference and auxiliary electrodes. Direct
electrochemical determination of uric acid (UA)*” and chlotazepine24 have been demonstrated
from small volumes of whole blood. Wearable electrochemical sensors for direct detection of
trace metal?s, glucose2, uric acid2® and tyrosine2c have also been reported.

Miniaturized electrochemical sensors can provide a combination of sensitivity, selectivity,
and spatial and temporal resolution, unmatched by competing techniques and thereby allow
for real time monitoring of metabolic processes2s. The simple instrumentation, combined with
other advantages summarized in Table 1, has resulted in electroanalytical techniques being
increasingly used for detection of a wide range of bio and drug molecules, including
neurotransmitters, neuro drugs, antibiotics, antiallergic drugs, antihypertensive drugs,
pesticides and insecticides, and anticancer drugs?.

Table 1. Advantages and disadvantages of electrochemical detection.

Advantages Disadvantages
Low price Limited selectivity
Low specialization Rapid Passivation in
required biological fluids
Small sample volume Life time of electrodes
(few to tens of uL)

Small analyte loss
Minimal/no sample
processing
Simple instrumentation

Conventional carbon electrodes, such as glassy carbon (GC), highly ordered pyrolytic graphite
(HOPG) and boron doped diamond (BDD), are widely used in electroanalytical applications
due to their large water window, low background current and potential for wide range of
surface chemistry modifications28. Microfabrication compatible electrode materials, such as
pyrolyzed photoresist, amorphous carbon and diamond thin films, as well as screen-printed
carbon electrodes, are also increasingly used. All these electrodes typically suffer from limited
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selectivity and rapid inactivation due to fouling in complex biological matrices. The selectivity
and fouling resistance of these electrodes can, however, be significantly improved by chemical
treatments and modifications with carbon nanomaterials and polymer coatings29-3:.

Carbon nanomaterials have additional attractive properties including large surface area,
tailorable surface chemistry and electrocatalytic properties. Advances in carbon
nanotechnology are making the novel chemical and physical properties of carbon
nanomaterials more easily available. For example, industrial quantities of CNTs32 and
graphene oxides and reduced graphene oxide can now be produced. Most drug and
biomolecules are so called “inner sphere analytes”, whose voltammetric response is highly
dependent on the electrode surface chemistry. Due to the ease of functionalization with a wide
range of functional groups, carbon nanomaterials show significant potential for improving
selectivity of electroanalytical chemistry. Simultaneously, the variations in surface chemistry
and morphology, upon modification with carbon nanomaterials, can also reduce the fouling of
the electrode?. Advancements in incorporating highly electrocatalytic, and functionalized
nanomaterials with large surface area, has resulted in renewed interest in screen printed
electrodes.

An overwhelming majority of publications still study the electrochemical detection of the
neurotransmitter dopamine, but the detection of other drugs is also increasingss. Recovery
tests in complex biological matrices are also increasingly reported. Despite the significant
progress of using modified electrodes for multianalyte detection in complex biological
matrices, especially in the selective detection of dopamine, most studies measuring blood
samples still rely on considerable dilution and further processing of the samples3®. We
hypothesize that all the requirements of electrochemical POC detection can be simultaneously
achieved by combining the advantageous properties of carbon nanomaterials with
permselective membranes, into multilayer electrodes. In this approach, a permselective
membrane filters out the bulk of the endogenous and some xenobiotic interferents. Additional
selectivity is achieved by tailoring the morphology and surface chemistry of the carbon
nanomaterials.

The overall objective is to realize a concept of a multilayered electrode structure based on
carbonaceous nanomaterials for point-of-care diagnostics that is feasible for mass production.
In order to achieve this overall aim one needs to address the following targets: (i) In-depth
characterization of the chosen carbon allotropes, (ii) assessment of their electrochemical
properties and linking them with the physicochemical ones, (iii) evaluate the sensing
performance of the electrodes in biological matrices for the chosen analytes, (iv) carry out
initial tests for manufacturability and integration of the carbon nanomaterials with polymer
membranes to realize multilayered structures, and (v) provide a proof-of-concept
electrochemical assay for detection of drugs in whole blood samples.

1.2 Objectives and scope

There is an apparent need for more selective, sensitive and fouling resistant electrode materials
for electroanalytical applications. In some applications, these requirements need to be met
without compromising the response time of the sensor. Moreover, implantable and wearable
sensors must also show biocompatibility and long-term stability in harsh environments. This
further highlights the fact that, each application has its own unique set of requirements on
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sensitivity, selectivity, fouling resistance and biocompatibility, and this must be addressed
individually for each application. To achieve this, both increased understanding of the
interactions between the analytes and the electrode, as well as improved control of electrode
properties such as surface chemistry and nanostructure, are needed.

With the aim of developing highly selective and sensitive carbon electrode materials for
implantable sensors and in vitro diagnostics, the main objectives of this thesis are as follows:

(i) Identify carbon thin film materials suitable for mass scale microfabrication of
electrochemical sensors

(i) Deepen the understanding of the link between the surface chemistry of the used
materials and their electrochemical properties

(iii) Fabricate sensitive and selective sensors based on carbon nanostructures

(iv) Combine the favorable properties of carbon electrodes with polymer membranes
to improve the performances in complex biological matrices

(v) Fabricate a mass production compatible prototype electrode capable of in vitro
detection of small molecules in blood samples.

Based on these objectives, we have investigated the use of tetrahedral amorphous carbon (ta-
C), modified ta-C and SWCNT thin films as electrochemical electrodes for detection of
analgesic drugs and dopamine. In depth characterization of both these materials are carried
out in Publications I-IV. In publication I, we study the feasibility of replacement of
conventional carbon electrodes with Ti/ta-C thin films electrodes, and their further
modification with partially reduced graphene oxide (PRGO) to confer improved selectivity and
sensitivity towards dopamine.

The other area of focus in this work is on the in vitro diagnostics of analgesics, with the aim
of developing electrodes capable of selective and sensitive nanomolar point-of-care detection
in untreated blood samples. To this end, in publication IV, we study the effect of surface
chemistry modification of Ti/ta-C thin films electrodes, to induce selectivity towards morphine
in the presence of paracetamol. In Publications II and III, we characterize the surface and bulk
chemical properties of SWCNT thin film electrodes, and present their applicability for
electrochemical detection of the synthetic opioid fentanyl, respectively. In Publication V, we
further combine the advantageous properties of SWCNT network electrodes with Nafion
membranes, to realize a selective detection of morphine and codeine in human plasma. Finally,
in Publication VI we demonstrate mass production of the multilayer electrode, for quantitative
point-of-care detection of paracetamol. Table 2 summarizes the work carried out in
publications I-VI, their main aim, and the used characterization methods.

To deepen the understanding of the electrochemical and physicochemical properties of the
Ti/ta-C electrode, the author has also contributed to further research in34-3¢, In addition,
further modifications of the Ti/ta-C electrodes were carried out in 3738, to improve upon the
properties of the ta-C electrodes. Because commercial potential was found, two patent
applications have been drafted and filed alongside of this work.
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Table 2. Summary of the electrode materials, aim and used characterization methods in Publications I-IV

Publication Electrode Aim Characterization
I PRGO modified Fabricate a highly SEM, Raman,
Ti/ta-C sensitive and selective FTIR, XPS, XAS,
electrode sensor, usable with fast CV, DPV, EIS
response-time methods
1I SWCNT Characterize detailed SEM, TEM,
surface and bulk Synchrotron based
chemistry of aerosol CVD  XPS, XAS and XES
SWCNT thin films
111 SWCNT Demonstrate the Raman, UV-Vis,
advantageous XPS, TEM, EDS,
electrochemical XPS, XAS
properties of SWCNT thin
films on insulating
substrates. Show
significant improvement
in the sensitivity towards
the lipophilic synthetic
opioid fentanyl
v Anodically Apply surface Raman, AFM, XPS,
pretreated modification for selective CV, EIS
Ti/ta-C detection of morphine in
the presence of
paracetamol
\% SWCNT/Nafion Combine the SEM, Raman,
advantageous properties TEM, EDS, CV,
of SWCNT thin film DPV
electrodes with Nafion, to
reduce the matrix effect in
human plasma samples as
well as enable
simultaneous selective
detection of morphine
and codeine
VI SWCNT/Nafion Demonstrate sensitive SEM, CV, DPV

and selective detection of
paracetamol in finger-
prick whole blood
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2 . Characterization methods

In this chapter, the used characterization methods will be briefly presented. Focus is based on
their applicability and limitations in characterization of carbon nanomaterial thin film
electrodes used in this work. Special emphasis will be placed on the electrochemical
characterization and synchrotron based X-ray spectroscopy techniques utilized in this thesis.

2.1 Electrochemistry

Electrochemistry is a powerful tool to probe electron transfer reactions. In electrochemical
reactions, redox reactions occur via heterogeneous electron transfer from a molecule to the
working electrode (oxidation), and from the electrode to a molecule (reduction). By the use of
an external power source, such as a potentiostat, the voltage of the electrode can be controlled
and swept over a potential window in a controlled fashion. In this thesis, we use the ITUPAC
convention, where oxidation occurs at a positive (anodic) potential and is associated with a
positive current. Whereas, reduction occurs at the negative (cathodic) potential and is
associated with a negative current.39 Different molecules oxidize at different potentials and
therefore limited selectivity can be achieved with voltammetric techniques.

2.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a simple and fast technique to study electrochemical reactions. It is
a powerful and popular transient technique, employed to study electron transfer-initiated
chemical reactions. It is also commonly used to assess the performance of electrochemical
sensors. In publications I, ITT, IV and VI, CV is used to study the electron transfer properties of
the electrode materials with outer sphere redox probes. In Publication I, CV is also used to
detect dopamine in the presence of ascorbic acid (AA).

In CV experiments, a potential is applied between the working and counter electrodes, and
is scanned with a predetermined scan rate (v). The scan is started at the lower end and
performed until the upper limit, also called the switching potential. When the upper limit is
reached, the scan direction is reversed so that the scan rate becomes —v. During one or many
such scans, the current is recorded and usually plotted as function of the potential, yielding the
cyclic voltammogram. The voltammogram can be regarded as the electrochemical map of the
system under study. The potential window where measurements can be carried out is, however,
limited by the oxidation and reduction potentials of the supporting electrolyte. For aqueous
electrolytes this is called the water window, and is limited by oxygen and hydrogen evolution
at the anodic and cathodic ends, respectively. The thermodynamic water window is always 1.23
V, but in practice, due to kinetic limitations of carbon electrodes, the kinetic water window can
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exceed 3.5 V39-42, Figure 1A shows an example of a cyclic voltammogram of a reversible redox
reaction, involving the transfer of 1 electron.
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Figure 1. A) a typical cyclic voltammogram and B) a Nyquist plot of a 30 nm ta-C electrode. The inset in B shows
the common Randles equivalent circuit used to fit the experimental data.

The most important parameter of the cyclic voltammogram is the peak potential separation
(AE,;), which gives information about the electron transfer kinetics of the reaction, and the
reversibility of the reaction with the used scan rate. When a reaction is completely reversible,
the AE, will be equal to 59/n mV, where n is the number of electrons transferred in the reaction.
For a completely reversible reaction, all the oxidized species should also be reduced on the
reverse scan. From this, it follows that the peak current ratio (Ip./Iy.) must be equal to 1. A
value deviating from 1 indicates complications in the oxidation process, or coupled
homogeneous chemical reactions of the reaction products. Chemical reaction with water can
render some analytes, such as ascorbic acid and fentanyl, completely irreversible at most scan
rates.

The heterogeneous electron transfer coefficient (k°) at formal potential is used as an intrinsic
measure of the kinetics of a redox reaction. A large k° value indicates fast reaction kinetics.
The k° is specific to a system, that is - a certain redox probe under specific conditions with a
specified electrode material, and is therefore an important parameter for comparing electrode
materials. The reversibility of an electrochemical reaction is determined by the relative rates
of ke and the rate of mass transfer, expressed as the mass transfer coefficient (m;). Matsuda
and Ayabe43 proposed the parameter A that is related to ke and and my as:

k° k©
A=—= ®
m v
NED)

N R

where F is the Faraday constant, D the diffusion constant of the oxidizing species, v the scan
rate, k¥ is the standard reaction rate constant, R is the gas constant and T is the temperature.

They further suggested limits for reversible, quasi-reversible and irreversible cases as
follows:

1
Reversible: A=15 k°>03 (w)zcms™?t
1 1
Quasi-reversible: 15> A> 1073 03 xv2>k?>2x107°% (w)zcms™?
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1
Irreversible: A<1073 k®<2x107% (v)zcms™?t

These limits apply when T = 298 K, n = 1 and a ~0.5, and are dependent on the used scan rate.
At higher scan rates, the diffusion layer becomes thinner and therefore mass transport
becomes faster. Therefore, any reaction can be made irreversible when sufficiently fast scan
rates are used. Nicholson#4 further proposed the kinetic parameter i that can be used to relate
the AE, to ko with the following equation:

kCl
()"

P =Ar"12 = (2).

1 can be determined by the measured AE, assuming that T=298 K and « = 0.5, and when the
uncompensated resistance is small enough that its effect on the AE, is negligible. In addition,
absence of adsorption, or chemical reactions, is assumed, and one of the electron transfer steps
should be the rate determining step.

The current in the CV is a combination of faradic and non-faradic processes. The faradic
currents are due to electron transfer across the electrode-solution interface that take place
when the analyte undergoes redox reactions, while non-faradic processes do not involve
electron transfer across the electrode-solution interface. The electrical double layer acts like a
capacitor in CV experiments and the capacitive charging current can be described with the
equation:

i=ACqyv, (3)

where A is the geometrical electrode area, C,; the double layer capacitance and v the scan rate.
For this reason, the double layer capacitance may be measured with CV measurements. Most
electrodes materials always have functional groups or metals on the surface, that may be
electrochemically active and cause currents due to redox reactions. As the capacitive current
also contains this faradic component, the capacitive current measured with cyclic voltammetry
is often referred to as the apparent pseudocapacitance.

While Farady’s law states that the oxidation and reduction peak currents arise due to the
amount of species undergoing redox reactions, the background currents make the accurate
measurement of the peak currents difficult. Due to these background currents, the
measurements of the peak currents in the cyclic voltammograms is not precise enough for
quantitative analysis, and is better suited for qualitative analysis. The background current can
also cause deterioration in sensor performance, and has typically limited the CV measurements
to relatively narrow concertation ranges of approximately 10 uM to 10 mMs45,

Because all drug and biomolecules give a different sensitivity (current/concentration) with
different electrodes, the sensors have to be calibrated with known standard solutions. The
background current and its stability are important parameters for electrochemical sensors, as
they affect the limit of detection (LOD) and limit of quantitation (LOQ) obtained as

LOD = (4)

L0Q =% (5)
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where o is the standard deviation of the background current or a current measured with a low
concentration of analyte and S is the sensitivity, usually given as pA/uM for electrochemical
sensors.4¢ Ideally, a high signal must be achieved in combination with a stable background
current. In some cases, modified electrodes with much improved sensitivity may also increase
the background noise to the same extent, leading to no improvement in detection limits47.

2.1.2 Outer vs inner sphere probes

In this thesis, both inner sphere and outer sphere redox probes are used. Outer sphere redox
(OSR) probes are insensitive to the surface chemistry of the electrode, and are generally
considered to lack adsorption and electrocatalytic steps and often have low reorganization
energies28, Therefore, OSR probes can be used to probe the electronic properties of the
electrode material. Commonly used OSR redox probes include hexaammineruthenium(I11)
(Ru(NH3)62+/3+), hexachloroiridate(IV) (IrCle3-/2-) and ferrocenemethanol (FeMeOHo/1+)2848, Tt
should be noted that most OSR redox systems have been experimentally established, mostly
by the absence of effect on their peak separation, after modification of test electrodes with
physiosorbed or chemisorbed monolayers. While such experiments imply that significant
changes in surface chemistry have no observable effects on electron transfer kinetics, they do
not rigorously establish a redox system as outer sphere28. For example, weak adsorption of
ferrocene derivatives on highly oriented pyrolytic graphite electrodes has been reported+s. This
suggests that FcMeOH°/** may not behave as a true OSR probe under all conditions, despite
the fact that it is widely regarded as an OSR probe.

In contrast to OSR probes, inner sphere redox (ISR) probes depend on the surface chemistry
of the electrode. Their oxidation generally requires interactions with the electrode surface and
formation of a common ligand42. The electrochemical activity of an ISR probe may depend on
adsorption or surface functional groups on the electrode2®. Therefore, some ISR probes may
also be used to probe the electrode surface chemistry. For example, the oxidation of the Fe2+/3+,
Eus+/2+ and V3+/2+ have been reported to be surface oxide sensitive, and specifically carbonyl
groups can catalyze the oxidation of Fe2+/3+28 On the other hand, Chen and McCreery
suggested that the commonly used redox probe Ferrocyanide (Fe(CN)q4/3") is surface sensitive,
but that, oxides have only minor effect in its electrochemistry48. Its electrochemical oxidation
has also been shown to depend on the cation concentrations of the supporting electrolyte, and
involves changes in the solvation shell5°-52, Thus, we will not consider Fe(CN)¢4/3- as an outer
OSR probe in this work. Most drugs and biomolecules are considered to be ISR systems, and
their electrochemistry may therefore be influenced by altering the surface chemistry of the
electrode. Nevertheless, studies should be carried out with both ISR and OSR probes, as
reversible electron transfer with an outer sphere redox probe does not guarantee fast electron
transfer kinetics with ISR probes.

2.1.3 Electrochemical impedance spectroscopy

In electrochemical impedance spectroscopy (EIS), the impedance of the electrochemical
system is measured as a function of the applied frequency. A constant potential is applied to
the working electrode of the cell, on top of which a sinusoidal input voltage with amplitudes in
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the range of 5-20 mV is applied. The current output is recorded over a desired frequency range.
The results are often plotted as Bode plots (impedance and phase as function of frequency) or
as a Nyquist plot (imaginary component of impedance as a function of the real component in
the Randles circuit).

The Nyquist plot, shown in Figure 1B, is commonly reported, as it provides important
information about the electrochemical properties of both the working electrode and the
electrochemical cell. From the Nyquist plot, the solution resistance (Rs) and charge transfer
resistance (R«) can be obtained visually. More accurate results can be obtained by modelling
the circuit and fitting the theoretical equivalent circuit to the experimental data, as shown in
Figure 1B. The commonly used equivalent circuit is the Randles circuit, that contains a solution
resistance in series with a double layer capacitance, arranged in parallel with a charge transfer
resistance and a Warburg element. The Warburg element is used to model the impedance due
to diffusion in an electrochemical cell. In the diffusion-controlled region, the lower frequencies
used allow for time for diffusion. This shows as a line with a 45 ° slope in the Nyquist plot. With
many modified electrodes, the roughness and porosity will cause unideal behavior, leading the
experimental data to a deviation from the theoretical model below the fitted line. Therefore,
the Warburg element should only be used in case of semi-infinite diffusion. More complicated
porous modified electrode and / or study and use of surface sensitive redox probes, however,
usually require more complicated equivalent circuit models.

When EIS is used to study the electron transfer resistance, R is the most important
parameter, as it is a measure of the rate of electron transfer and defines the kinetically
controlled region of the Nyquist plot. In the kinetically controlled region, the Re: can be
described as

__ RT
nFig

Ret

, (6)

where R is the gas constant, T is the temperature, n is the number of electrons transferred in
the reaction and i, = Fk°c, where c is the analyte concentration and k° the standard reaction
rate constant at formal potential. By combining, we obtain

0 _ RT
n2F2ARc(c5)%(cB)1-«

)

where, A is the geometrical area of the electrode « is the transfer coefficient (usually = 0.5, with
OSR probes), c5 and c? are the bulk concentrations of the oxidized and reduced species,
respectively. Equation 7 shows that we can obtain the ke with EIS. In Publication I and IV, we
use EIS to determine the ke of ta-C, PRGO modified ta-C and anodically treated ta-C electrodes.
As we show in Publication I, EIS is better suited for determining the ke than CV experiments
with Nicholson’s method, which produces relatively large errors when electrodes show quasi-
reversible behavior, but with AE, that are close to reversible.

In the high frequency region, faradic reactions contribute only very little to the measured
current. Therefore, the capacitance arising from the rearrangement of the electrical double
layer can be more accurately measured with EIS (provided that a good fit is achieved). Due to
inhomogeneities of the electrode surface, the double layer capacitance does not, however,
behave like an ideal capacitor. For this reason, a constant phase element is often used to
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account for these inhomogeneities. Hsu and Mansfeldss proposed the following equation for
determining the C;; based on EIS measurements

Ca = A (w)*71, €)]

where A4 and a are parameters of the constant phase element and w is the angular frequency
defined as w = 27nf. The frequency f, is obtained by fitting the Nyquist plot, and corresponds
to the highest value on the semicircle in the kinetically controlled region. The constant a can
have values between 1 and 0, and describes the deviation from an ideal capacitor, with a value
1 describing an ideal capacitor.

In Publication I, we use EIS to study the electron transfer at Ti/ta-C and partially reduced
graphene oxide (PRGO) modified Ti/ta-C electrodes. In Publication IV, we study the effect of
anodic treatment on the electron transfer. Both works utilize the outer sphere redox probe
Ru(NH;)s2+/3* and the applied DC potential is the formal potential, where the oxidized and
reduced forms are in thermodynamic balance.

2.1.4 Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a potential step technique widely used in
electrochemistry due to its better selectivity and better signal-to-noise ratio, compared to
linear sweep techniques, such as cyclic voltammetry. The applied wave form is a combination
of pulses with staircase wave form. The wave form, together with common parameters, is
shown in Figure 2A.
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Figure 2. A) The waveform applied in differential pulse voltammetry measurements as well as the typical used
measurement parameters. B) The effects of different pulse amplitude on the faradic paracetamol peak
(solid line) as well as the blank background (dashed line) in human plasma. Figure 2B adapted from
Publication VI.

The current is measured just before and at the end of the pulse, and the differential of these
currents is plotted against the staircase potential. The measured current is a combination of
Faradic and capacitive contributions. Because the capacitive contribution dies away much
faster (often within 1-2 ms) than the Faradic contributions, the differential current contains
mostly Faradic contributions. With carefully chosen parameters, the signal-to-noise ratio may
be greatly improved as shown in Figure 2A. Usually, the pulse time is chosen so that no time is
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allowed for natural convection, and thereby perturbation of the expected diffusional response,
thus improving the selectivity. For these reasons, DPV is often used for trace analysis.
Generally, a longer pulse time will decrease contribution of the capacitive current, but too long
pulse time will reduce the signal, due to depletion of analytes4. Another factor increasing the
sensitivity of DPV is the pulse step, and as seen from Figure 2B an increase in pulse amplitude
leads to higher sensitivity, but also an increase in capacitive background current. The main
drawback of DPV is the limited temporal resolution, as scans usually take around 1 min. In
Publication I, we show the improved sensitivity and selectivity that can be achieved with DPV,
as compared to the faster cyclic voltammetry.

2.2 Synchrotron based soft X-ray spectroscopy

2.2.1 Introduction to soft X-ray based spectroscopy

Soft X-ray spectroscopy is particularly powerful for probing of the local electronic structure of
a material and is thus particularly well suited for studying carbon nanomaterials. It is also well
suited for studying light elements and 3d transition metals, that are often used as catalysts for
synthesis of carbon nanomaterials. In addition, most elements can be excited with soft X-rays,
making it a powerful method for chemical analysis.

In X-ray spectroscopy, a sample is irradiated with monochromatic X-rays and the emitted
electrons and photons are analyzed by energy. The excitation process and decay processes are
shown in Figure 3. In the photoelectric effect, the incident beam causes emission of electrons
leaving vacancies. With X-ray radiation, the electrons in the lowest atomic orbitals can also be
emitted, leaving core-holes. The emitted electron is called a photoelectron, and when scattered
elastically, has a kinetic energy that is specific to the atom and orbital from which it was
emitted.5s
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Figure 3. Schematic representation of the photoelectric effect, Auger effect and X-ray fluorescence.

When the excited state is relaxed, via filling of the core hole with an electron of lower binding
energy, either fluorescence photons or Auger electrons are emitted as a resultss. In the soft X-
ray regime, the core-hole decay is dominated by nonradiative processes, in particular Auger
transitions and only ~1% of the decays are radiatives. In the radiative X-ray decay, the
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difference in energy will be emitted as X-rays that are characteristic to each element. This
process is called X-ray fluorescence, and is used for chemical analysis. In the Auger process,
an outer electron falls into the inner orbital vacancy, emitting a second electron called an Auger
electron. The Auger electron has a kinetic energy equal to the difference in energies of the
initial ion and the doubly charged final ion.55

The probabilities of electrons interacting with matter far exceed those of the photons. While
soft X-rays can excite samples to a few micrometers, only the electrons that originate few nm
from the surface can be emitted without energy lossss. In soft X-ray spectroscopy,
photoelectrons escape the sample from 5-10 nm from the surface. Whereas Auger electrons
have very short mean free paths, making Auger spectroscopy able to probe only the very surface
(< 2 nm) of the samples”. Fluorescent photons on the other hand can be used to probe to depths
of at least 50-100 nms3%. Due to the small mean free path of photoelectrons, X-ray spectroscopy
requires ultrahigh vacuum conditions, which places limitations on the samples that can be
measured. For porous carbon nanomaterials, for example, outgassing can be a problem.
Therefore, removal of volatiles is usually achieved by long-term pumping in a separate vacuum
system.

Synchrotron beamlines are often equipped with several detectors enabling the simultaneous
analysis of Auger electrons, photoelectrons, total electron yield (TEY) and fluorescence yield
(FY)s56. In this way information from different depths can be obtained.

2.2.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is one of the most common methods for chemical analysis
of nanomaterials. The incident radiation is usually generated with an Al K, or Mg K, source, as
they provide sufficiently powerful beams with well-known stable energiess8. The produced X-
rays are reflected to a monochromator with Si mirrors, where a single wavelength is selected.
The monochromatic beam then hits the sample with a fixed instrument dependent angle,
exciting the sample through the photoelectric effect. This causes the emission of
photoelectrons, which are collected with hemispherical or circular mirror analyzers. In this
way, the energy allowed to reach the detector is scanned, leading to the collection of a
spectrum, where the binding energy is plotted on the x-axis and the counts for each energy on
the y-axis (see Figure 4).

The energy resolution is equipment dependent, but is also affected by the scan time.
Similarly, the sensitivity is dependent on the collection time. Because each element has a
unique set of binding energies, faster wide spectra are usually first acquired for quantitative
elemental detection. An example of a wide spectrum from Publication II is shown in Figure 4.
XPS detection limits are generally described as being in the 1 at% to 0.1 at% range, and depend
on many factors, such as the measurement matrix59. To study the bonding of the samples,
longer high-resolution scans are collected over the edges of interest. Figure 4 shows the C 1s
spectrum of a SWCNT sample. A sharp peak is observed due to sp2 carbon.

Variations in elemental binding cause chemical shifts that can be used to identify the
chemical state of the electrode materials. Generally, binding to a more electronegative element
causes shifts to higher binding energies and vice versa. Despite the chemical shifts, especially
in the Cis spectra, the peaks are highly convoluted, and data must be extracted through
deconvoluting by peak fitting, as shown in Figure 5. Prior to peak fitting, the energy shifts due

27



to charging have to be corrected. Therefore, known reference samples, usually Au, are used. In
this thesis, we use cellulose filter paper (Whatman) as an in-situ reference for XPS. The binding
energies were charge corrected using the 286.7 eV peak for carbon which is singly bonded to
one oxygen atom, and 285.0 eV peak for aliphatic carbon®.

As photoelectrons are readily absorbed by the sample, they can escape only from depths of
approximately 0-10 nm below the surface. Because the electrons originating from below the
very surface of the sample (> 1 nm depth) will experience energy losses, the peak intensity and
the shape of the background can be used to provide limited depth information6:. The highly
surface sensitive nature of XPS, however, presents a problem for analyzing many
nanomaterial-based electrodes, as they are often porous. Therefore, complementary
measurements with bulk methods may be required.

In publication I, II, III and IV, we use XPS to study the difference in elemental composition.
Furthermore, in Publications I and IV, XPS is also used to study the effect of chemical

treatments of Ti/ta-C electrodes, as well as graphene oxide modified Ti/ta-C.
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Figure 4. Comparison of synchrotron based XPS and XAS spectroscopies. Adapted from Publication II.
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Figure 5. High-resolution C1s XPS spectra with peak fitting of GO, PRGO and nitric acid treated PRGO modified
Ti/ta-C electrodes from Publication I.

2.2.3 X-ray absorption spectroscopy

Like in XPS, in X-ray absorption measurements (XAS), an incident X-ray beam is used to excite
the studied sample. In XAS, the energy of the incident beam is scanned over an edge of interest.
For this reason, XAS measurements require a synchrotron lightsource that produces
continuous X-rays. X-ray absorption spectroscopy can provide element, site, symmetry, and
spin selective information on the electronic structure of sampless¢. The high yield of Auger and
secondary electrons in the decay of the excited state, combined with the ability to attain high
energy resolution and large solid angles in electron detection, have driven total-electron-yield
(TEY) XAS, and other electron-detected spectroscopies, to dominate in the soft X-ray regimese.
In TEY mode, the sample-mounting rod is electrically isolated from the chamber, allowing for
sample drain current to be measured. Many soft X-ray beamlines are also equipped with
additional detectors, allowing for analysis of photoelectron, Auger electrons and fluorescent
photons. By combining the data from these detectors, XAS spectra can be obtained from
different depths of the samples. This is particularly powerful when porous nanomaterials or
core-shell nanostructures are studied. In this thesis, XAS measurements were carried out at
the beamlines 8-2 and 10-1 of Stanford Synchrotron Radiation Lightsource (SSRL) in TEY
mode.

Because the energy is scanned over the edge, the excitation efficiency is much increased,
leading to much improved sensitivity compared to XPS. Figure 4 shows the large differences
in the high-resolution XPS and XAS spectra of the same SWCNT sample. The difference is
especially pronounced in the N1s and Fe2p spectra, that are present at low concentrations.

Figure 6 shows a diatomic molecule along with the valence and continuum states. The
transition of an electron from the 1s-shell to the continuum is the same process that occurs in
XPS measurements. In addition to the excitation to continuum (shown in Figure 6), several
excitations to valence states are also allowed, providing additional information. The
combination of these transitions can be observed in the XAS spectrum, shown to the right in
Figure 6. The near edge region called the near edge X-ray absorption fine structure (NEXAFS)
for carbon is shown in Figure 6, and carries important information about the bonding of the
sample. The ability to probe these unfilled states is a major advantage of the XAS method.52
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This allows for the study of pre-edge features of carbon, including the m* transition that
provides information about the sp2 bonding in carbon samples. In addition, the carbon core
exciton peak provides information about the long-range order of crystalline samples.63-66
These features also proved information about defects on graphene and SWCNT samples. In
Publication I, we show that this peak is absent in partially reduced graphene oxide that is highly
defective and contains a relatively large amount of oxygen containing functionalities. In
contrast, in publication III we show a clear long-range order peak for the SWCNT film with low
defect density and amorphous carbon content.
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Figure 6. Schematic representation of a diatomic molecule with valence and continuum states on the left. On the
right, the connection between the electronic structure of the samples and the XAS spectrum for a
graphitic sample is shown.

Like in XPS, the bonding with neighboring atoms causes chemical shifts that can be used to
identify chemical states. The Cis spectrum is particularly interesting for the study the surface
chemistry of carbon nanomaterials, since oxygen and nitrogen containing functional groups
have been proposed to significantly affect the voltammetry of inner sphere analytes, as will be
discussed in Chapter 3. Nitrogen and oxygen can, however, cause similar chemical shifts in the
Ci1s spectrum and therefore produce peaks at similar energies®7-7.. For this reason, the O1s and
N1s spectra should be individually acquired to corroborate the assignments made in the Cis
spectrum. Similar chemical shifts in the metal edges also reveal information about the
oxidation state of metals, but with much improved sensitivity compared to XPS.

Despite the improved chemical selectivity compared to XPS, particularly complicated carbon
materials, such as graphene oxides and amorphous carbon, still give highly convoluted spectra.
Therefore, chemical information has to be extracted by peak fitting as shown in Figure 7 (from
Publication I). In XPS, all the peaks in the Cis spectra are highly convoluted and the sp2 and
sp3 peaks are separated by less than 1 eV72. In contrast, even highly convoluted XAS Cis spectra
show well separated n* peak, providing information about the carbon bonding. Despite this
benefit, the sp3 peak is severely convoluted with peaks of oxygen and nitrogen containing
functional groups, as well as the ionization potential and core exciton, if present. Nevertheless,
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information about the oxygen containing functional groups and sp2/sp3 ratio may be extracted
by peak fitting even for highly complex Ti/ta-C thin films, as shown by Sainio et al7s.
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Figure 7. XAS spectrum of partially reduced graphene oxide modified Ti/ta-C electrode from Publication I.

Due to possible shifts in the beamline energy, known references should also be measured for
energy calibration. For studying carbon, highly oriented pyrolytic carbon (HOPG) is widely
regarded as the ‘gold standard’ reference for energy calibration and background correction®s-
66, Likewise, well known metal samples should be included for each metal that is studied. The
energy correction, background subtraction and peak fitting protocols used are described in
greater detail in [Sainio 2020].

2.2.4 X-ray emission spectroscopy with transition edge detector

X-ray fluorescence is a bulk technique capable of sample interrogation to depths of around 1
um. As will be discussed in detail in chapter 3, the presence of trace metal impurities, below
the detection limit of EDS or XPS, can affect the electrochemical properties of carbon
materials. Moreover, the presence of such metal impurities cannot always be reliably detected
with XPS due to the porous nature of carbon nanomaterial-based electrodes, where it is
conceivable that the surface chemistry inside the pores of the material might differ from that
of the very surface. In contrast, X-ray fluorescence is a powerful tool for chemical bulk analysis
of porous nanomaterials. Similar information can be obtained with EDS measurements in
STEM, but this method provides only very local information. In contrast, beam spots of around
1 mm? in X-ray emission spectroscopy provide chemical information from a much larger area
in synchrotron-based X-ray spectroscopy, in a non-destructive manner.

Hard X-ray beamlines and even laboratory-based X-ray fluorescence spectroscopy can also
be used to detect ppm levels of most elements. Those beamlines can, however, not be used to
study the bonding of light elements such as carbon, nitrogen and oxygen. The use of X-ray
emission spectroscopy (XES) has, however, previously been limited by the low sensitivity of
soft X-ray emission spectroscopys®. Recently, an energy dispersive soft X-ray spectrometer
based on a transition-edge sensor (TES), composed of Mo/Cu bilayer spectrometer, with
superior sensitivity has been developed and successfully commissioned at the Stanford
Synchrotron Radiation Lightsource beamline 10-1. This setup is described in detail in56. The
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workable range of this particular detector is limited due to the vacaum window, as well as by
the Al IR filters at the low energy end and the grating at the high energy end (~1200 eV).
Despite this limitation, the detector is particularly well suited to study carbon nanomaterials
and 3D transition metals, such as Fe, Ni, Co, that are often used as catalysts in their synthesis.
The TES detector can be used with much improved sensitivity to study the fluorescence of XAS
scans. In this way, information may be obtained about both the chemical composition and
bonding of the samples. In addition, the high sensitivity allows for the detection of N and M
lines, in addition to L lines, greatly increasing the number of elements that can be detected74.
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Figure 8. XES spectra collected with 1150 eV mono energy of pristine, nitric acid and oxygen plasma treated
SWCNT films from Publication Il from Publication II.

In publication II, we used the TES detector to study the chemical composition of a SWCNT
sample transferred onto a Si wafer. Figure 8 shows the XES overview scans. In addition to the
expected C, O and Fe, small peaks for F, Ni, Cu and Na were also detected. F is a known
beamline contaminant and therefore likely does not originate from the sample. Moreover, Ni,
Cu and Na were not found in the TEY XAS spectra, indicating that these are not surface
contaminants. At present, this method only provides qualitative data, because it has not been
calibrated with large number of studies. Work is in progress to calibrate the method so that
quantitative or semiquantitative data may be obtained. Thus, this new detector can provide
information about the bulk composition of porous samples in an analogous way to XPS wide
spectra, but with far superior sensitivity.

2.3 Other characterization methods

2.3.1 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) has excellent chemical selectivity and can
specifically identify many functional groups, interesting for electrochemistry. In this method,
the absorbance or transparency of a sample is measured in the IR region. FTIR can be
particularly powerful in combination with XPS and XAS studies. The main disadvantage of
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FTIR is the relatively low sensitivity. For example, a 7 nm film of ta-C prepared on an intrinsic
Si wafer was almost completely transparent throughout the spectra, despite the fact that it is
expected to possess several functionalities known to absorb IR. Thus, the method required a
relatively large amount of sample to obtain meaningful data. Nevertheless, due to its
simplicity, relatively low cost and excellent chemical selectivity, it is commonly used to provide
qualitative information about the presence of functional groups on carbon nanomaterials.
FTIR has been previously used to study the bonding and presence of functional groups in both
amorphous carbon films?s and SWCNTSs76.

FTIR can be a non-destructive method, particularly in transmission mode. Due to the
requirement of IR transparent substrates, such as quartz, KBr pellets or crystals or undoped
silicon wafers, separate samples usually need to be prepared, different from the samples used
in electrochemistry. Similarly, the use of the ATR mode requires powder or a flexible substrate,
so that the sample can be pressed against the ATR crystal, which makes it tricky to measure
thin film samples. For many standard systems, it can also be challenging to make good contact
with the ATR crystal when thin films are deposited on solid substrates. The physical contact
may also damage porous carbon nanomaterial layers. On the other hand, the ATR mode allows
for easy measurement of powders and liquids without any sample preparation.

In publication I, FTIR is used as a complementary method to XPS and XAS, to study the
changes in the oxygen containing functional groups of as synthesized graphene oxide (GO),
partially reduced graphene oxide (PRGO) and nitric acid treated PRGO.

2.3.2 Raman spectroscopy

Raman spectroscopy is commonly used to study the bonding of carbon, due to its ease of use
and non-destructive nature. Both amorphous carbons and SWCNTs have their own distinct
Raman features that will be briefly summarized in this section. Raman spectroscopy is often
used for qualitative evaluation of the sp2/sp3 ratio in amorphous carbon films, and the defect
density and presence of amorphous carbon in SWCNT samples.

SWCNT

Raman spectra show several characteristic features for SWCNTs, including the first-order
single-resonance radial breathing modes (RBM) and the multipeak feature G mode around
1580 cm. In addition, several harmonics and combination modes, including iTOLA, M, and
G’ bands, as well as a disorder-induced D band around 1315 cm™, are also.77-78

The electron and phonon density of states (DOS) in SWCNT are in the form of sharp peaks
called van Hove singularities (vHS), due to 1-D confinement. The distribution of DOS is
dependent upon the chirality (which is also correlated to the tube diameter). Therefore, Raman
signal from a carbon nanotube can be observed when the laser excitation energy is equal to the
energy separation between vHS in the valence and conduction bands.?” These modes are called
radial breathing modes (RBM) and are specific to carbon nanotubes. The tube diameter can be
obtained with Equation 977,

WRpM = (dit) + B, (9)
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where A = 234 nm/cm and B = 10 cm. As the tube diameter is related to the chirality, the RBM
region can be used to study the electrical properties of the SWCNT. The RBM intensity of a
SWCNT is, however, a function of the laser energy and achieves a sharp maxima when the
optical transition energy E; matches the laser energy. Therefore, Raman studies with several
laser excitations have become a widely used tool for quantifying the fraction of either metallic
or semiconducting nanotubes?9.

The Ip/I¢ ratio is also often reported, as the D peak intensity has been proposed to depend
upon defects and presence of amorphous carbon. Low Ip/Ig ratio is often taken as an indication
of low defect density and low presence of amorphous carbon, although it can’t be used to
quantitatively study the presence of defects nor the defect types. Nevertheless, large D-band
intensities in comparison to G band intensity indicate the presence of amorphous carbon.”

Symmetry breaking of the tangential G mode around 1580 cm~?, when the graphene sheet is
rolled to make a cylindrically shaped tube, gives rise to a characteristic multi-peak G mode. In
this multi-peak feature, up to six Raman peaks can be observed in a first-order Raman process.
The main observable peaks are the G+ (atomic displacements along the tube axis) and G-
(atomic displacement along the circumferential direction) modes. Spectra in this frequency
range can also be used for SWCNT characterization. Difference in the line-shape gives
information about the metallic character of the SWCNT in resonance with a given
wavelength.82 Because SWCNT thin films contain both semiconducting and metallic tubes and
are bundled, such studies are most informative with individual SWCNTs. The peak shape and
G position can, however, be used to study the doping of bundled SWCNT films. It has been
shown that the G band peak position is shifted to higher frequencies (blue shift) when doped
with electron-accepting dopantss:. This p-type doping decreases the resistance of the SWCNT
network by enhancing the conduction of semiconducting tubes. Similar blue shift can be
observed also in the G’ bands2. This dominant feature of the second-order Raman spectra of
SWCNT has a two-peak structure, and their intensities have been used to assign chirality and
study the electrical properties. Because the G’ peak has a larger dispersion and lower
dependence on defects, at individual carbon nanotubes, this peak may be particularly useful
for corroborating specific (n, m) assignments made in the RBM region77. In Publication III,
Raman spectroscopy was used to study the SWCNT properties. The effect of Nafion coating
was further studied with Raman spectroscopy in Publication V.

Tetrahedral amorphous carbon

The Raman spectra of amorphous carbons (aC) have two prominent features, namely the D
and G bands, which lie around 1355 and 1500-1630 cm, respectively. The G band arises due
to in-plane bond stretching of pairs of sp2 C atoms. The mode does not require six-fold
symmetry and occurs at all sp2 sites. The D peak is a breathing mode, forbidden in perfect
graphite and only becomes active in the presence of disorder.83 Ferrari and Robertson
proposed a phenomenological three-stage model describing the amorphization of graphitess.
According to this model, the Raman spectrum is considered to depend on:

6))] clustering of the sp2 phase
(i) bond disorder

(ili)  presence of rings or chains
(iv)  the sp2/sps3 ratio
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Figure 9. Diagram of the factors affecting the Raman spectra. The dotted arrow indicates the indirect effect of
increasing sp® content for amorphous carbon films.

The effect of these changes on the Raman spectra are summarized in Figure 9. Based on this
model, the G position combined with the In/I¢ ratio, can be used to approximate the sp2/sp3
ratio of amorphous carbon films with sp3 ratio higher than approximately 20%. Therefore, the
Ip/Ic ratio is the most commonly studied parameter for ta-C films. As discussed in Section 4.1,
ta-C films deposited with energetic carbon ions are layered and consist of an sp2 rich surface
layer and an sp3 rich bulk. Because the probing depth of Raman spectroscopy is considerably
larger than the thickness of the ultrathin Ti/ta-C films used in this work, the Raman spectrum
arises from a combination of the aC-like surface and sp3 rich bulk. As seen from Figure 9, the
contribution of the sp2 rich surface will increase the Ip/Ig ratio. Because the thickness of the
surface layer depends upon the deposition system and its ion energy, it is independent of film
thickness84:85, Therefore, the Ip/Ic will decrease as the thickness of the film increases,
saturating at around 50 nms34358, Raman spectroscopy is still a powerful method for
qualitatively probing changes in the carbon bonding in ultrathin ta-C films. Due to the
thickness dependence, additional methods, such as X-ray reflectivity (XRR) or transmission
electron microscopy (TEM) should be used to characterize the thickness, before changes in the
Raman spectra are attributed to changes in carbon bonding. XRR has the added benefit of
giving the density of the bulk, which is closely related to the sp3 content of the film8s57.

The Raman spectra of amorphous carbon films are usually fitted with two Gaussians or two
Lorentzian peaks, to determine the Ip/Ig ratio. In Publication IV, we use Raman spectroscopy
to study the changes in carbon bonding after anodic treatment of a Ti/ta-C electrode.

2.3.3 Optical absorption

While Raman scattering is used for qualitative evaluation of SWCNTs, absorption spectroscopy
can be used for quantitative measurements. Unlike Raman studies with confocal Raman
systems, where individual SWCNT can be studied, optical absorption spectroscopy provides a
way to study large amounts of SWCNTSs. Other advantages include stronger signals and the
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ability to probe lower energy bands such as S, that are not accessible with standard Raman
equipmentso,

In ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy, van Hove transitions may be
directly observed, thus providing information about the electronic structure. The spectra
consist of the M, transition for metallic nanotubes (645 to 440 nm), the S;; and S, of
semiconducting nanotubes (1600-830 nm and 800-600 nm, respectively) as well as the
absorption due to plasmon resonances in the free electron cloud of the nanotubes (310-155
nm)38, The position of these peaks is dependent on the tube chirality and tube diameter, and
thus the tube diameter can be calculated based on the absorption spectra and Kataura plots.
Because the S;; and S,. transitions of semiconducting SWCNTSs and M, transition of metallic
SWCNTs are clearly visible, the ratio of metallic-to-semiconducting SWCNTs in a thin film can
be quantitatively evaluated®9.

This also makes optical absorption spectroscopy particularly useful for studying the doping
of SWCNTs, carried out to improve the conductivity of SWCNT films. Chemical doping
suppresses the peaks due to a shift of the Fermi level829°, Optical absorption spectroscopy has
also been proposed as a method for evaluating the purity of SWCNTs in terms of carbonaceous
impuritieso+92 Finally, the optical transparency of SWCNT films is usually evaluated with
optical absorption spectroscopy. Moreover, the thickness of SWCNT films has also been
evaluated based on the optical absorbances=.

In publication III, SWCNT networks were press transferred onto quartz substrates and the
intrinsic electrical properties, the optical transparency and the average SWCNT diameter were
evaluated based on optical absorption spectroscopy. In publication VI, the optical transparency
was also used to control the thickness of the SWCNT films.

2.3.4 Scanning electron microscopy

In scanning electron microscopy (SEM), a focused beam of electrons is scanned over the
sample in high vacuum. This produces, secondary and backscattered electrons that carry
different information. Secondary electrons are ejected from the surface as a result of inelastic
collisions with the incident electrons. They are used to study the topography and morphology
of the specimen. Back scattered electrons on the other hand, provide Z contrast and therefore
carry local chemical information. In this work, mainly secondary electron are used, to study
the morphology of the electrode materials. SEM is also used to measure the thickness of Nafion
membranes from cross-sections prepared either by cryo-cleaving or focused ion beam milling.
In cases where samples are not conductive, such as Nafion coatings, the samples are coated
with gold prior to imaging.

2.3.5 Transmission electron microscopy

In transmission electron microscopy (TEM), a thin specimen (< 100 nm thick) is subjected to
an electron beam in which the intensity is uniform over the illuminated area. The electrons in
the electron beam can be either transmitted or deflected by elastic and inelastic scattering. This
scattering of electrons makes TEM imaging feasible, as it creates differences in electron
intensity. The TEM micrograph is made up of the intensity of electrons for each pixel of the
detector. With instrumentation including spherical and chromatic aberration correction, TEM
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image resolution of well below 0.1 nm can be achieved. Therefore, high-resolution TEM
(HRTEM) allows for imaging of single atoms. Elastically scattered electrons also make up most
of the intensity of diffraction patterns. These diffraction patterns contain information about
the crystal structure, lattice repeat distance and specimen shape.93 In Publication IIT and V, we
use TEM and HRTEM to study the morphology of SWCNT films, in particular the bundling,
tube diameter and size and distribution of the catalyst particles. In addition, electron
diffraction is used to study the crystallinity of the catalyst particles in the SWCNT networks.

The main challenge with TEM analysis is usually the specimen preparation. Care should also
be taken to avoid changes in structure and chemistry of the sample during the thinning process
or as a result of beam damage. In addition, only a small part of the sample can be examined
with TEM. Therefore, this high resolution technique should be combined with other analysis
methods that offer poor resolution, but better sampling, such as SEM.9

2.3.6 Energy dispersive X-ray spectroscopy

The electron beam is a form of ionizing radiation. Therefore, like in soft X-ray spectroscopy,
the electron beam can also be used to excite the specimen, resulting in emission of
characteristic X-rays. Moreover, SEM and TEM systems are often equipped with energy
dispersive X-ray detectors for elemental analysis.

In the SEM, energy dispersive X-ray spectroscopy (EDS) is a bulk technique (excited volume
~1 um3) with interaction volumes in the um range.93 The large probing depth and relatively
high detection limits significantly limits the applicability of EDS in SEM for study of thin films.
In combination, with scanning transmission electron microscopy (STEM), lower detection
limits can be achieved due to the focusing of the beam in the desired location. In modern TEM
equipment with Cs correction, single-atom detection is possible with EDS. The sensitivity is
affected by the atomic number, absorption of X-ray within the specimen and the fluorescence.
TEM samples are usually thin enough that the absorption and fluorescence can be ignored.
Sensitivity factors, also called k-factors, can be determined and used for quantitative X-ray
analysis. The values of k-factor are not constants and accurate determination of the k-factor
requires the use of well characterized reference samples.

Due to its ability to provide chemical information with high spatial resolution, TEM-EDS is
especially powerful in combination with selected area electron diffraction. With this
combination, both crystallinity and chemistry of catalyst particles in carbon nanomaterials can
be studied. In Publication III and V, EDS was used to study the elemental composition of the
SWCNT network electrodes.
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3 . Electrocatalytic properties of carbon
electrodes

Many bio and drug molecules are so called inner sphere redox systems, whose
oxidation/reduction behaviors are sensitive to the surface chemistry of the electrode
materialo4. Several factors that affect the electrochemical properties of carbon nanomaterial
electrodes have been identified, including at least:

i) Bonding of carbon to carbon

ii) Bonding of carbon to oxygen and nitrogen
1ii) Presence of surface and bulk metal

iv) Oxidation state of metal

V) Surface morphology

It is well known that the sp2/sp3 ratio affects the physicochemical properties of carbon
materials. Thus, the carbon to carbon bonding is known to affect the performance of
electrochemical sensors3440.73.95, This is evident with amorphous carbon thin film electrodes,
whose electrochemical properties resemble those of glassy carbon, when sp2 rich95:96. Whereas,
properties closely resembling those of boron doped diamond are observed for sp3 rich
amorphous carbon thin film electrodes?”. Generally, high sp2 ratios are associated with faster
oxidation kinetics, with many inner sphere probes. Whereas, high sp3 ratio is attributed to
wider potential windows, high chemical stability and low background currents. Improved rates
of electron transfer have also been attributed to clustering or ordering of the sp2 carbon in
amorphous carbon coatings%. In addition, the density of basal plane and edge plane sites in
graphitic materials seems to affect the electron transfer kinetics of OSR probes. It has been
suggested that electron transfer may occur only at the edge plane or defect sites of graphitic
materials, and that pristine basal planes are electrochemically inert or support extremely slow
electron transfer kinetics?99. It has also been suggested that when heterogenous electron
transfer occurs at basal planes, it is only due to the presence of defects. Furthermore, it has
been proposed that nanographite impurities, rich in edge plane sites, dominate the
electrochemistry of carbon nanotubes?o°.

The oxidation kinetics at basal and edge planes of HOPG electrodes have been intensively
studied by various groups. Kneten et al.'o for example, showed 1-5 orders of magnitude slower
oxidation kinetics at HOPG basal plane electrodes compared to GC electrode, with 13 different
redox probes, including both outer and inner sphere probes. Their study showed large AE,
values of 285 mV and 1200 mV for Ru(NHj;)s*?/+3 and dopamine, respectively. Poor oxidation
kinetics for Fe(CN)3/4 and dopamine were observed also by Bowling et al°2 at basal plane
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HOPG electrodes. More recently, similar results have been obtained by Velicky et al.13,
showing the same phenomenon with the outer sphere redox probes Ir(Cle)3/> and
Ru(NH;)e2+/3+, with localized measurements using a microdroplet electrochemical cell. They
concluded that the basal planes have small, but non-zero, electron transfer rates compared to
edge plane sites. Yuan et al.’o4 also observed higher activity at the edge plane for ascorbic acid,
nicotinamide adenine dinucleotide (NAD) + hydrogen (NADH) and oxygen reduction reaction
(ORR). Nevertheless, it should be noted, that while the oxidation peaks were anodically shifted,
the basal plane also produced well defined waves for AA and NAD in their study. Copper was,
however, also used in the fabrication of their electrodes and no studies of potential metal
contamination were provided.

These results seem to confirm the widely held conclusion that defect and edge plane sites are
the active sites of graphitic electrodes. As a consequence, there has been consensus that
electrodes should be designed to optimize surface step edge or defect density. Contradicting
results have, however, been reported by Patel and coworkersos-107, leading them to conclude
that the pristine basal plane of HOPG electrodes is much more active for many classes of
electrode reactions than previously believed. These works reported fast oxidation kinetics of
the catecholamines dopamine and epinephrine, at the basal plane of HOPG electrodes in
macroscopic voltammetric studies. Facile oxidation kinetics was also confirmed at defect free
sites with scanning electrochemical cell microscopy (SECCM)05-108, Rapid inactivation of the
electrode by fouling was, however, observed, indicating that some of the above results may be
due to fouling. To date, however, such contradicting results seem to be limited to
catecholamines, possessing a benzene ring. The electrocatalytic properties of novel sp2 carbon
materials, such as CNT and graphene, have been previously attributed to m-electron
interactions between the conjugated aromatic systems in the analyte molecule and the
electrode. It has been suggested that the m-mt stacking can facilitate the adsorption on the
electrodes’ surface'©9-112, This phenomenon is of significant importance in biology, and several
commonly studied analytes, including dopamine, paracetamol and opioids have conjugated -
electrons. It should, however, be pointed out that the modified electrodes used in these studies
are also rich in edge plane and defect sites, and none of these works show any direct
experimental evidence to support these claims.

Oxygen containing functional groups are inevitably present at carbon electrodes, and it is
widely acknowledged that the presence of oxygen and nitrogen containing functionalities have
profound effects on the electrochemical properties of carbon electrodes. Ji et al.13 showed that
the oxidation of both basal and edge planes influences the oxidation kinetics of inner sphere
redox couples, while that of outer sphere redox systems remains relatively unaffected. They
also observed contrasting behavior between HOPG and MWCNT, where the latter showed fast
oxidation kinetics also in its oxidized sate. Similarly, Chou et al*4 reported favorable
electrochemical properties that they attributed to oxygenated carbon in general, and carboxylic
moieties in particular, at the ends of SWCNT. Importantly for electroanalytical chemistry,
oxygen-containing functional groups have a strong influence on the electrochemistry of many
biological compounds and drug molecules, such as dopamine73516. NADH"7, ascorbic
acid7s16, paracetamol'® and morphine.

It has been proposed that nitrogen doping of graphene and amorphous carbon affects their
electrocatalytic properties. Nitrogen doping has long been used in amorphous carbon
electrodes, mainly to improved conductivity by doping and promoting clustering of sp2
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carbon#°. Different levels of nitrogen doping of such electrodes have been reported to influence
the electrochemical properties to different extents'2c. Cao et al.** also reported a significant
increase in the activity of ORR with nitrogen doped amorphous carbon. Further, they found
that both the total nitrogen content and pyridinic/graphitic nitrogen percentage, influence the
ORR activity.

More recently, nitrogen doped graphene and CNT have attracted attention due to proposed
electrocatalytic properties. Incorporation of nitrogen into the graphene structure changes the
spin density and charge distribution of the surrounding carbon atoms!22123, There are three
forms of nitrogen groups that can be incorporated into the carbon lattice, namely quaternary
(graphitic), pyridinic, and pyrrolic nitrogen. In addition, amino nitrogen groups can decorate
the edges and defects.'23 Nitrogen doping of CNT has been reported to improve the sensitivity
in the detection of hydrogen peroxide24. Increased activity towards oxygen reduction reaction
has also been reported'2s. Nitrogen doped graphene modified electrodes have also been used
for selective and sensitive detection of dopamine26-129, Most of these works did not, however,
systematically study the role of nitrogen doping. Li et al.'27 on the other hand, synthesized
nitrogen-doped graphene with different distributions of nitrogen groups. They found that the
relative distribution of the nitrogen functionalities affected both the activity and sensitivity
toward AA, DA and UA. Further, they concluded that the pyrrolic-N structure showed better
catalytic activity than pyridinic-N and graphitic-N structures. It should, however, be noted that
differences in the amount of oxygen were also observed with XPS analysis and was not
discussed. On the other hand, it has been proposed that the enhanced activity towards ORR
can be correlated with the amount of pyridinic and/or quaternary nitrogens°:1:. In a review of
metal free graphene based catalysis, Haag et al.'23 pointed out that it is still under debate how
to correctly characterize the different forms of nitrogen, which makes it difficult to correlate
catalytic properties to specific nitrogen groups. Furthermore, to the best of our knowledge, no
studies have been carried out systematically studying the effect of nitrogen doping of graphitic
materials on electroanalytical chemistry.

Presence of metals and their oxidation states are known to affect the electrochemical
properties of carbon nanomaterials. Most carbon nanomaterials are synthesized using metal
catalysts, and the complete removal of these catalysts is difficult or impossible76::32, Many,
works also claim observation of electrocatalysis with “metal-free” carbon electrodes»!-
123,125,127,130,131,133.134. Most of these studies advertise their materials as metal-free without
sufficient characterization to verify that they are indeed metal free. In some studies, XPS is
used to show that the material is metal-free!2127:131133, As explained in section 2.2, however,
XPS can probe only the very surface the electrode. Most electrodes made with nanomaterials
are porous and have pores inaccessible for probing with XPS, but accessible to the electrolyte
solutions and analytes. Moreover, levels of metal impurities much below the detection limits
of XPS have been shown to affect the electrochemical properties of carbon electrodes?s5-:38, In
addition, these metal impurities may also influence the toxicological properties!39, which is of
importance with implantable and wearable sensors.

Moreover, Wang et al.*4° found Fe, Co, Ni, and Mn impurities at ppm levels in both synthetic
and natural graphite. These metal impurities are known to be present also in the final products
when graphite is used as precursor for fabrication of carbon electrodes. Similarly, in some
cases, other chemicals, such as potassium permanganate, may leave metal impurities in the
final product. For example Mn has been found in graphene oxide produced by Hummer’s
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method6:141 and graphene oxide nanoribbons obtained by oxidative opening of nanotubes'37.
Metal impurities affecting the electrochemical properties have also been found in CVD
graphene even after purification!38. We have also observed relatively high metal content in
sputtered amorphous carbon coatings?s.

There is mounting evidence that the electrocatalytic properties of nanocarbon materials is at
least in some cases due to metal catalysts that are used in their synthesis, or other metal
impurities. For example, electrocatalytic properties in oxidation of hydrazine have been
attributed to Fe impurities in carbon nanotubes76:13¢ as well as Ni and Cu in graphene oxide
nanoribbons®¥7. Similarly, electrocatalytic properties toward oxidation of HS- have been
attributed to Ni content of less than 2 ppb37. Moreover, improved activity towards oxygen
reduction reaction has been attributed to trace levels of metal impurities4.

While the influence of minor and trace element impurities has been reported and extensively
studied in energy conversion and storage applications, much less work has been devoted to
understanding the effect of these impurities on the voltammetric sensing with carbon
nanomaterial electrodes. Nevertheless, Dai et al.’42 have reported that copper nanoparticle
impurities within the walls of multi-walled carbon nanotubes (MWCNT) are the active sites for
reduction of the anesthetic halothane. Sainio et al.»43 have also recently shown that carbon
nanofibers (CNF) grown with Ni and Fe show superior activity toward oxidation of AA
compared to detonation nanodiamond grown CNF. In another study, a nitric acid treatment
was used to activate the CNF electrodes'44. Later it was shown, that the nitric acid treatment
also heavily oxidized the Ni metal catalysts in the of the CNF electrode!4s. Based on these
results, it is highly likely that both the residual metal catalysts as well as their oxidation state
affect the performance in electroanalytical applications. Surprisingly, to the best knowledge of
the author, the effect of these metal impurities on electroanalytical chemistry has not been
more widely studied.

Finally, one must not overlook the possible changes in morphology after modification of
conventional electrodes. Modification with carbon nanomaterials usually produces a porous
layer in which pockets of solution are trapped. Streeter et al.46 showed that the formation of
such a porous layer can influence the electrochemical properties due to altered diffusion profile
and trapped analyte. Furthermore, they found that the changes observed in voltammetry may
often be obtained in simulations without changes the heterogeneous rate constant. Compton’s
group has demonstrated such thin layer effects with ferrocyanide4®, dopamine!47 and
nicotine8. Thus, it is possible that many of the advantageous properties reported for modified
electrodes, often attributed to electrocatalysis, are in some cases at least partially due to the
formation of porous layer leading to thin layer diffusion. Furthermore, commonly used
oxidative treatments, which are expected to increase the number of defects and oxygen
containing functional groups, can also significantly alter the morphology of the materials:49-152
even in the absence of chemical modifications. Therefore, careful characterization of the
morphology should also be carried out before any observed changes in voltammetry are
attributed to electrocatalysis. Care should also be taken before labeling observed changes in
voltammetric peak-to-peak potential separation, after modification of conventional electrodes
or after chemical treatments, as electrocatalytic properties.

It is clear that much more work is required to fully understand the effects of the structure,
morphology and the surface chemistry of carbon nanomaterials, on electroanalytical
chemistry. Sainio et al.43 recently concluded the key elements seemingly required for achieving

41



both high sensitivity and selectivity towards dopamine with carbon nanomaterial based
electrodes as (i) the presence of active metal catalyst particles, (ii) crystalline areas available
(basal plane with plenty of defects), and (iii) porous surface morphology possibly resulting in
the formation of thin liquid layer near the surface. This, however, represents only one
electroanalytical application, and these findings cannot directly be extended to cover detection
of other analytes. Nevertheless, this example shows the complexity of such systems and the
importance of thorough characterization. Unfortunately, a review by Pumera in 2012153 found
that many publications on the electrochemistry of CNT and graphene suffer from poor
characterization or no characterization at all. A recent review by Laurila et al.'54 on carbon
hybrid materials, found that this is still the case. They found that, there is a serious lack of (i)
systematic characterization of carbon nanomaterials and (ii) standardized protocols for
characterizing the surface functional groups of carbon nanomaterials. This shows that there is
much more to the development of carbon based electrode materials, than simply optimizing
the defect density of the electrode. We welcome a far more holistic approach to electrode
material development, combining the thorough physical, chemical and structural
characterization of electrode materials, combined with extensive electrochemical
characterization and testing with analytes in settings closely mimicking the end application.
With such an approach, electrode development relying solely on trial and error could be
avoided.
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4 . Physical and electrochemical properties of
carbon thin film electrodes

In this chapter, a brief introduction of the two thin film electrode materials utilized in this
thesis will be given. The physical and electrical properties have been studied and reviewed
extensively elsewhere, and this will therefore not be attempted here. Instead, this chapter will
focus on the electrochemical properties of tetrahedral amorphous carbon and single-walled
carbon nanotubes. Select characterization results, that likely influence the electrochemical
performance, are also presented.

4.1 Tetrahedral amorphous carbon

Hard amorphous carbon coatings, also referred to as diamond-like carbon (DLC), have been
researched extensively and applied industrially as protective coatings®’. The diamond-like
properties arise due to the sp3 bonded carbon fraction. Amorphous carbon films can be
deposited by different methods, including ion beam, magnetron sputtering, cathodic arc,
pulsed laser deposition (PLD) and plasma enhanced chemical vapor deposition. These
deposition methods and different deposition parameters produce amorphous carbon coatings
with varying sp?/sps3 fractions and hydrogen content, as described in detail in a comprehensive
review by Robertson®’. The bonding in amorphous carbon coatings is best described with the
ternary phase diagram of bonding in amorphous carbon-hydrogen films. The physical,
chemical and electrochemical properties of ta-C films depend on the ratio of sp2/sp3 and also
the incorporation of hydrogen, nitrogen, as well as other dopants and impurities40-85:87:120.155,156,

sp 3 Diamond-like

v ta-C:H

% HC polymers
sputtered a-C(:H) J__,__u-p,ﬂ
“a-C Hﬂ_,.‘ 7N no films
glassy carbon ; ; T
graphitic C \ AN v .
sp’ B H

Figure 10. Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys. Reprinted from& with
permission from Elsevier.
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Tetrahedral amorphous carbon is a form of amorphous carbon with high sp3 fraction (40-88
%) and low hydrogen content, giving it properties such as high hardness, high wear resistance,
low friction, low electrical conductivity, large band gap, optical transparency in the IR region,
chemical inertness and biocompatibility87156557. Due to the high sp3 fraction, the
electrochemical properties resemble those of diamond, namely wide water window and low
background current4°. Like diamond films, ta-C electrodes are also usually regarded as
biocompatible4758 and show antifouling propertiess9. Unlike BDD films, ta-C films can be
deposited at room temperatures on a wide range of substrates, including silicon, glass and
polymers. However, due to poor adhesion and large compressive stress, adhesion promoting
layers, such as Ti, are often required. Unlike conventional carbon electrodes, such as glassy
carbon and highly oriented pyrolytic graphite, ta-C is also patternable and fully compatible
with standard silicon microprocessing.

Experimental and simulation works suggest that films with high sp3 fraction are formed only
under bombardment of energetic C*+ ions with energies around 20-100 eV87:155-157.160_ In these
works, the sp3 fraction increases with increasing ion energy, reaching a maximum around 100
eV, after which the sp3 fraction falls with further increase in ion energy. This led to the
postulation of a growth mechanism based on a subplantation model, which is based on incident
energetic ions penetrating the surface and providing subsurface growths¢. Recently, Caro et
al.’6* used molecular dynamics simulations based on machine-learning derived interatomic
potential, trained from data at the density functional level of theory. Based on these results,
which are in better agreement with experimental results than previous models, they suggested
a “peeing” model as the dominant mechanism for formation of sp3 carbon. Both these
mechanisms predict the formation of an sp2 rich surface layer. The layered nature of ta-C films
deposited by filtered cathodic vacuum arc (FCVA) and PLD have been has also been confirmed
experimentally by EELS® and X-ray reflectivity measurementsss. Furthermore, Raman
spectroscopy studies also support the existence of an sp2 rich surface layer3s4:35.86,

Due to the high sp3 fraction, undoped ta-C films have relatively high resistivityss. For this
reason, nitrogen doped ta-C films are often used for fabrication of electrochemical
electrodes4o-120, Nitrogen doping can increase the sp2 content of ta-C films™° and promote
clustering of sp2 carbon4°, thus improving the conductivity of the films. Undoped ultrathin ta-
C electrodes can also support facile electron transfers+ss4:. Protopopova et al.3536 and later
Palomaéki et al.34 researched the effect of the thickness on the electrochemical properties of ta-
C thin film electrodes with CV and EIS. They found optimal reaction kinetics with a 7 nm thick
ta-C film. A linear increase in electron transfer resistance was observed with increasing
thickness. Palomaki et al. postulated that the electron transport through the sps3 rich bulk slows
down the overall reaction kinetics, as observed with CV and EIS experiments with outer sphere
redox probes. The reaction kinetics of the inner sphere analytes AA, DA and UA have also been
found to be affected by the thickness of the ta-C film#+7. With films thinner than 7 nm, the Ti
adhesion layer was found to dominate the electrochemical properties, likely due to pinholes
extending through the film. Palomaki et al.34 also found that the use of a 20 nm Ti adhesion
layer reduced the electron transfer resistance with a constant value for all studied ta-C
thicknesses. This effect was attributed to a lowering of the contact resistance between the Si
wafer and the ta-C film. Later, a much higher R value of 841 + 160 Q was observed by Etula
et al.3s for a 36 nm ta-C electrode, suggesting that small differences in sp2/sp3 ratio,
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macroparticle or metal contamination or some other unknown variation, may heavily influence
the reaction kinetics at ta-C thin film electrodes.

In this thesis, we will focus on the properties of the dual layer Ti/ta-C thin film electrodes.
This electrode uses a 20 nm Ti adhesion layer deposited by direct current magnetron
sputtering. A 7 nm ta-C top layer is then deposited with FCVA, as described in Publication I.
In this process, plasma is generated with an electric arc leading to the formation of highly
ionized carbon plasma, but also neural particles62-64. The plasma is directed through an
electromagnetic filter to filter out the neutrals. In this thesis, a 45 degree open knee-filter is
used to filter out the macroparticles®2. It should be noted that few FCVA systems can
completely filter out all the macroparticles. Virtually macroparticle free ultrathin films,
however, have been made in industrial quantities with systems utilizing double off-plane
filters. Due to high plasma losses, such filters are usually used only in demanding applications,
such as in protective coatings for magnetic media. 64

The physicochemical properties of these Ti/ta-C electrodes have been thoroughly
characterized in this thesis and other works, and are summarized in Table 3. In Publication I
and Publication IV, we show that the Ti/ta-C electrodes support reversible electron transfer
with the outer sphere redox probes FcMeOH+*/° and Ru(NH;)e3*/2+. Both studies report
reversible electron transfer as measured with cyclic voltammetry, but small differences can be
observed with the more accurate EIS measurements. The surface sensitive analyte
Fe(CN)¢4-/3- shows quasi-reversible electron transfer, with a potential peak separation (AE;)
of 131 mV. The low double layer capacitance makes this electrode capable of reaching detection
limits in the low nanomolar concentration range with cyclic voltammtey43. Palomaki et al.47
also reached low detection limits of 84.3 + 14 and 39.8 + 5.9 nM for 15 and 50 nm thick ta-C
films, respectively.

As we show in Publication I, and other work47, the main limitation of this electrode is the
limited selectivity in biological matrices. Especially, the poor reaction kinetics for AA that leads
to a wide poorly defined oxidation peak, significantly limits its selectivity, particularly in the
detection of dopamine. The Ti/ta-C electrode, however, presents an excellent candidate for
modification with various carbon nanomaterials to improve its electrochemical performance
as we show in Publication I and other works37:38.

Due to the small thickness of the ta-C layer, the Ti adhesion layer likely also affects the
electrochemical properties. Usually ta-C films are ultra-smooth with RMS roughness values of
0.16 nm*35. With Ti adhesion layer, RMS roughness values of 0.81-1.6 nm are observed due to
the crystallinity of the Ti adhesion layer4-18. Moreover, the Ti present at or close to the surface,
likely also affects the water window. Etula et al.'s5 reported a potential window of 5.2 Vin 0.15
M H.SO, and 4 V in 1 M KOH with a 36 nm ta-C electrode deposited directly on Si. Similarly,
Mynttinen and coworkers!® reported a water window of 5 V with a Nafion coated 15 nm ta-C
electrode in PBS. In contrast, water windows of 3.5 V in 0.15 M H,SO, and 3 V in PBS have
been reported for the Ti/ta-C electrodesss4L. In Publication IV, we further show that an anodic
pretreatment at 2.5 V, exposes the underlaying Ti layer, which alters the electrochemistry of
paracetamol, enabling the selective detection of morphine (see Figure 26 in Section 8.1). The
role of Ti in the electrochemical properties is also supported by surface sensitive XPS and XAS
measurements that detect Ti at the surface of the Ti/ta-C electrodes9-165166, In XPS studies,
around 0.3-0.5 at% Ti is detected on the surface of the Ti/ta-C electrodes. More studies are
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required to fully understand the role of Ti in the electrochemical properties, and its influence
on the performance of electrodes in electroanalytical applications.

As discussed in Chapter 3, other aspects of the surface chemistry are also expected to
influence the electrochemistry of inner sphere analytes. XPS studies have also found a
relatively high amount of 7.5-12 at% oxygen, as well as 0.4-0.8 at% of nitrogen at the surface
of Ti/ta-C electrodes961%6. Lower surface oxygen of 4.2 + 0.2 at% was found also by Etula et
al.35 on a 36 nm ta-C film, deposited with the same FCVA system, without the Ti adhesion
layer, indicating that the use of Ti adhesion layer may also influence the oxygen content of the
surface. Nevertheless, further studies with high resolution XPS revealed the presence of C-O
(7.5+ 0.1%),C=0(3.7 £ 0.2 %) and COO (2.1 £ 0.1 %) groups*6¢. Similarly, XAS studies have
confirmed the presence of ketone/aldehyde and carboxylic groups on the surface of the Ti/ta-
C thins films73:165, These groups are expected to give the surface of the electrode a negative
charge. Zeta potential measurements carried out for the Ti/ta-C electrode gave pH 2.6 as the
isoelectric point, clearly supporting the presence of acidic functional groups on the surface4.

Table 3. Summary of physical, chemical and electrochemical characterization of Ti/ta-C thin film electrodes.

Method Observations Reference
XRR Bulk density (g/cms3): 3.042 135
AFM Roughness: 0.81-1.6 4 IV

Raman Ip/Ig: 0.62 £ 0.01,0.56 £ 0.01 v
XPS Wide: 91.2 +0.3%C, 7.5 + 0.1 % O, 0.5 + 0.03 Ti, 0.67- v

0.71 at% Si
C1s: CCGr28.7 + 1.3 %, CCsp3 57.9 + 1.4 %, C-O 7.5 £ 0.1
%,C=03.7 +0.2%, COO (2.1 £+ 0.1%) 166
XASP Cis: Presence of m* sp?, and o sp2 sp3,aldehyde/no long 165
range order
O1s: ketone/aldehyde, carboxyl,
Ti 2p: oxidized Ti detected
CcvV Water window: 3.5 V (0.15 M H.SO,) 3V (PBS) 35,41
FcMeOH"/°: AE, (mV) 59.1 + 0.9, k° (cm*): 0.402
Ru(NH3)e3*/2+: AE, (mV) 57.1 + 2.9,k° (cms): 0.245
Fe(CN)e4/3-: AE, (mV) 131, ke (cms1): 0.003
EIS Ru(NH,3)e3*/2+: Rs (Q): 17.78 + 3.69, Ret (Q): 10.06 + 2.28,
Cdl (uF/cm?): 10.37 + 7.04, K%, (cm s7): 0.420

2Bulk density of a 36 nm ta-C sample deposited on Si with the same FCVA process as the Ti/ta-C samples

— - -

® All spectra acquired in total electron yield mode

4.2 Single-walled carbon nanotubes

Carbon nanotubes have attracted wide attention since their discovery in 1991 by Ijima*7, due
to their exceptional electrical®®, mechanical'®9, thermal7° and optical properties3282. Single-
walled carbon nanotubes (SWCNTSs) are hollow cylindrical nanostructures, consisting of a
single rolled up sheet of graphene. Whereas, carbon nanotubes with several hollow cylinders
stacked inside one another are called multi-walled carbon nanotubes (MWCNTSs). MWCNTSs
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have been more widely applied in electrochemical sensing, due to their higher number of
defects, thought to support fast reaction kinetics, and ease of chemical functionalization
without the loss of electrical conductivity. SWCNTs also have a number of interesting
properties for electrochemical sensing, including high conductivity, chemical stability,
relatively low capacitance, and optical transparencys28217.172, Like most carbon electrodes, they
also show wider potential window compared to noble metal electrodes'7s. Their small size also
results in high mass transfer coefficients and improved signal-to-noise ratio4s.

The chemical stability, however, also makes altering the surface chemistry with chemical
treatments difficult. In Publication II, we show that the SWCNT networks are almost
impervious to short immersion in concentrated nitric acid, used to activate other carbon-based
nanomaterials4?. Whereas in Publication I, the same treatment affected both the surface
chemistry and the electrochemical response of the PRGO modified Ti/ta-C electrode. Oxygen
plasma treatments and harsher chemistries lead to damage of SWCNTs causing a decrease in
conductivity’s2, Atmospheric plasma and electrochemical treatments have, however, been
shown to be effective ways for surface chemistry functionalization, while preserving the
conductivity of the networks7:. Moreover, chemistries have been developed for covalent
modification of the sidewalls and adsorption of modifiers through hydrophobic
interactions!74:175,

Due to the SWCNT dimensions, phonons are confined in 1-D. Therefore, the density of states
(DOS) are in the form of sharp peaks called van Hove singularities (vHS), and thus a SWCNT
with a certain chirality will have a discrete set of vHS in its valence and conduction bands7.
The electrical properties are determined by the chirality of the SWCNT, i.e. how the graphene
sheet is rolled up. SWCNT can be either metallic or semiconducting and most synthesis
methods yield 1/3 metallic and 2/3 semiconducting tubes7°. Theoretical modeling has been
used to predict that SWCNTSs with different chirality have different rates of electron transfer'72.
These results are supported by SECCM studies of individual SWCNTs with nanoscale
electrochemical devices'76-178. Guell et al.'7¢ found that, while both metallic and semiconducting
SWCNTs exhibited high rate constants for ferrocenylmethyl-(trimethylammonium)
(FcTMA+/2+), the electrochemistry of the outer sphere redox probe Ru(NH;)s2*/3+ is very
sensitive to the electronic character of the SWCNT. At semiconducting SWCNT no reduction
was observed for Ru(NHj)s2+/3+, except at large overpotentials. In an earlier work, it was noted
that the semiconducting SWCNTs are in the charge accumulation state in the potential range
of Fe'TMA* and thus shows metal like behavior'78. They further noted that the redox potential
of Ru(NHj;)s2*/3+ lies in the depletion region of the semiconducting SWCNT. They suggested
the simultaneous measurement of Ru(NHj;)s2*/3* and FcTMA* as a way to distinguish between
metallic and semiconducting SWCNTs in SECCM measurements.

There is a widely adopted view, that the carbon nanotubes are highly electrocatalytically inert
unless modified, doped, or defected. Moreover, it has been proposed that the electrocatalytic
properties are at least in some cases due to the presence of metal catalysts or nanographite
impuritiestoo153, Scanning electrochemical cell microscopy, however indicates that pristine
SWCNT sidewalls show high rates of electron transfer with OSR probes, as well as high activity
towards oxygen reduction'7? and oxidation of serotonin'76. In fact, Byers et al.”79 reported
activity comparable to that of standard gold electrocatalysis, at pristine SWCNT sidewalls.
Despite this, they reported significantly enhanced activity towards oxygen reduction at kinked
sites and regions modified by oxidation. These studies, however, clearly show that pristine
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sidewalls of SWCNTs are electrochemically active and can support fast reaction kinetics for
both OSR and ISR probes.

In electrochemical sensors, SWCNTs are used both as conductive elements in electrode
material composites, as well as in the form of porous thin films also called SWCNT networks.
In this thesis, we focus on the latter. Such SWCNT network electrodes show interesting
properties for electroanalytical applications. First, the porosity of the SWCNT films can trap
pockets of solution between the SWCNTs leading to the formation of thin liquid layer4o.
Second, low density SWCNT networks on insulating substrates show very low background
currents, but enhanced mass transfer, leading to increased signal-to-noise ratios. Both these
properties are very attractive in trace analysis.

The large aspect ratio of SWCNTSs causes them to stick together, forming large bundles held
together by van der Waals forces. Therefore, one major challenge in fabricating CNT films is to
separate the tubes without using covalent chemistries or harsh conditions, which could lower
their electrical conductivity. The weak forces holding together the bundles, allow for slippage,
of the SWCNTs, making the network mechanically weak. This, however, also makes SWCNT
networks able to retain their conductivity after large deformation, enabling their use in flexible
electronics. SWCNT networks electrodes have been shown to retain their conductivity even
after 30 000 bending cycles at extreme bending angles of 180°.32 To make the electrodes
mechanically more robust, SWCNT electrodes are often embedded in a polymer matrixse,

The SWCNTs in the networks used in this thesis are randomly oriented. As the SWCNT
bundles consist of a mixture of metallic and semiconducting SWCNTs, the electronic
properties are dependent on the density of SWCNTs. Thus, a very low-density network may
have no percolation paths to support conduction. With increased density, the network will
exhibit semi-conducting properties due to the larger fraction of semiconducting tubes. Further
increase in the density increases the amount of metallic tubes and confers metallic behavior to
the network.82 The electrical conductivity of such SWCNT films with thicknesses above a few
monolayers can be described by bulk metal conductivity lawssz.

An overwhelming majority of CNT studies utilizes commercially sourced SWCNTs grown
using mainly high-pressure carbon monoxide (HiPCO), arc discharge or laser ablation and
purified to different grades of purity8:. These SWCNT powders are usually made into porous
conductive networks, mainly by drop casting onto inert substrates or conventional electrodes,
but also increasingly by printing technologies. In contrast, SWCNT networks with controlled
properties can be directly grown with aerosol chemical vapor deposition (CVD), collected and
dry-transferred onto a wide range of substratess2182183, In this thesis, we focus on the SWCNT
networks grown with aerosol CVD process and press-transferred onto insulating substrates,
such as glass or polymers. The step-by-step fabrication process of the electrodes used in
Publication III and V is shown in Figure 11.

SWCNTs may contain significant amounts of metallic impurities encapsulated within
graphite sheets or located on the sidewalls of the tubes®:. Presence of defects, amorphous
carbon and functional groups may also influence the electrochemical properties'ss. Therefore,
thorough characterization of the SWCNT thin film electrodes is required to understand the
origins of their electrochemical properties. These electrodes have been characterized in detail
in Publications II, IIT and IV and the results are summarized in Table 4. Raman and optical
absorption analysis (shown in Figure 12 A and B) indicate the presence of SWCNTs with a
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mean diameter of 2.1 nm and low defect density. TEM and HR TEM images, shown in Figure
12 C and D, respectively, show both SWCNT bundles and individual SWCNTs.
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Figure 11. Fabrication process of SWCNT electrodes on glass substrates from Publication IlI.
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Figure 12. A) Raman spectrum and B) UV-Vis spectrum of SWCNT network electrodes. C) TEM and D) HRTEM
images of the SWCNT electrodes press-transferred directly on TEM grids. From publication Il1.

HR TEM analysis reveals larger particles, with diameters in the range of 5-15 nm, on the
sidewalls of the SWCNTs, that are encapsulated by few layers of carbon. This likely explains
the resistance to oxidation of the Fe particles during short treatments in concentrated nitric
acid, as observed in Publication II. In addition, smaller 2-5 nm particles are observed within
the bundles. Furthermore, EDS analysis detected only C at the SWCNT sidewalls and C and Fe
on catalyst particles. In Publication IV we indexed the diffraction spots as metallic a-Fe and
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iron oxide. Further analysis in Publication III indicated the possible presence of metallic iron
and the iron carbide Fe;C. This TEM analysis indicates that the predominant crystalline phase
seems to be Fe;C for both the samples used in Publication IIT and Publication V. The XPS Fe
2p spectrum shown in Publication III, could indicate the presence of both metallic Fe, iron
oxide and iron carbides. Similarly, the XAS Fe 2p spectrum indicates the presence of iron oxide
or carbide as well as possible contributions from metallic Fe. Based on these results, it is highly
likely that the SWCNT network contains some mixture of metallic iron, iron carbides and
amorphous iron oxides. The XAS Cis spectrum further indicates, large number of i* orbitals
and long-range order, indicating low defect density. The Cis spectrum also revealed the
presence of ketone/aldehyde and carboxyl functional groups. The O1s spectrum further
supports these findings.

In CV measurements, we show that the SWCNT electrodes support facile electron transfer
with various outer sphere analytes. Furthermore, we show low apparent double layer
pseudocapacitance and high signal-to-noise ratio in trace detection of analytes. The
hydrophobic nature of the sidewalls has also been proposed to facilitate the adsorption of
analytes with conjugated m-electron systems!o9-112, In Publication III, we also show the
spontaneous accumulation of the lipophilic synthetic opioid fentanyl, leading to a much lower
detection limit than previously reported. This same hydrophobicity, however, makes the
SWCNT electrodes highly susceptible to irreversible fouling by proteins, as will be discussed in
more detail in Section 6.1.1. In applications where high temporal resolution is not required,
conductive polymer coatings and permselective membranes can be used to improve the
selectivity and reduce protein fouling.

Table 4. Summary of physical, chemical and electrochemical characterization of SWCNT network electrodes.

Method Observations Reference
SRa 88 Q/sq 111
Raman 0.102 £ 0.003, 0.021 111, VI
UV-Vis Mean diameter: 2.1 nm, optical transparency: 86.6 % II1
TEM Catalyst particle size: 2-15 nm, Diffraction patters: metallic 111
Fe and iron carbide

EDS Catalyst particles: C and Fe, SWCNT sidewall: C 111
XPS C71.74+0.2,08.7+ 0.2, Si* 19.5 + 0.3, Fe 0.1 + 0.01 111
XAS2 Cis: Highly sp2 bound carbon with clear long-range order, 11

Ketone/aldehyde and carboxyl peaks detected
O1s: ketone/aldehyde, carboxyl, o region convoluted by
native oxide of Si wafer substrate
N1s: Only very small signal detected for as deposited samples
Ccv Apparent double layer III
pseudocapacitance: (Ca): 10.3 + 1.0 pF/cm?

Ru(NH,)e3+/2*: AE, (mV): 73 £ 3.7 (100 mV/s) A%
Fe(CN)e4/3-: AE, (mV): 95.4 £ 12.1
IrCle—3/2-: AE, (mV): 51.0 £ 9.6

2Sheet resistance
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5 . Miniaturized integrated electrochemical
platforms

5.1 Printing technologies

In the last 20 years, printing technology has emerged as one of the most promising methods
for serial production of reliable single-use devices, keeping both their affordability and
analytical performance!84185, There is no doubt about the role of printed technologies as an
enabling technology for the manufacturing of POC devices. Many comprehensive reviews on
the topic have been published and will therefore not be attempted here84-19, Instead, the
screen printing and dry printing processes are briefly introduced. The challenges in fabrication
of miniaturized reference electrodes are also discussed in Section 5.2.

Whereas standard microfabrication techniques are still predominantly used for fabrication
of integrated implantable sensors, wearable sensors and integrated electrochemical test strips
are often produced by screen-printing or other printing technologies!84. Ink-jet printing is also
increasingly used for production of patterned electrodes° and modification of screen-printed
electrodes'84. The main advantage of ink-jet printing is the reduced lead-time for pattern
design changes, as no masks are required. With a fixed design, screen-printing is often more
efficient, requires less complicated equipment and is fully roll-to-roll compatible. Moreover,
once design patterns have been fixed, screen-printing is a high throughput technology. The
cost competitiveness and industrial maturity of the screen-printing process, coupled with the
potential for mass utilization, easy customization, portability and ease of use, have made SPEs
the most used printed sensors reported in literature'84. Commercial glucose test strips have
long been mass produced by screen-printing. These fully integrated sensor platforms are
capable of reliable analysis from small samples with volumes from a few to tens of uL. Recently,
such screen-printed integrated electrode strips have become commercially available from
several reputable companies'®4, and are therefore increasingly used as electrochemical
platforms, as received or after further modification, by researchers.

In the screen-printing process, an ink or a paste is squeezed through a mesh-screen onto a
substrate with a blade. The mesh contains a pattern that defines the dimensions of the
electrode.!85 In contrast, ink-jet printing ejects small picoliter volume droplets from an ink-jet
head. Both these technologies can produce linewidths with lower limits of 30-50 ums2191.192 |
easily enough for most applications. Fabrication of nanoelectrodes, however, still requires
standard lithography for patterning of electrodes. Despite the many advantages of screen-
printing, design changes still produce lead-times due to the need to redesign the mesh-screens.
In addition, carbon inks are usually resistive. Therefore, conductive base-patterns, usually Ag,
have to be screen-printed in a separate step. In integrated sensor platforms, this step is usually
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made in the same set as the base-pattern required for the Ag/AgCl reference electrode. In
addition, the used ink/paste formulations are complex and include solvents, binders,
plasticizers and modifiers.!88 Moreover, the compositions of these ink formulations are usually
regarded by the manufacturers as proprietary information. Differences in the ink composition,
such as type, size and particle loading, as well as the printing and curing conditions, may affect
the electrode performance.93

Most screen-printed electrodes where the working electrode is graphite based, often referred
to as screen-printed carbon electrode (SPCE), suffer from the same limitations as conventional
carbon electrodes, namely limited sensitivity and selectivity. Their performance can, however,
be modified with a wide range of nanomaterials, polymers, enzymes, nucleic acids, and
electrochemical mediators, directly in the ink or subsequently by using drop-castable
dispersions?84, To this end, homemade ink formulations including modifiers, such as carbon
nanoparticles, are also increasingly reported88. Screen-printed electrodes are also increasingly
modified by drop casting, ink-jet printing, electrodeposition or dip-coatings4. This
customization of composite inks makes a large range of properties and hybrid materials
possible. Moreover, screen-printed carbon electrodes functionalized with carbon
nanomaterials have also recently become commercially available.

Recently, dry-printing technologies have emerged as industrially compatible ways to produce
patterned nanomaterial-based electrodes. One such process is the dry printing of SWCNT
networks3282, that can be used to make electrochemical electrodes. These can be prepatterned
by collection through a mask, or by subsequent pattering using laser or standard lithography
and dry-etching techniques. Direct patterning down to 10 pum line widths has been
demonstrated94. Laser patterning is a roll-to-roll compatible, high throughput process with
accuracy of 30 ums32, making it capable of linewidths comparable to other printing
technologies. Instead of developing new ink formulations functionalized with nanomaterials
or subsequent modifications, SWCNT films can be synthesized with aerosol CVD, collected and
dry-transferred onto a wide range of substrates, including polymers, silicon and glass. By
varying the process parameters of the aerosol CVD process, SWCNT film properties such as
the thickness, morphology amount of metal catalysts, chirality and defect density can be
controlled®282, In Publication VI, we show the fabrication of fully integrated, patterned
SWCNT electrodes, by dry printing of SWCNT films onto polymer sheets followed by laser
pattering. This process is discussed in detail in Chapter 8.

5.2 Miniaturized reference electrodes

In miniaturized electrochemical platforms, the reference electrode is a crucial component used
to measure and control the solution side potential. Despite the recent increase in the
availability of screen-printed electrodes, the challenge of fabricating inexpensive, durable and
reliable miniaturized reference electrodes still remains challenging9s. The poor performance
of miniaturized reference electrodes has significantly limited the applicability of miniaturized
electrochemical platforms, particularly in potentiometric sensing9s. In this section, we will
focus on the challenges of producing inexpensive pseudo-reference electrodes, also called
quasi-reference electrodes (QRE), for disposable test strips. In implantable sensors, long term
stability is also required, and more complicated designs and fabrication techniques including
standard microprocessing techniques are used. The most commonly used reference electrode
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in electrochemical sensing is the Ag/AgCl electrode. This reference electrode operates based
on two simultaneous reversible reactions

Agaq) +e S Ag(s) (10)
Ag(tzq) +Cl” = AgCl(s) (11)

And the potential of the electrode is determined by the Nernst Equations as follows

E=E°— 2.303:—£10g e, (12)

where E° is the electrode standard potential, n is the number of electrons transferred in the
reactions, R is the molar gas constant, T is the temperature in Kelvin and F is the Faraday
constant and [Cl-] denotes the free chloride ion concentration. From this, it follows that the
Ag/AgCl electrode in theory exhibits a susceptibility of — 59.16 mV/pCl (at a temperature of 25
°C) toward the CI- ion concentration. In conventional Ag/AgCl electrodes the environment is
controlled by incasing the Ag/AgCl wire in a glass capillary filled with electrolyte with known
[CI] concentration. The main difference between QRE and normal Ag/AgCl electrodes is that,
in the QRE electrode the [Cl] is not maintained by a layer with constant Cl- concentration. This
makes the QRE susceptible to fluctuations in Cl- and Ag+ concentrations. For the same reason,
the potential of screen-printed Ag/AgCl electrodes can also be susceptible to interference from
other ions!96:197,

Pt, Ag or Ag/AgCl wires are examples of commonly used pseudo-reference electrodes?ss.
Miniaturized reference electrodes are commonly fabricated both by screen-printing and other
microfabrication techniques or a combination thereof. These fabrication methods have been
thoroughly reviewed by Shinwari et al.98 and Sophocleous et al*9¢. A major problem with silver
thin film pseudo-reference electrodes in miniaturized systems, is the rapid dissolution of small
electrode volumes, leading to short life times!98. Quasi-reference electrodes also suffer from
drifting potentials during measurements, long run-in times before the potential stabilizes and
relatively short shelf life95196, Therefore, thick film technology, predominantly screen-
printing, is the main method used to fabricate Ag/AgCl electrodes. Presently, both Ag and AgCl
inks are commercially available. In a typical process, silver is first screen-printed as the
conducting layer, after which an AgCl top layer is screen-printed. General requirements of
miniaturized reference electrodes include:

i) Must have high exchange current and thus be non-polarizable
ii) Reproducible potentials

iii) Minimize potential drift, over the expected lifetime of the sensor
iv) Minimize susceptibility to chloride ion concentration

V) Minimize susceptibility to other anions

The performance of these QRE is generally described by its potential stability, drift rate,
lifetime, hydration period, shelf-life, price and compatibility with mass production. To achieve
satisfactory performance in applications requiring long-term stability, such as implantable
sensors and environmental monitoring, all the components of conventional reference
electrodes, including metal, salt filling solution and interfaces need to be miniaturized. Other
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limitations on materials selection may also be imposed by the nature of the experiment. For
example, in the case of an implantable sensor, the electrodes should not introduce foreign
toxins into humans, which necessitates the use of highly polarizable electrodes.

Various multilayer designs incorporating coatings that aim to reduce the fluctuation of Cl-
concentration, as well decrease potential drift and increase shelf-life, have been reported. With
these designs, susceptibilities much lower than the 59 mV, predicted by the Nernst equation,
can be achieved. These designs have been thoroughly reviewed by Sophocleous et al.»9¢. It
should be noted, however, that such complex designs may significantly increase the cost of the
electrodes and in some cases compromise the mass producibility of the sensor. Moreover, such
designs often involve a trade-off between hydration time and drift rate of the electrode, which
is not desirable in POC testing.

Many of the more complicated designs have been fabricated for potentiometric sensing
applications requiring high stability and drift rates below 1 mV. Such strict requirements are,
however not required in voltammetric and amperometric sensing, and therefore simpler
designs may be used. Even with these techniques, however, fouling and other degradation
mechanisms have to be considered in implantable sensors.

Polymer coatings have been widely used to stabilize the potential of Ag/AgCl reference
electrodes. Nafion coatings in particular, have been found to be effective in stabilizing the
potential of Ag/AgCl electrodes, as well as in improving the long term stability in vivo99-20z,
Nolan et al.20 used Nafion coatings to stabilize the potential of screen-printed Ag/AgCl
electrodes. Moussy et al.»99 have also shown that the potential of a Nafion-coated Ag/AgCl
electrode remained constant for up to 2 weeks after implantation in a rat. Similarly, Hashemi
et al.4* also found that Nafion coated Ag/AgCl electrodes implanted in the brain of rats
remained stable for up to 28 days. In contrast, the uncoated electrode showed a potential shift
of +0.2V already after 4 days. They further observed that, while both the uncoated and coated
electrode implantation sites showed extensive glial encapsulation, the lesion around the
Nafion-coated electrode showed more intact cells, implying that they adsorb less strongly than
on the uncoated electrode. In Publication VI, we propose a process for the fabrication of Ag
pseudo-reference electrodes by screen-printing Ag and slot die coating with Nafion. To ensure
adequate performance, both uncoated and Nafion coated electrodes were studied in supporting
electrolytes with different Cl- concentrations.
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Figure 13. A) Potential of the uncoated and Nafion-coated Ag quasi-reference electrode vs. Ag/AgCl(sat.) in 0.01
M PBS solution. B) Potential as function of the CI- concentration in KCI solutions and. Error bars show
the standard deviations of measurements with 3 different electrodes. Adapted from Publication VI.
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Figure 13 A shows the potential of uncoated and Nafion coated Ag reference electrodes in 0.01
M PBS solution, vs. a Ag/AgCl(sat KCl) electrode. Both the measured electrodes start at a
potential of 84 + 1mV. The potential of the uncoated electrode, however, drifts significantly
during the measurement and stabilizes only after approximately 2h. In contrast, the Nafion-
coated electrodes immediately shows a stable potential that remains stable for up to 7 days,
with a potential drift of only 9.85 mV. In the study by Moussy et al.»99, 30-35 min was required
for the potential to stabilize. During a 7.5 h measurement in Publication VI, a potential of 84.78
mV with a maximum deviation of less than +1 mV was obtained. The potential stability and
drift rate are comparable to screen printed Ag/AgCl electrodes with much more complicated
design, with protective layers incorporating a salt matrix (KCI)96. Moreover, we also showed
that the potential remains stable for approximately 1.5 years under ambient conditions,
indicating excellent shelf-life.

The susceptibility to Cl- concentration was further studied by measuring the potential in KCl
solutions with different concentrations. Figure 13 B shows the average potential of three
uncoated and Nafion coated reference electrodes as a function of the logarithm of the Cl-
concentration. The potential of the Nafion coated Ag reference electrode depends linearly on
the logarithm of the Cl- concentration of the electrolyte with a slope of -33.9 mV/log[CI-]. The
potential of the uncoated electrode shows less dependence on the Cl- concentration.

These results show that the Nafion-coated electrodes can be used for voltammetric
measurements in POC applications without any preconditioning. The uncoated electrode also
shows a sufficiently slow drift rate, that it can be used as a disposable electrode for single
determinations. The potential drift, however, significantly limits its use in applications
requiring long-term stability. Furthermore, while the susceptibility of the Nafion coated
electrode is lower than that predicted by the Nernst equation, its use is still limited to
applications where the sample Cl- concentration is known. The ionic strength of blood is close
to that of PBS and variations are relatively small2c2. The interference of other anions and
further studies in biological matrices with varying pH and ionic strength still need to be carried
out, to assess their applicability in implantable sensors and POC testing in other biological
matrices.
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6 . Electrochemical measurements in biological
matrices

6.1 Challenges in electrochemical detection in biological matrices

Sensors developed for in vivo detection or in vitro determination of drugs and biomolecules
from minimally processed biological samples have to be highly selective and resistant to
biofouling. Biological matrices such as urine, blood and saliva are highly complex matrices with
an abundance of chemicals that may cause interference and passivation of the electrode.
Especially whole blood is a highly complex matrix with blood cells, proteins and a wide range
of biomolecules at relatively high concentrations.
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Figure 14. Composition of whole blood samples.

This complexity, shown in Figure 14, presents several challenges to any point-of-care testing.
In conventional laboratory-based analysis, several pretreatment steps are usually required,
including centrifugation to obtain serum or plasma and protein precipitation2°s. In contrast,
only minimal processing can be carried out in the POC detection, and in vivo detection
naturally allows for no altering of the measuring environment. Therefore, these challenges
need to be considered when electrodes are designed.

6.1.1 Electrode fouling

Electrode fouling is a phenomenon that generally involves the passivation of an electrode
surface by a fouling agent that forms an impermeable layer on the electrode. The increasing
buildup of such a layer can hinder the direct contact of an analyte of interest with the electrode
surface, making electron transfer impossible29. The fouling agent may be a component of the
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matrix, the analyte itself, or a product of the electrochemical or subsequent chemical reactions.
The fouling agent binds to the electrode surface through hydrophilic, hydrophobic and
electrostatic interactions29-204. Covalent modification of carbon surfaces by electrogenerated
radicals has also been reported2os. Generally, carbon electrodes are considered to be less
susceptible to electrode fouling compared to noble metal electrodes in complex matrices, but
they also suffer from electrode fouling?29.105.159,

Many factors, including surface chemistry and surface roughness29.105.204,206-208 " affect the
fouling of carbon electrodes. The electrode fouling and degradation mechanisms, as well as
different antifouling strategies to maintain electrode performance in biological environment,
have been discussed in great detail in the reviews by Hanssen et al.29 and Wisniewski and
Reicherts:. They found that, common methods to reduce biofouling include surfactant
modification, hydrogel coatings, polymer and cellulose membranes, naturally derived
membranes, hydrogels, as well as surface chemistry and topography modifications.

In both POC testing of blood samples and in vivo monitoring of neurotransmitters, the
electrode needs to be able to produce reliable results in the presence of proteins. Especially
blood samples contain large amounts of proteins, mainly albumin, but also globulins, and
fibrinogen=202, that may rapidly foul most electrodes. In aqueous solutions, the outer layers of
soluble proteins are hydrophilic and they are hydrophobic on the inside, to maintain the
protein folding. Due to this dual nature, proteins can foul both hydrophobic and hydrophilic
electrodes29. This was further shown by Sweryda-Krawiec et al.209 who observed that the water
contact angles of hydrophobic and hydrophilic surfaces approach the same value of
approximately 60° upon adsorption of bovine serum albumin (BSA), indicating direct
functionalization of both surfaces by adsorption of BSA. The fouling of hydrophilic surfaces
has been postulated to occur mainly through hydrogen bonding and electrostatic interactions
between charged groups, making the fouling of hydrophilic surfaces reversible. In contrast,
fouling of hydrophobic surfaces is irreversible, and usually involves unfolding of the protein to
allow for hydrophobic inner parts to interact with the electrode surface.29.210
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Figure 15. Effect of 1h incubation in 4 wt% BSA at room temperature. Cyclic voltammogram in A) 100 uM DA and
B) 500 uM AA with pristine (blue) and BSA incubated electrodes after 15 min rinsing in PBS (red).
Scan rate: 100 mV/s. Supporting electrolyte pH 7.4, 0.01 M PBS.

Due to the hydrophobic nature of the defect free SWCNT sidewall, SWCNT electrodes are
highly susceptible to irreversible hydrophobic protein fouling2. To further investigate the
effect of fouling, similar electrodes as the ones used in Publication III were measured in DA
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and AA, after the 1h incubation in 4 wt% BSA and washing in PBS for 15 min. Figure 15 shows
clear passivation of the electrodes after incubation in BSA, in the cyclic voltammograms of A)
100 UM DA and B) 500 uM AA. Thus, modification of the electrode surface chemistry or coating
of the electrode is required to improve the fouling resistance. In Publication V and VI, we use
Nafion membranes to enable measurements in mildly diluted human plasma and capillary
whole blood, without protein precipitation.

In contrast, DLC films, including ta-C, are often-reported to be resistant to biofouling29-206.207,
This fouling resistance has been attributed to the high sp3 fraction of ta-C films. Similarly, the
high sp3 content of BDD films, together with the low presence of polar surface functional
groups, is thought to make this electrode resistant to fouling by many fouling agents.2> BDD
electrodes have also been found to be more resistant to biofouling than GC electrodes2'* and
more resistant to fouling by DA than a wide range of other carbon electrodes'©s. Moreover,
Trouillon & O’Hare2" found that the presence of oxygen containing functional groups on the
surface reduced the fouling of GC electrodes. Similar results have been obtained also for DLC
films=06, In contrast to BDD films, our Ti/ta-C films have an sp2 rich surface layer with presence
of polar functional groups, such as carbonyl and carboxyl3765212, This is further supported by
the low isoelectric point of 2.6, for the Ti/ta-C films4.. Isoaho et al.’s9 showed that Ti/ta-C
electrodes preserve their activity toward the outer sphere redox probe FcMeOH after
incubation in BSA.

In contrast, Peltola et al.208 showed that, while the electron transfer of Ru(NH;)s2*/3* was not
significantly affected by BSA fouling, incubation in fetal bovine serum (FBS) caused a small
increase in electron transfer resistance of the Ti/ta-C electrode. The negatively charged OSR
probe IrCls?, was significantly affected by both BSA and FBS incubation. Moreover, significant
fouling by both BSA and FBS was found for the ISR probe DA, known to require adsorption
prior to electrochemical oxidation2:3-24, These results suggest that Ti/ta-C films are not
resistant to protein fouling, but are in some cases capable of preserving the electrochemical
activity despite protein adsorption. For this reason, studies with only BSA may not accurately
reflect the electrode fouling. Peltola et al. further noted that BSA fouling also had barely any
effect on Ru(NHj)2+/3+ on a pyrolytic carbon electrode. It could be that the negative charge of
BSA (pI = 4.9) adsorbed on the surface, does not cause any electrostatic hindrance for cations.
Moreover, it has been proposed that complex multiprotein matrices, such as FBS, can form
passivation layers with multiple proteins, which could explain the more complete fouling2:°.
Therefore, fouling experiments should also be carried out in more complicated matrices and
with several redox probes, preferably including also the target analytes.

In addition to proteins in the matrices, electrogenerated reaction products also have the
potential for electrode fouling. Especially phenol, catechol and nitrogen containing functional
groups are known for their ability to foul the electrode29205215216, The fouling has been
proposed to be due to high molecular weight reaction products or by covalent attachment to
the electrode surface. This is of special concern for wearable and implantable sensors that need
to preserve their activity for up to weeks. Patel et al. o5 showed that different carbon electrodes
foul at different rates with consecutive scans in DA solutions. Electrodes with high surface
roughness have also been found to be more resistant to fouling by electrogenerated reaction
products29.

The Ti/ta-C electrode is highly susceptible to electrode fouling by electrogenerated reaction
products of dopamine9. In Publication I, we showed that the electrode fouling can be greatly
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reduced by modifying the Ti/ta-C electrode with PRGO. Porous electrodes are generally
considered to have higher fouling resistance to a wide range of fouling agents29-208. Figure 16
shows the passivation study for the SWCNT electrode, with consecutive scans in 15 M fentanyl
citrate, carried out in Publication III. Despite the passivation observed at high concentrations,
no passivation was observed with over 10 consecutive scans at concentrations of 1 uM and 500
nM. In contrast, the Ti/ta-C electrode was severely passivated already on the 3 scan in 1 uM
fentanyl citrate, despite very low sensitivity to begin with. It is likely that the porous nature of
SWCNT electrode protects it from passivation.
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Figure 16. Passivation study with consecutive differential pulse voltammetry measurements with 15 uM fentanyl
in PBS with SWCNT electrode from Publication Ill.

6.1.2 Selectivity

Analytical interference from a wide range of sources, is a well-known phenomenon in the
clinical laboratory2v. The capability of a method to deliver signals free of interferences, and
true results is an important quality criterion of an analytical method. This capability is often
referred to as the “selectivity” of the sensor for analytical method. The same meaning is often
given to the term “specificity” and unfortunately, the two terms are often used interchangeably
in literature2:8. The International Union of Pure and Applied Chemistry (IUPAC) defines
selectivity as follows:

“Selectivity refers to the extent to which the method can be used to determine particular
analytes in mixtures or matrices without interference from other components of similar
behavior.”

They also define the word “specific” (in analysis) as being considered the ultimate of selectivity.
They also advocate the use of selectivity.2!® In addition, the International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) defines
specificity as “the ability to assess unequivocally the analyte in the presence of components
which may be expected to be present”29. As it is generally recognized, that no assay is
completely specific under all conditions, and it is not always possible to demonstrate that an
analytical procedure is completely specific, the term selective will be used in this thesis, where
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the interference of different chemicals is considered. While it is acknowledged that few
methods are completely free from interference under all conditions, liquid chromatography
with tandem mass spectrometry (LC-MS-MS) vyields a selectivity which is rarely
compromised. Therefore it is often required in legal situations when positive and nonbiased
identification is needed.

For electrochemical POC assays, the limited selectivity in complex samples is almost always
the limiting factor. The selectivity is also an important parameter studied in the validation of
laboratory-based immunoassays for detecting small molecules. In the ICH validation
guidelines, the procedure used to demonstrate selectivity will depend on the intended
application, and therefore expertise is required to asses which interferents should be studied.
In addition to proteins (discussed in the previous section), biological samples contain a wide
range of small molecules that can cause interference in electroanalysis. In addition, variations
in the ionic strength and pH may cause altered voltammetric response. Therefore, at least the
following classes of chemicals should be considered for each application:

i. Endogenous chemicals

ii. Other drugs and xenobiotics expected to be present
iii. Metabolites of drugs and xenobiotics

iv. Changes in pH and ionic strength

The first group of interferents is the biomolecules present in biological samples. Table 5
presents a non-exhaustive list of the concentrations of mainly small molecules, found in blood
and cerebrospinal fluid (CSF), that are known to be electroactive. It should be noted that Table
5 is not intended to be an exhaustive summary of the composition of blood and CSF. Rather,
the aim is to show some of the approximate concentrations of some endogenous chemicals with
the potential to cause interference. Urine is also commonly used in recovery tests of
electrochemical sensors, because it contains many of the same interferents as blood and is easy
to collect. Moreover, the low protein concentrations (albumin 7-70 mg/122°) makes direct
analysis possible without protein precipitation. Despite its applicability for screening of drugs
or other biomarkers, urine in most cases provides little information about the blood
concentrations. It is also highly variable in composition and metabolite concentrations2=1.
Therefore, an electrode developed for analysis of urine samples is not necessarily applicable in
analysis of blood samples. For this reason, urine has been excluded from Table 5 and its
composition is discussed in great detail elsewhere221.

As seen from Table 5, the plasma protein concentration is also much higher compared to that
of CSF, making protein fouling a real challenge in blood samples. Over 9o percent of plasma is
water, with the remainder being mostly proteins, such as albumin, globulins, and fibrinogen—
as well as other solutes such as lipids, glucose, electrolytes, and dissolved gases. In addition,
biological matrices contain various inorganic constituents, such as salts, that can have variable
concentrations.202 Blood also contains a large number of small molecules with the potential of
causing significant interference in electrochemical measurements. It has been shown that the
blood concentrations of many of these interferents vary with diet and exercise, time of day, sex,
age and diseases202243.280.281 Therefore, any electrode platform has to be able to cope with not
only these relatively large interferent concentrations, but also with relatively large variations
in these concentrations.
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Table 5. Non-exhaustive list of endogenous chemicals in blood and CSF samples known to be electrochemically
active. The oxidation potentials have been reported for various carbon-based electrodes with a wide range
of chemistries in various supporting electrolytes with pH close to physiological. If other reference electrodes

were used, the potentials have been converted to Ag/AgCl reference electrode.

Molecule Concentration Oxidation
potential
(Vvs. Ag/AgCl)
plasma/serum | CSF
Proteins
Albumin 38.63-42.59 g/1.222 170-269 mg/1.222 0.745-0.845223

Total protein

67.2 g/1.202 0.25-0.39 g/1222

NA

Purine derivatives

Uric acid 160-470uM224-226 15.3-24 uM226.227 0.27-0.32228,229
Adenosine 0.2 + 0.1 uM=26 <0.1 puM=26 Peak 1: 1.0-1.2
Peak 2: 1.523-230
Adenine 0.3 + 0.1 uM=226 <0.2uM 0.94-1.2231,232
Xanthine 0.4 £ 0.1 uM=226 1.69-2.3 pM226.227 0.64-0.71228:229
Hypoxanthine 0.6 £ 0.1 pM226 2.23-3.06 UM 1.04-1.1228,229
226,227
Glutathione 041 + 155 uM=33 0.24 + 0.07 uM=234 0.35-0.67235-237
Amino acids
Histidine 40 #+ 17 uM=38 7.7 £ 5.6 uM?=38 1.1239
Tyrosine 35.1-69 M?226238 7.6 £ 4.9 uM226238 0.67-0.78239-242
Methionine 25-36 uM238:243 2.8 + 1.9 uM=238 ~1.2239
Tryptophan 35 + 13 uM?226238 1.2 + 0.8 uM=38 0.79-0.963239:240
Cysteine 45 + 23 uM=43 traces244 0-0.75235:245-248
Cystine 29-49 uM=249 0.2 + 0.3 uM?244 1.2-1.42239:250
Vitamins
Ascorbic acid, 43.48 £ 13.34 pMz=s 166 + 45.08 0-0.747:241,253
vitamin C QM 251252
Vitamin B 0.3-132 nM243:254 0.008-24 nM?255 0.76-0.795256:257
Vitamin A 1.9 +£ 0.5 uM254 0-927.57 nM258 0.8-0.9259
Vitamin D 17.5-89.9 nM 254,260 x 5-61 nM260x 1.12601
Vitamin E 10-40 M 224,254,262 23.9 + 9.3 nM?262 0.2-0.5259:263
Hormones
Thyroxine 0.102-0.115 pM264,265 2.41 + 0.46 nM?265 0.32006
(total) (total)
Estrogen 73-440 pM=267 8.4 £ 0.7 pM267 0.6268,269

Neurotransmitters and metabolites

Histamine 2.6-6.3 nM27° 2.70 £ 0.36 nM>27" 1.245-1.445%7
DOPA 6.24-8.37 nM273 0.51-2.54 nM?273 0.4%
Dopamine 0.06-3.9 nM273:274 0.59-2.96 nM273 0.223:275

Norepinephrine 0.07-4.31 nM?273:274 0.65-3.26 nM?273 0.223:275
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Table 6. Continued.

Epinephrine 0.11-0.33 nM>273 0-0.11 nM?273 0.223
3-Methoxy-4- 37.14 £ 9.77 nM274 49.2+11.4 pM276 0.2275
hydroxyphenylglycol
Homovanillic acid 38.48 + 5.54 nM274 0.198 £ 0.052 0.523
nM276

3- 0.024-0.789 nM277 15-200 nM?278 0.523
methoxytyramine

DOPAC 8.39-11.89 nM273 1.31-2.91 nM273 0.223

Serotonin 1.41-30.51 1.25-2.78 nM273 0.3523

nM273,274,279
5-Hydroxyindole- 9.10 + 1.36 nM274 0.1074+0.028 nM276 0.3523
acetic acid

*25-hydroxyvitamin D

Despite the wide range of molecules that have been electrochemically detected, very little
research has been carried out on the origin of the matrix effect observed in biological samples.
Moreover, few studies actually show the results of recovery studies carried out in biological
matrices. Nevertheless, interference due to anti-oxidants, such as ascorbic acid and uric acid
are often reported. The interference of AA and UA is frequently studied as they have oxidation
potentials close to that of dopamine, paracetamol and morphine that are some of the most
studied analytes in electrochemical detectionss.

Ascorbic acid

Ascorbic acid (AA), or vitamin C, is an important anti-oxidant acting as a free radical scavenger
in intracellular and extracellular fluid=82-284. AA has also been linked to differentiation of stem
cells into neurons, and neurotransmission of DA and glutamate285286, Under physiological
conditions (pKa = 4.2), AA exists in its deprotonated anion ascorbate form282. AA functions as
a one-electron donor, capable of reducing reactive oxygen and nitrogen species generated
during cellular metabolism.283 As can be seen from Table 5, AA is present at relatively high
concentrations in bodily fluids. The blood concentration of AA has been shown to vary in a
wide range depending on dietary and supplement intake202. AA is concentrated in the central
nervous system and is therefore of special importance for DA sensors287:288,

Ascorbic acid is electrochemically active and oxidized in the wide potential range of 0-0.6 V
(vs. Ag/AgCl), depending on the electrode material37:47.195.193, AA has been reported to cause
interference in the detection of many analytes, including DA, PA, MO and CQ3747:289.290, With
many electrode materials, such as GC, ta-C and screen-printed carbon electrodes, AA shows
slow reaction kinetics with a poorly defined broad peak in cyclic voltammetry, making it
particularly problematic in detection of dopamine. The postulated oxidation pathway for AA
at physiological pH is shown in Figure 17. In this mechanism, AA is first deprotonated to form
an ascorbate anion, after which ascorbate undergoes a reversible 2e- 1H* transfer, resulting in
dehydroascorbic acid (DHA). DHA further undergoes hydrolysis to from 2,3-diketogluonic
acid (DKG)291. It should be noted that this chemical step involves intermediates, that have been
omitted from Figure 17292293, The first electrochemical step has been proposed to proceed with
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an overall ECE mechanism294.295, In this mechanism, an e- is first transferred, followed by
proton transfer, and finally the transfer of the second electron. Ruitz et al.292 suggested that the
electron transfer steps are reversible and that the chemical reaction is the rate limiting step,
whereas Pietro et al.29 argued that the second proton transfer is rate limiting. Nevertheless,
the reversible nature of the electron transfer was later confirmed by Perone et al.29¢ who
observed a reduction wave of DHA with a hanging mercury electrode at scan rates above 100
V/s. The peak potential separation of 30 mV, further indicated a reversible 2 e- transfer.

HO d OH
o] o -H* -2e HO o +H,0 o O OH
g = +H* +2e° o WY\OH
0 O O OH
OH o)
Ascorbate Dehydroascorbic acid 2,3-diketogluonic acid
(DHA) (DKG)

Figure 17. Proposed oxidation pathway for ascorbic acid at carbon electrodes.

Uric acid

Uric acid (UA) is a cellular waste product formed by oxidation of purine derivatives
hypoxanthine and xanthine. Like AA, UA has important antioxidant activity, and has been
reported to contribute over 50% of the antioxidant capacity in blood. Its concentration in blood
is highly variable by factors such as diet, sex, age and metabolic syndrome.27 Patients with
hyperuricemia have high blood uric acid concentrations (= 7 mg/dl for men and > 6 mg/dl for
women), and it is a prerequisite for gout. The role of diet in hyperuricemia is not fully
understood, but high intake of fructose-rich foods and high alcohol intake seems to influence
hyperuricemia225297. Due to its low solubility in blood, the risk of urate crystal formation and
precipitation increases above concentrations of 6.8 mg/ml298. As can be seen from Table 5, the
UA concentration in CSF is considerably lower than in blood. UA is a weak acid (pKa = 5.8) and
therefore is present predominantly (98%) as its monovalent anion urate, at physiological
pH297-299_ Tt circulates relatively free of protein binding (< 4%).

Interference from UA is often reported in the detection of PA, morphine and even other
opioids that oxidize at much higher potentials than UA, such as codeine29°:3°, For this reason,
the highly variable concentrations of UA in biological samples is likely a major source of matrix
effect in electroanalytical chemistry. The proposed pathway for oxidation of UA is shown in
Figure 18, and involves reversible transfer of 2e- and 2H* to produce a very unstable quinonoid
diimine. This diimine radical further reacts with water to form imine alcohol.301-393 The first
electrochemical step has been shown to be reversible and a reduction peak can be observed at
fast scan rates (>1-20 V/s). The further chemical reactions are not well understood, but the
final products have been identified. The pathway of the last chemical steps is known to be
dependent upon the pH and phosphate ions concentration. A low pH favors formation of
alloxan and urea, whereas neutral pH leads to formation of allantoin and alloxan. Mechanisms
for these reactions have been proposed and are discussed elsewhere.30%:303.304 To the best of our
knowledge, no electroactivity of the final products allantoin and alloxan has been reported,
whereas urea has been detected by nickel catalyst modified electrodes in alkaline media3©s.
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Figure 18. The pathway for electrochemical oxidation of uric acid at neutral pH.

Other endogenous interferents

To the knowledge of the author, the matrix effect in electrochemical analysis of blood samples
has not been systematically studied. In addition, very few works actually show the
voltammograms of the recovery studies in biological matrices. In publications V and VI, as well
as other work!6, we observe significant matrix effects in plasma samples. As shown in Figure
35 and in?®, the matrix effect can be significantly reduced, but not completely removed, when
electrodes are coated with Nafion. Several additional potential interferents that may cause the
matrix effects are identified in Table 5.

The purine metabolites, xanthine and hypoxanthine, have been previously proposed to cause
peaks in voltammetry of blood and urine samples. In addition to a peak attributed to UA, Raj
et al.228 reported peaks around 0.65 V and 0.97 V in both human blood serum and urine
samples, with an electrochemically reduced graphene oxide modified GC electrode. They
further spiked the samples with xanthine and hypoxanthine and found that the currents of
both these peaks increased. The increased current in this experiment does not, however, prove
that the peaks observed in bank plasma are due to xanthine and hypoxanthine. As seen from
Table 5, relatively low concentrations of xanthine and hypoxanthine are found in plasma and
CSF. Moreover, the samples were diluted 10 times, making it unlikely that the peaks are only
due to xanthine and hypoxanthine.

In contrast, amino acids are present at relatively high concentrations up to few tens of pM.
Moreover, daily rhythms and diets cause variations in the concentrations of these amino
acids280. There are at least five electroactive amino acids, namely cysteine, histidine,
methionine, tyrosine, and tryptophan, whose electrochemical oxidation at carbon electrodes
has been reported239-3°6. In addition, electrochemical oxidation of cystine, a dimer of two
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cysteine molecules, has also been reported2s9-250, Other amino acids have also been studied, but
did not show any oxidation peaks in the pH range of 4-103°7. Moreover, it has been shown that
several proteins, including BSA, ribonuclease, lysozyme, histone fraction Hi, insulin and poly-
L-tyrosine produced voltammetric waves between 0.7 and 0.8 V (vs saturated calomel
electrode (SCE)). These peaks have been attributed to the tyrosine and tryptophan residues in
proteins223:308, Electrochemical analysis in combination with mass spectroscopy revealed a
specific cleavage of the peptide bond at the C-terminal side of tryptophan and tyrosine
residues3©9:3:0, More recently, oxidation of histidine residues in proteins and methionine
residues in peptides have been reported at high potentials with carbon electrodes=2°6.

Tryptophan and tyrosine contain phenol functionalities and are usually oxidized around 0.6
V. Histidine has a side chain with an amine and oxidizes around 1 V depending on the electrode.
Cysteine and methionine are sulfur containing amino acids. The oxidation potentials for thiols
in these amino acids show highly variable values depending on the electrode. That of cysteine
varies in the range of 0-1 V, whereas methionine is usually oxidized above 1V.239-242 The
relatively high plasma concentrations make it likely that amino acids contribute to the matrix
effect observed in plasma samples in Publication V (for codeine) and tramadol in¢. Amino
acids could also explain the residual peaks observed in biological matrices with Nafion coated
SWCNT electrodes (see Figure 34) as at least some amino acids have been reported to be able
to permeate Nafion membranes3,

In addition, biological samples contain hormones, vitamins and neurochemicals. These
endogenous chemicals are present at low concentrations but could be enriched by Nafion.
Despite their low concentrations, they also have the potential to cause interference, particularly
with highly sensitive modified electrodes used in trace analysis. For example, the list of
potential interferents is much longer for morphine compared to that of paracetamol, simply
due to the extremely large difference in the concentrations of these two analgesics expected to
be found in real patient samples.

It should be noted that biomolecules and drugs that are not electrochemically active may also
cause interference in electroanalytical chemistry, through competitive adsorption or electrode
fouling. For example, lipids and fatty acids can tightly adsorb to carbon electrode surfaces,
fouling the electrode2. Similarly, various small molecules that are not electrochemically active
can adsorb to the active sites of the electrode. Thus, this phenomenon can cause interference
by reducing the sensitivity of the electrode, causing deviation from the linear calibration of the
sensor. Finally, chemical reactions between analytes can also not be ruled out. For example,
ascorbic acid has been reported to re-reduce dopamine providing more dopamine for
oxidation2s. This phenomenon has been proposed as an explanation to the higher current
response observed in the presence of AA47. Careful validation of the assay is required to ensure
absence of such effects.

Other drugs

In addition to the endogenous substances, other drugs can also cause significant interference
in electrochemical detection. The voltammetric detection of a wide range of different drugs
have been revieweds:312313. The redox potentials of a wide variety of compounds have also been
obtained by modellings'4. Because systems with non-aqueous supporting electrolytes are often
used in modelling studies, the results are not always in agreement with experimental results
obtained in aqueous electrolytes. Moreover, with the vast number of drugs of abuse and
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accepted active pharmaceutical ingredients, these lists are clearly incomplete. In addition,
various other xenobiotics can be present in the samples. For example, caffeine and nicotine, as
well as their metabolites, should be expected to be present in many samples. In addition,
several chemicals may also be present due to environmental and food exposure to pesticide,
herbicides and plastic additives, to name a few=21315,

As it is not always feasible to test for all drugs, particularly in research, the ICH states that
expertise is required to assess which interferents need to be tested for4¢. The selectivity
requirement of an analytical method always depends on the application, and potential
interference from sources, such as other concomitant drugs and xenobiotics, should be
carefully considered. Because molecules with similar functionalities and structure tend to
oxidize at similar potentials, this information may be used to identify the compounds that are
most likely to cause interference. Figure 19 shows a non-exhaustive summary of the
approximate oxidation potentials, of certain functionalities based on literatures!6-326, It also
shows these functionalities in a few selected molecules important for this thesis.
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Figure 19. Approximate oxidation potentials based on literature3'8-32 of different functional groups and examples
of bio and drug molecules with these functionalities, with various carbon and Pt electrodes.

As seen from Figure 19, structurally non-related functionalities may also cause overlapping
voltammetric signals. Furthermore, many biomolecules and xenobiotics contain more than
one electrochemically active group, significantly limiting the selectivity in multianalyte
detection. The oxidation potentials of these functionalities are also highly dependent upon the
structure of the molecules. Both oxidation and reduction is energetically favored with
unsaturated base or acid groups, likely because it is easier to remove or add electrons when
rings contain n-bonding.32” In addition, the m-resonance stabilizes the oxyl radical reaction
products of enols, such as AA and catechols. Therefore, enediols and phenols have much lower
oxidation potentials, compared to aliphatic alcohols. The oxidation potential of the functional
group is also affected by substitution with electron withdrawing or donating substituents. Both
the electron withdrawing nature and position of substituents affects the oxidation potential.
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Generally, an electronegative substituent will increase the oxidation potential and vice versa.327
While, this general trend can be used to assess the effect of substitution on the oxidation
potential of a molecule, Peltzer et al.327 noted that molecules containing two or more functional
groups present a far more complicated problem, from which it is difficult to extract information
about the effect of a particular functional group.

It should further be noted here that the changes in electrode surface chemistry can also
significantly alter the voltammetry of drug molecules. Therefore, different molecules with the
same electroactive functionality may oxidize at different potentials at different electrodes. As
an example in Publication IV, we showed that the oxidation potential for PA was anodically
shifted by 300 mV after anodic treatment of a Ti/ta-C electrode. In contrast, the oxidation
potential of morphine was not significantly affected, despite the fact that the main peaks of
both these analytes have been proposed to be due to oxidation of the phenol
functionality322:328329, It should be further noted, that even small changes in the molecule can
significantly alter the interactions between electrode surface and the molecule, altering the
voltammetry response23!. This further highlights the importance of the electrode surface
chemistry, and interference studies with the electrode used in the assay. With the vast amount
of potential interferents in most applications, there is no substitute for validation studies with
real patient samples.

Finally, chemicals introduced upon sampling of blood must also be taken into account. If
tubes are used for collection of samples, an assay should study the potential matrix effects and
specify a protocol for sample collection. A wide range of test tubes with different additives are
available. Because, the additives are calibrated to provide the optimum blood/additive ratio,
improper filling or mixing may also cause interference in assays.2°3 Plasma and serum are
commonly used for recovery tests in electrochemical analysis. Plasma sampling tubes usually
contain anticoagulants, such as ethylenediaminetetraacetic acid (EDTA), heparin and sodium
citrate. Therefore, if samples are collected in test tubes after venipuncture, the results need to
be validated, to make sure that the tube additives (if present) do not cause interference in the
analysis.

Metabolites

The metabolites of the target analyte or other co-administered dugs, are often overlooked in
development of electrochemical sensors. Most drugs have complicated metabolic pathways
leading to the formation of several metabolites, that are expected to co-exist in the sample at
different concentrations. Because many drugs and other xenobiotics are detoxified in the liver
and excreted in urine, the metabolites are expected to co-exist with the target analyte in
biological samples. Particularly in urine samples, these metabolites can be present at higher
concentrations than the analyte22. Due to their similar structure and closely related chemistry,
the various metabolites have significant potential to cause interference in many analysis
methods, including immunoassays and electrochemical analysis32s:330, Therefore, when
assessing the selectivity of a sensor, the presence of metabolites of the analyte of interest, and
also those of other interferent drugs, should be considered. The metabolic pathways of
paracetamol and morphine are discussed in detail in Chapter 7. For controlled substances,
however, procuring all the metabolites of the analyte of interest alone may involve a lot of
bureaucracy and incur high costs. This, in conjunction with the fact that the number of possible
interferents quickly grows beyond what is practical to study, further highlights the importance
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of real patient samples and clinical studies, with parallel determinations using established
technology, to validate electrochemical assays.

Moreover, many of the same functional groups that are electrochemically active also undergo
chemical reactions catalyzed by various endogenous enzymes. This is particularly the case for
the oxidative metabolites catalyzed by CYP P450 enzymes. If sufficient selectivity is achieved,
individual pharmacokinetic parameters can be obtained in close to real time measurements.
This makes voltammetry an interesting technique for close to real time phenotyping. In
Publication V, we show that we can selectively detect the active metabolite morphine, in
presence of its parent drug codeine. Similarly, we showed selective detection of O-
desmethyltramadol and tramadol in'¢. Recently, we also showed that we can selectively detect
oxycodone in the presence of its main metabolites noroxycodone and oxymorphone32s.
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7 . Electrochemical detection of drug and
biomolecules

Each electroanalytical application presents its own unique set of requirements for sensitivity,
selectivity, as well as other properties. Naturally, it is desirable to have as high sensitivity and
selectivity as possible, but trade-offs between these properties are often required to achieve
overall satisfactory performance. For example, in the in vivo detection of neurotransmitters,
biocompatibility, long term sensor stability and fast temporal resolution are required. Due to
the temporal resolution requirement, control of background currents and selectivity are not
currently possible to the point where real-time quantitative detection can be achieved. In
contrast, the quantitative point-of-care detection requires extreme selectivity and control of
background current and matrix effects in biological samples. These two applications have very
different requirements that are summarized in Figure 20. Both these applications however,
usually require high sensitivity. Moreover, in both these applications the requirements need to
be achieved by tailoring of the electrode properties, as extensive sample processing is not an
option due to measuring environment or limited time for analysis. In this section, the
challenges and progress in two applications of electroanalytical chemistry, namely in vivo
detection of the neurotransmitter dopamine and point-of-care detection of analgesics, are
discussed.

In vitro diagnostics In vivo detection
& wearable sensors

y 4
- Fast time-responce
- Assay time < 15 min - Fast oxidation kinetics
- High selectivity - High sensitivty
- Elimination of matrix effects - Moderate selectivity
- High resistance to - High resistance to
bicfouling biofouling

- Long term stability

Figure 20. Summary of requirements for POC in vitro diagnostics and in vivo detection of neurotransmitters.
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7.1 In-vivo detection of dopamine

Dopamine is known to be an important neurotransmitter, modulating many aspects of brain
circuitry. It is an extrasynaptic messenger molecule functioning via volume transmission.
Abnormal transmissions have been linked to many neurological disorders, including
Parkinson’s disease, schizophrenia, attention deficit disorder, Huntington’s disease, obsessive
compulsive disorder and Tourette’s syndrome3s:332, In addition, DA has important roles in
neuronal plasticity, learning, memory, attention span and the brain reward system.23331:333 The
precise mechanism by which DA mediates brain function is not fully understood. Its
involvement in so many aspects of brain function makes its real-time detection highly
interesting to many fields of research, and could contribute to increased understanding about
neurodegenerative disorders and improve the efficacy of treatments'®. Moreover, invasive
treatments, mainly deep brain stimulation (DBS), are increasingly used to treat a variety of
neurogenerative disorders despite the fact that their mechanism of action remains largely
unknown. Real-time monitoring of the neurotransmission events secondary to DBS-targeted
regions has the potential to advance functional neurosurgical procedures.8

During DA transients, dopamine escapes the synaptic cleft and binds to extrasynaptic
receptors and transporters. The concentration of DA in the brain is determined by the rates of
release, uptake and mass transport. DA is released by dopaminergic neurons in asynchronous
low frequency tonic firing and periodic synchronous high frequency firing. The former is
responsible for the low basal levels in the range of 10-100 nM®. The latter is of high interest in
electrochemical detection, and has been corelated to reward seeking behaviorss+sss. After
electrical stimulation, increases in DA concentrations can be observed for approximately 100
milliseconds and they return to basal levels within few seconds. Similarly, transients in the
sub-second time scale (200-900 ms) have been reported after natural stimuli334:335. The peak
concentrations are usually in the 200-750 nM ranges34+335, but can reach concentrations up to
1350 nM335. Due to the low concentrations and sub-second duration of these transients,
sensors with fast temporal resolution and high sensitivity are required.

Miniaturized electrodes with dimensions below 10 um, providing spatial resolution of <1 mm
in awake animals, can easily be fabricated and implanted. Such miniaturized electrodes have
been fabricated with carbon fiber (CF), BDD and CNT/CNF, and in vivo detection of DA has
been achieved9:336-338, Typically, temporal resolutions of 100 ms can be achieved with fast scan
cyclic voltammetry (FSCV). Because different molecules oxidize at different potentials,
selectivity can be achieved23.339. Fluctuations in the background current, however, significantly
limits the applicability of FSCV in determining basal level concentrations, and it is therefore
mainly used for the detection of fluctuations in DA concentrations during transients2s.
Amperometry can achieve faster response times, but has limited selectivity, as a constant
potential is applied for oxidizing analytes of interest. Due to its ability to reduce the background
current and improve selectivity, DPV has also been used for semi-quantitative detection of DA
in-vivo. The limited temporal resolution of approximately 1 min, however, significantly limits
the use of DPV in real-time detection of DA transients23. Because the same sensor can be used
with all these techniques, different information can be obtained. Therefore, neurotransmission
events may be correlated with behavior, such as reward seeking, in awake animals.

For these reasons, electrochemical detection offers a unique combination of high sensitivity,
selectivity, temporal and spatial resolution, that competing technologies cannot achieve.
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However, due to the highly invasive nature, and in some cases limited selectivity, other
techniques, including positron emission tomography (PET), functional magnetic resonance
imaging (fMRI) and micro dialysis combined with conventional chemical analysis, are also
used. Other techniques are also required to analyze non-electrochemically active
neurotransmitters, although enzymatic electrochemical sensors can be used for some, such as
glutamate and acetyl cholinezs.

The main advantage of the PET and fMRI techniques is their non-invasiveness. These
techniques are, however, indirect and do not directly measure DA. PET detects gamma rays
emitted from radio-labelled biomolecules of interest. These radiolabeled molecules are usually
agonists or antagonists of receptors for the studied neurotransmitter. Their displacement
through competitive displacement provides information about intrasynaptic dopamine
concentrations23:34°. In contrast, fMRI measures the changes in blood oxygen levels. Increasing
neuronal activity in a specific area leads to increased cerebral blood flow. This leads to a change
in oxygenated/deoxygenated hemoglobin, that can be measured and correlated with brain
activity by measuring the blood flow in a certain brain region.2334: Both these methods have
limited spatial and temporal resolution, and require expensive equipment and are not readily
available everywhere. Most studies to date have been carried out with microdialysis®. In this
method, a probe with a dialysis membrane is inserted into the area of interest in the brain. A
perfusion fluid is pumped within the membranes and small molecules are able to diffuse
through the membrane into the dialysate. The main advantage of this method is the high
sensitivity and selectivity of both electrochemically active and inactive analytes. Upon removal,
the dialysate can be further processed and analyzed with a wide range of methods, including
LC-MS. On the other hand, microdialysis has limited temporal resolution of over 1 min, and
the highly invasive nature also limits its use.23 The used probes usually have diameters of 200-
300 um323, giving the method a spatial resolution of < 1 mm. Studies have, however, shown that
the insertion can cause tissue damage up to 1 mm away from the probe, potentially altering the
DA concentrations at the implantation site342343,

Despite the recent advancements in the sensitivity and selectivity of both in vivo and in vitro
electrochemical detection of dopamine, there are still challenges to overcome. While dopamine
is one of the most studied analytes in electrochemical detection33, most work is carried out with
modified GC electrodes that are not compatible with microfabrication or miniaturization.
Therefore, their miniaturization for in vivo experiments may not be straight forward.
Moreover, large electrodes are problematic to calibrate in vitro, due to restricted diffusion
when implanted=88. Therefore, electrode materials should ideally be compatible with standard
microfabrication techniques. It should be noted, however, that the CF electrodes can also be
modified with carbon nanomaterials, and such electrodes have also been used for detection of
DA337, Most in vivo measurements, however, still utilize unmodified carbon fiber
microelectrodes. Although, DA sensors made with microfabrication compatible materials are
also increasingly reporteds3s:344-346,

Most studies on electrode materials for the selective detection of DA, rarely discuss essential
factors, such as response time, long term stability, resistance to biofouling and
biocompatibility. In addition, most works use only DPV to achieve selectivity, severely limiting
the response time3°:347, Only few works have reported detection of low concentrations of DA in
the presence of AA and UA, using relatively fast methods, such as CV, with high scan
rates3847:116,348-350_fast scan cyclic voltammetry3s8 or amperomtery3ss. In Publication I, we show
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the large difference in selectivity between DPV and CV measurements, with a PRGO modified
ta-C electrode.

Because the electrodes need to be implanted into the brain, resistance to fibrous
encapsulation and proteins fouling is also required. The electrode also has to be resistant to
other degradation mechanisms, such as corrosion, membrane delamination, and
biodegradation and passivation of the electrode.35* Dopamine is known to produce polymeric
reaction products that readily foul the sensor leading to loss of activity9:105215, Finally, all the
used materials should be biocompatible and not introduce foreign toxins into the body. In
addition, strategies used to improve the corrosion and passivation resistance should not form
a diffusion barrier, limiting the temporal resolution. Failure of the device commonly occurs
due to corrosion and passivation of the sensors. In the fabrication of implantable sensors, care
has to be taken to reduce failure due to residual stress, pinholes, corrosion, swelling and
diffusion processes.

It is clear that more research is required to produce microfabrication compatible electrode
materials, simultaneously combining high sensitivity and selectivity with long term stability
and high temporal resolution. DA sensors must be able to provide a specific signal in the
presence of various interferents, most notably AA and UA, but also other tyrosine and
tryptophan derivatives and their metabolites2s. While significant progress in selective
detection of DA has been made with modified electrodes, achieving sufficient selectivity in
combination with high temporal resolution is still the main challenge in electrochemical
detection of DA. The interferents and their approximate redox potential are discussed in detail
by Robinson et al.2s. They identified AA, adrenaline, noradrenaline and DOPAC as the main
interferents, for in vivo detection of DA with carbon electrodes. The oxidation potentials as
well as the expected concentrations of these interferents are shown in Table 5.

The selective detection in the presence of AA, in particular, is a major hurdle to selective
detection of DA. While the sensitivity towards AA with fast scan methods (400 V/s) is low in
comparison to that of DA338 AA is enriched in the brain, and present at 104-10°6 times higher
concentrations than catecholamines. Early studies assigned AA the role of a relatively passive
redox buffer. But it has been long accepted that the compound plays a more direct
neurochemical role28s. It is known to affect the affinity of DA for its receptors and modulate
the release of acetylcholine and norepinephrine from synaptic vesicles. Moreover, changes in
the brain AA concentrations parallel changes in the biogenic amines, and corelease with
catecholamines has been reported. Increase in signal in the in vivo experiments after
amphetamine injection has been attributed to an increase in AA concentration2s8. It was
further noted that AA increase could be sufficiently large, that it obscures the observation of
DA.

AA shows sluggish reaction kinetics at most carbon electrodes and therefore has significant
overlap with DA, despite its lower oxidation potential. The lower onset potential also
significantly reduces the utility of amperometric detection. In fact, early amperometric
measurements attributed most of the signal recorded in the brain to AA23:352, In contrast, in
FSCYV, selectivity can be achieved at untreated CF electrodes as the oxidation shifts to more
positive potentials as a result of the slower kinetics2s. Oxidative treatments have also been
shown to improve the electron transfer kinetics with both conventional and carbon
nanomaterial-based electrodes’. Highly selective detection of DA has also been achieved with
modified ta-C electrodess®47.

72



The metabolites of dopamine may also cause interference in the detection of DA. In 3,4-
dihydroxyphenylacetic acid (DOPAC), the primary amine of the dopamine side chain is
replaced with a carboxylic group. Because, both molecules share the catechol functionality,
they produce overlapping voltammetric peaks23. Moreover, DOPAC concentrations of 3-30 uM
in the brain extracellular fluid have been reported273:353.354, The presence of relatively high
concentration of anions, such as AA, UA and DOPAC may necessitate the use of permselective
membranes such as Nafion. Nafion membranes have been shown to efficiently prevent these
anions from reaching the electrodesss. When Nafion membranes are used, however, the DA has
to partition into the membrane and diffuse through the film, to the electrode surface.356 This
may significantly increase the response time of the sensor and therefore thin films need to be
used. This strategy does not, however, work for adrenaline and noradrenaline as they are also
cations under physiological conditions. Noradrenaline and adrenaline also have nearly
identical structures to DA, and therefore oxidize at the same potential. The presence of
epinephrine may, however, be confirmed due to the second oxidation peak attributed to
oxidation of the secondary amine. Due to the overlapping main peaks, selectivity is achieved
by implanting the electrodes in dopaminergic sites known to have low norepinephrine
concentrations?.

Other monoamine neurotransmitters, as well as their precursors and metabolites, may also
cause interference. The monoamine metabolites 3-methoxytyramine, homovanillic acid and 3-
methoxy-4-hydroxyphenylglycol, have methoxy substituted phenols that are expected to
oxidize around 0.5 V. Other interferents that oxidize around 0.3 V, include uric acid and
serotonin.23 Additionally, L-3,4-dihydroxyphenylalanine (L-DOPA), the precursor of DA, has
been reported to oxidize around 0.4 V. Likewise, tyrosine is electrochemically active and the
phenol functionality of this L-DOPA precursor is electrochemically active, and has been
reported to oxidize around 0.7 V239-242,

Because the oxidation potentials of DA as well as the endogenous interferents may vary
between different electrodes, the interference from these analytes should also be studied when
DA sensors are developed. In addition, even with electrodes showing electrocatalytic
properties, the rate of electron transfer can be overrun with fast scan methods. This may lead
to anodic shifts of the peaks leading to limited selectivity. Especially with conventional CF
microelectrodes, the anodic waves of these analytes usually overlap with that of DA in FSCV
experminets?9.

Electrochemistry of dopamine

Like its derivatives epinephrine and norepinephrine, dopamine is a catecholamine that is
electrochemically active and can be directly electrochemically oxidized. DA is known to be a
surface sensitive analyte, requiring adsorption on the electrode prior to electrochemical
oxidation. Early studies by Duvall et al.2:3214 showed that monolayers of nitrophenyl and
(trifluoromethyl)phenyl on GC electrodes, almost completely inhibited electron transfer of DA,
while having only small effect on the electron transfer of the outer sphere redox probe
Ru(NH;)e2+/3+. This indicates that adsorption of DA is required for fast oxidation kinetics of
DA.

As seen from the proposed oxidation pathway shown in Figure 21, DA is oxidized in a 2e- 2H*
transfer process, leading to the formation of dopamine quinone (DAQ). Like for other
quinone/hydroquinone redox systems, the order of proton and electron transfer has been
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proposed to follow a scheme of squares, in which the order of proton and electron transfer
depends on the pH294:357:358, At neutral pH, a H* e- H* e transfer process has been proposed for
various catechols, including hydroquinone, DOPAC and 2,3-dihydroxybenzylamine294.357:358,
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Figure 21. Oxidation pathway for DA at neutral pH.

After the first electrochemical oxidation, the amine side chain can undergo intramolecular
cyclization forming leucodopaminechrome (LDAC)25. Due to this chemical reaction, the peak
current ratio is dependent upon the scan rate. A higher scan rate will typically lead to a ratio
closer to 1, as the kinetics of chemical reaction is outrun by the fast scan rate%. As seen from
Figure 21, LDAC can be further oxidized through a 2e- 2H* transfer process, forming
dopaminechrome (DAC). For this reason, a second redox couple can be observed at a lower
potential in the voltammogram9s. Therefore, an overall mechanism of ECE has been proposed
for various catechols2!5:359:3¢0, An alternative pathway, in which DAQ can reduce LDAC back
into DAC, leading to an ECC mechanism, has also been proposed275:359.

It is well known that DAC can undergo further reaction leading to the formation of a melanin-
like polymer. Li et al.2t5 further proposed that DAC molecules undergo isomerization to the
more stable 5,6-dihydroindole, serving as the monomer for electropolymerization. In this
process 5,6-dihydroindole is electrochemically oxidized to form 5,6-indolequinone followed by
chemical reactions as proposed by Saraji et al.3¢*. Li et al. further showed the accumulation of
reaction products on a gold quartz crystal microbalance after cycling in DA. Moreover, the
FTIR spectrum closely resembled that of poly(indole). This polymer, also called polydopamine,
can form spontaneously on virtually any surface under mildly alkaline conditions and
concentrations above 0.1 g/L163. It is highly resistive and known for its ability to foul
electrodests26, Despite slower fouling at low concentrations, electrode fouling by
polydopamine can be a real concern, that needs to be taken into account in prolonged
measurements. Fouling can also be reduced by limiting the potential window and applying fast
scan rates, allowing for less time for chemical reactions leading to electrode fouling.
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7.2 Point-of-care testing of analgesic molecules

7.2.1 Selection of sampling matrix

In the clinical setting, POC detection can be a valuable diagnostic tool and useful for drug
screenings¢2:363, It is also a potential enabling technology for personalized healthcares®4.
Furthermore, electrochemical POC detection can enable the near real time analysis of blood
concentrations from small, less invasive finger prick blood samples. In this thesis, we focus on
quantitative POC testing as a diagnostic tool for diagnosing poisoning of paracetamol and
opioids. In this section, the sampling and matrix requirements for quantitative POC
determination of analgesics, mainly in the context of diagnosing intoxication in emergency
care, will be discussed.

In the emergency setting, the drug screen should be performed in less than one hour3ss, thus
limiting the use of analysis methods requiring time-consuming sample treatments, such as
protein precipitation. Electrochemical testing is increasingly used to study various drugs, most
notably paracetamol and morphine. Urine is commonly used as a matrix for recovery tests in
these studies33, as well as the matrix for POC testing of drugs. This is likely because urine is
sterile, easy to obtain in large volumes, and largely free from proteins, lipids and cellular
materials221:3%5. In addition, urine is easily stored by refrigeration or freezing, and many drugs
are stable in urines®s. As a biological waste material, however, urine contains metabolic
breakdown products of both biomolecules and xenobiotics, as well as bacterial by-products22t.
Urine can contain higher concentrations of drugs and their metabolites than blood, and
excretion into urine can continue after the physiological effect has worn off. For this reason,
urine is often the sample of choice for drug screening. This, however, also leads to lack of
correlation to drug urine concentration with intoxication. In addition, the concentrations of
both biomolecules and xenobiotics, as well as their metabolites, can vary greatly due to fluid
intake, voiding pattern and time since last dose.3¢5 Moreover, urine specimens are easily
substituted, diluted or adulterated. Due to these complexities, urine is a difficult matrix to fully
understand*®7. Therefore, urine is not an ideal sample for determining individual
pharmacokinetic profiles or for diagnosing intoxication.

In cases where an antidote is available, and there is a relationship between the drug serum
concentration and the clinical symptoms, serum is usually the sample of choice33. For some
drugs, such as morphines®6-368_ codeines®8:3¢9 and paracetamol37°, it has been shown that the
concentrations in less invasive and painful capillary blood samples obtained by finger prick, as
well as non-stimulated saliva, correlate with plasma concentrations. Saliva samples have low
protein content (0.3%), but usually contain contaminants from food, other drugs and debris
from the mouth37. Therefore precautions, such as filtering and fasting for up to 2 to 3 h before
sample collection, are usually takens”:, Moreover, salivary stimulants are widely discouraged
due to their potential to cause interference in assayss”:. Stimulation has also been reported to
change the ionic strength of saliva and decrease the saliva concentration of codeine372 as well
as other drugs373. It should further be noted that consistently higher concentrations in oral
fluid have been observed after oral dose of codeine3®. Due to the low protein content, saliva
samples may be an interesting matrix for electrochemical detection of drugs in cases where the
use of saliva has been validated for the target analyte.
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Small capillary blood samples (10-250 uL) are particularly well suited for electrochemical
analysis, as it requires only small sample volumes. Ideally, samples should be in the 5 to 10 pL
range so that they can be easily obtained from all patients. The collection of capillary blood
does not need special training and is considered to be less invasive and painful than sampling
by venipuncture. Moreover, in special populations, such as elderly and infants, locating a blood
vessel can sometimes be difficult.374 It is important to note that several factors can affect the
quality of the capillary blood sample. For example, tissue damage or milking of the finger after
finger prick can change the composition of the sample375:376, It is also important to realize that
there can be differences in the concentrations of analytes in capillary and venous blood375:377-
379, Therefore, venous blood samples and capillary blood samples cannot in all cases be used
interchangeablys7. Like with saliva, the applicability of capillary blood as a matrix has to be
validated separately for each analyte.

POC determination of drugs from whole blood requires the ability to carry out determination
without extensive sample treatment. Despite the increasing literature available on
electrochemical determination of anesthetics in complex biological matrices, most works still
use highly processed samples. Moreover, in Publication VI, we found that sensitive and
selective detection of PA has been previously reported from blood samples, but all these studies
rely on time-consuming sample processing including, precipitation of proteins and
considerable dilution, to reduce matrix effects. Similar sample processing is routinely carried
out in conventional analysis of small molecules in blood samples and significantly increase the
assay time. A typical sample processing protocol, in comparison with the POC assay protocol
proposed in Publication VI, is shown in Figure 22.

1.0btainingthe 2. Whole blood 3. Protein precipitation 4. Analysis
sample: prosessing - Adding precipitant: - Spectrophotometry
few min Serum few min - LC-MS
- Clotting: 30 min - Vortexing: 1-5 min -GC-MS
- Centrifuge: - Centrifuge: 10 min
10-30 min
Plasma Optional

- Centrifuge: 10-30 min - Centrifuge, 10 min

1. Obtaining the 2. Dilution and 2 3. Electrochemical
sample N spiking X analysis
I R { \\
\\\\\\\ \‘ 20 L X
> ‘ paracetamol
T spiked PBS i\
= +20 pL whole .
blood V=g

Figure 22. Comparison of protocols for analysis of samples in conventional laboratory testing and the protocol for
electrochemical point-of-care detection of paracetamol assay as proposed in Publication VI.

It is important to note that processing is required to obtain serum and plasma samples from
whole blood. In standard operating procedures 10-15 min of centrifugation is required to
obtain plasma and serum samples2°3. For example Brahman et al.38¢ centrifuged the blood
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samples for 30 min at 4000 rpm to obtain human serum samples, prior to electrochemical
determination of PA. Moreover, 30-60 min is required for clotting to obtain high quality serum
samples203. The protein precipitation, carried out by most works aiming at electrochemical
detection of drugs, also requires further chemical treatments and centrifugation. These sample
treatment steps lead to assay times in excess of 45 min and dilution of the sample by at least
two times.

As can be seen from Figure 22, it is very difficult to achieve an assay time of less than 1h, if
extensive sample processing is required. In contrast, the electrochemical assay developed in
Publication VI can be used for determination of the acetaminophen concentration from finger-
prick whole blood, only after diluting with equal part PBS and without precipitation of
proteins, in less than 5 min. The dilution step increases the required sensitivity, but affords the
ability to control the ionic strength and pH, as well as carry out spiking of the sample, to control
matrix effects. This result clearly shows the ability of electroanalytical chemistry for rapid POC
determination of drugs from whole blood samples. Preferably, no spiking or dilution of the
sample is required, and therefore the assay needs to be further developed to allow for direct
determination of smaller undiluted samples.

7.2.2 Paracetamol

Pharmacology and metabolism

Paracetamol is one of the most widely used analgesics with antipyretic activity3s:. Excessive PA
concentrations may cause acute liver damage and acute renal failure. At therapeutic doses, it
is better tolerated than non-steroidal anti-inflammatory drugs (NSAID) and is widely used to
treat fever and pain. Doses only slightly above the recommended dose can, however, cause
hepatotoxicity.381382 Both intentional and unintentional poisoning are common and PA
poisoning is currently the leading cause of liver failure in the United States and Europe9°. In
fact, paracetamol poisoning is so common that the National Academy of Clinical Biochemistry
endorses screening for PA in all emergency department patients who present with intentional
drug ingestion. At therapeutic doses, paracetamol is glucuronidated and sulfated, and only
small amounts of the toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI) are formed.
The NAPQI is detoxified by conjugation with liver glutathione to yield a non-toxic conjugation
product. At toxic doses, this route of detoxification can become depleted causing accumulation
of the toxic metabolite. NAPQI can from conjugates with cellular proteins, which can lead to
acute liver failuress2. The metabolic pathway after a toxic dose is shown in shown in Figure 23.

Paracetamol poisoning can be effectively treated with acetylcysteine. Unfortunately, patients
presenting with paracetamol poisoning show few and unspecific symptoms in the first 24 h
after ingestion9:383, Moreover, the antidote is most efficacious when administered within 8 h,
after which the efficacy rapidly falls off!:383. The probability of paracetamol toxicity is directly
correlated to the blood concentration. Therefore, diagnosis of acetaminophen overdose is
usually carried out by determining the acetaminophen serum concentration3®4. The Rumack—
Matthew nomogram is helpful in determining the likelihood of hepatotoxicity. This nomogram
plots the acetaminophen concentration as a function of time post-ingestion. Serum levels at or
above 200 pug/ml (1.323 mM) at 4 hours post-ingestion and 6.25 pg/mL (43.1 uM) at 24 h post-
ingestion have been found to consistently predict hepatotoxicity. The line between these points
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is referred to as the probable toxicity line. Later, additional safety has been built in by adding
a second line 25% below the original line3ss.

Because the blood PA concentration ultimately guides clinical decision making, selective and
quantitative detection of PA is required. In clinical settings, semi-rapid tests are usually carried
out with spectrophotometric methods because of relative simplicity and low cost213. Despite
its advantages, this method is poorly suited for point-of-care testing. Moreover, interferences
causing both falsely high and low results have been reported with these methods!213:386,
Competitive lateral flow immunoassays are also available for qualitative determination of
acetaminophen. These tests are, however, not quantitative and due to high cut-off
concentrations, false negatives have been reported4. Moreover, research has shown that
capillary blood samples obtained after 4h of ingestion correlate well with venous blood
samples, and that the pharmacokinetic parameters can be studied from finger-prick blood
samples. For these reasons, a highly mobile, simple and quantitative POC assay could be a
valuable diagnostic tool for paracetamol intoxication.
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Figure 23. Metabolic pathway and toxicity of paracetamol in the liver.

Electrochemistry

Like dopamine, paracetamol is electroactive and can be detected with high sensitivity using
electroanalytical techniques. It is one of the most studied drug molecules in electroanalytical
chemistryss. It is also one of the most used drugs and is therefore intensively studied for
electrochemical oxidation to purify waste water. Paracetamol has been proposed to undergo
electrochemical oxidation by transfer of 2e- and 2H*leading to NAPQI formation, as shown in
Figure 24328329,
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This first step is followed by a chemical reaction, making the electrochemical reaction quasi-
reversible at most electrodes. Nematollahi et al.328 found that the following chemical reactions
are dependent on the pH, and strong acidic media leads to hydrolysis and strong alkaline media
to hydroxylation. At neutral pH, the chemical reaction leads to dimerization and they identified
the dimer shown in Figure 24 as the main product with NMR studies. The dimerization of the
reaction products also leads to a peak current ratio that is dependent upon the scan rate.
Moreover, a higher PA concentration will lead to formation of more NAPQI, and consequently
higher rate of dimerization, making the reaction less reversible at high conentrations325.

While paracetamol is one of the most studied drugs in electrochemical detection, most works
aiming at sensor development, focus on achieving low detection limits. Due to the relatively
high concentrations (100 M to 1 mM) expected to be present in patients with poising, extreme
sensitivity is not required for detection of paracetamol. Moreover, even typical single doses of
500-1000 mg are also expected to lead to peak plasma concentrations of approximately 20-90
uM387.388, Due to the expected presence of a wide range of endogenous interferents identified
in section 6.1.2., metabolites shown in Figure 24 and potential other drugs, selective detection
may be challenging. The relatively high concentration expected to be present, particularly in
cases of overdose, limits the list of potential interference from endogenous chemicals present
at low concentrations.

Nevertheless, the large number of potential interferents in real patient samples indicates that
the selectivity likely still has to be improved for most electrodes. In Publication IV, we showed
that the PA is a highly surface sensitive analyte. Due to this, there can be relatively large
variations in the oxidation potential of paracetamol and interferents alike, and so the
interference has to be evaluated separately for every electrode type. At most carbon electrodes,
however, PA oxidizes close to the oxidation potentials of AA and UA, and interference from UA
is especially expected. Other potential endogenous interferents include amino acids and other
purine metabolites, although the concentrations of the latter are expected to be much lower
than that of PA. In addition, large variation in the oxidation potential of cysteine (see Table 5)
also makes it a potential interferent for PA.

The metabolites are transported through bile and blood, to be ultimately eliminated in urine.
Therefore, a sensor has to be capable of selective detection in the presence of the metabolites
shown in Figure 23. Some of these metabolites have also been studied electrochemically389:390,
Peaks around 1 V have been observed for paracetamol glucuronide and paracetamol sulfate,
and were attributed to the amide funcitonality.39° Oxidation peaks at similar potentials have
also been observed for other anilides that are structurally closely related to PAs32.. Similar
results were obtained by Miner et al.28¢ for paracetamol sulfate and glucuronide metabolites in
a more comprehensive work. In addition, they observed oxidation peaks close to that of PA
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also for acetaminophen cysteine conjugates. Similarly, the glutathione conjugate (shown in
Figure 23) also possesses a phenol group, with the potential to cause interference. We are not
aware of any reports on the electrochemistry of this paracetamol metabolite. In the clinical
setting, the antidote N-acetylcysteine will also be present after treatment. The thiol group has
highly variable oxidation potential and may cause interference at some electrodes. This
antidote is however, negatively charged at physiological pH and the Nafion coating is therefore
expected to reduce interferenceso:. The interferences of these interferents need to be further
studied to ensure selectivity of the assay presented in Publication VI.

In addition to the many metabolites, several other drugs are commonly taken in concomitant
poisoning with PA. The concomitant overdoses were studied by Schmidt et al.392. They found
that benzodiazepines, opioids, acetylsalicylic acid, NSAIDs, neuroleptics, antidepressants,
antibiotics, anticonvulsants, antihistamines and caffeine, were often taken together with
paracetamol in cases of paracetamol overdose. In Publication VI, some of the most likely
candidates to cause interference were studied. From this list, opioids were found to have the
highest potential to cause interference, due to the enrichment into the Nafion membrane.
Satisfactory tolerance limits were, however, shown for morphine and O-desmethyltramadol
present at much lower concentrations than PA, even when taken in fatal overdose39s. Despite
the interesting initial results, the large number of potential interferents requires wider
interference studies. Moreover, validation of an assay protocol for electrochemical
determination of PA from whole blood, still requires validation studies with a large number of
real patient samples collected after administration of paracetamol.

7.2.3 Opioids

Opioids are a class of natural and synthetic analgesics with agonist activity toward the p
receptors. They are widely used to treat post-operative, cancer and acute non-cancer pain. The
use of opioids is, however, associated with adverse side-effects, including nausea, constipation
and even death due to respiratory depression. Over the past decade, misuse of opioids has
increased dramatically. In the United States alone, more than 70 000 people died from drug
overdose deaths in 2017, out of which 67.8 % were related to opioids.8

The response to a certain dose can be highly individual, due to interindividual variations.
This is especially the case for opioid prodrugs, such as codeine and tramadol. The prodrugs
lack significant analgesic activity without biotransformation into their active metabolites
morphine and O-desmethyltramadol, respectively. This demethylation is catalyzed by the
genetically polymorphic enzyme cytochrome P450 (CPY) 2D6. Interindividual variations in
CPY2D6 activity cause significant variation in drug metabolism, and thus the efficacy and
safety of these prodrugs. The plasma concentrations of active metabolites are extremely low in
poor metabolizers, leading to no analgesic effects. Whereas, for ultra-rapid metabolizers of
CYP2D6 substrates, several cases of severe side effects have been reported. For these reasons,
a quantitative POC test could be highly useful for differential diagnosis of opioids poisoning
and aid in clinical decision making.

Currently, opioid concentrations are determined with laboratory-based testing, mainly LC-
MS, that are not suitable for POC testing of opioids. Qualitative opioid drug screens are also
routinely carried out, mainly for workplace and probation drug testing. These drug tests can
be highly automated and are routinely performed in high volume. In the clinical setting, drug
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screening can also be used to detect the nonuse of prescribed opioids, which has been identified
as a contributor to the opioid crisis.’s These tests use mainly urine, although saliva tests have
also become available mainly for less invasive road-side testing of drivers. These
immunoassays also suffer from cross-reactions, and in some cases relatively high cut-offs, that
limit their clinical usefulness. Opioid immunoassays also do not detect all opioids equally and
typically use morphine as the single calibrator. Therefore, some opioids such as the widely
prescribed and misused oxycodone and fentanyl may escape detection. Immunoassays specific
for these opioids, however, exist but are not as routinely used?s.

Opioids are highly potent analgesics and therefore therapeutic blood concentrations are
usually relatively low, ranging from 10 nM to 100 nM. Whereas, higher concentrations above
1 uM have been observed in cancer patients. Even in cases of fatal overdose, postmortem blood
concentrations are usually in the range of few um. This makes the selective electrochemical
detection of opioids challenging. In addition to high levels of endogenous interferents, AA and
UA, to name a few, other drugs and several metabolites are expected to be present in real
patient samples.

Opioids are often prescribed together with relatively large doses of non-steroidal anti-
inflammatory drugs or paracetamol. As we show in Publication IV, in the detection of
morphine, paracetamol is especially problematic and is expected to cause interference. As
discussed in section 7.2.1, the expected PA concentrations, even from typical single doses, are
much larger than lethal doses of morphine. In addition, other drugs, most notably
benzodiazepines, but also other drugs of abuse, as well as antidepressants and muscle
relaxants, are often taken in concomitant overdose with opioids394:395. Therefore, an assay for
POC determination of opioids should be free from interference from these classes of drugs. In
this thesis, we focus on the electrochemical detection of morphine. For example, an assay
determining the morphine concentration due to metabolized codeine should be free from
interference from paracetamol, NSAIDs and potential other drugs. Naturally, the assay should
also be free from interference from other opioids.

Despite numerous studies reporting highly sensitive determination of opioids in the presence
of various interferents, and recoveries close to 100 % in processed and spiked biological
samples, the presence of metabolites is largely overlooked in literature. This is especially
important, as some of these metabolites are active while others have no analgesic activity. In
this thesis, we focus on the detection of the important natural opioid morphine. MO is a strong
opioid used to treat moderate to severe postoperative pain as well as cancer pain. It is the main
active metabolite of codeine and one of the main active metabolites of heroine. The metabolic
pathway of codeine, as well as the enzymes catalyzing the reactions, is shown in Figure 25.

Interestingly, these same functional groups affected by the metabolism of opioids are also
the electrochemically active groups. For this reason, voltammetry can theoretically be used to
monitor the metabolism in close to real time ex vivo and real time in vivo. In Publication V, we
showed simultaneous detection of morphine and codeine with Nafion coated SWCNT
electrodes. In other work, we have also demonstrated simultaneous detection of tramadol and
its active metabolite ODMT*6, and very recently the selective detection of oxycodone in the
presence of its main metabolites325.
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Figure 25.The metabolic pathway of codeine as well as the enzymes catalyzing the reactions.

Moreover, in 39, we showed that the Nafion almost completely rejects the inactive morphine-
3-glucuronide, indicating that selective detection of morphine can be achieved in the presence
of glucuronide metabolites. This, however, still needs to be confirmed for the active morphine-
6-glucuronide.

Electrochemistry of opioids

A large body of work researching the electrochemical detection of various opioids has been
reported. A review of all those studies is beyond the scope of this work and will not be
attempted here. Instead, we will discuss the electrochemistry of the two most studied opioids,
namely morphine and codeine. Morphine is by far the most studied opioid in electrochemical
detection. The progress in the electrochemical detection of morphine has been recently
reviewed by Abraham et al.397. They concluded that CNT and graphene based electrodes display
effective quantification, and are attractive in terms of cost compared to noble metals. The
future studies on these electrode materials have to be therefore focused on understanding more
about interfacial reaction kinetics, so as to design novel sensors suitable for use in practical
applications.

Especially morphine contains many of the functionalities of opioids and shows highly
complex electrochemistry. The structures and DPV scans of morphine and codeine, as well as
a few other common opioids, are shown in Figure 26. Figure 26 also shows that different
opioids give different voltammetric responses at the SWCNT electrodes used in Publication III.
Fentanyl shows the highest sensitivity as it was measured with only 15 uM concentration. All
other opioids were measured at 50 uM concentration. In Publication V, the peaks for morphine
were tentatively assigned to phenol (+0.4 V), tertiary (0.8 V) and secondary amine (0.85 V), as
well as the 6-hydroxy group (1.1 V). The assignments of the amine peaks are further supported
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by Publication III, where we show a similar double wave for fentanyl, possessing only the
tertiary amine functionality. The electrochemical oxidation of fentanyl is discussed in detail in
Publication III. The amine peaks seem to be well defined compared to other electrodes such as
GC and ta-C electrodes.
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Figure 26. Structures and DPV scans of 50 uM morphine, codeine, tramadol, O-desmethyltramadol and
oxycodone, as well as 15 pM fentanyl, with SWCNT electrodes in pH 7.4 PBS solution.

Normally, alcohols show sluggish electron transfer associated with high oxidation potentials,
however, the allyl alcohol structures found (6-hydroxy) in morphine and codeine are expected
to oxidize at lower potentials. Garrido et al.322-324 studied the voltammetry of morphine,
codeine and heroine, as well as their metabolites, in detail at GC electrodes. They observed only
two well defined peaks at neutral pH for morphine, attributed to the phenol and tertiary amine,
at a GC electrodes22. In further work, they observed 3 peaks for codeine. These peaks were
attributed to the tertiary amine, hydroxy and methoxy groups. They, however, provided no
mechanism for the oxidation of the methoxy group. Nevertheless, voltammetric oxidation of
compounds with benzene rings substituted with methoxy groups have also been reporteds=c.

Because both morphine and codeine possess the 6-hydroxygroup, it is likely that the
oxidation of the 6-hydroxy group is responsible for the peak at 1.1 V for morphine and codeine.
The wider peak for codeine could further suggest contributions from oxidation of the methoxy
groups as well. Furthermore, they confirmed that the double peak for the tertiary amine could
be due to further oxidation of the secondary amine, as a peak with similar potential and current
to that of the second peak for tertiary amine was observed for norcodeine and norheroin, where
the tertiary amine is demethylateds2s324. Early work by Masui et al.319 shows that a double wave
is expected for tertiary aliphatic amines. Based on the oxidation schemes proposed by Garrido
et al., we tentatively propose the oxidation pathway for morphine as shown in Figure 27.
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Figure 27. Pathway for electrochemical oxidation of morphine in aqueous electrolytes.

It should be noted that this pathway is simplified and not complete. These reactions seem to
be irreversible due to further chemical reactions. We are not aware of any fast scan cyclic
voltammetry research where the kinetics of these chemical reactions have been studied. In
Publication III, however, we observed no reduction peak for fentanyl citrate at scan rates up to
10 V/s. Garrido et al. further noted that the oxidation of the phenol leads to a resonance
stabilized state between two forms. These forms can further react to form dimers. Moreover,
this omits the possible contribution of methoxy groups for codeine. This could explain the very
different behavior in this region at a wide range of modified electrodes, that produce only one
well defined peak for both morphine and codeine. Such results have been obtained at least with
electrodes modified with metal oxides nanoparticles, ionic liquids and Nafion, but to the best
knowledge of the author, these effects have not been discussed in literature. Interestingly, the
oxidation potential of the phenol functionality seems not to be greatly affected by changes in
surface chemistry, as it is often around 0.4-0.5 V. In contrast, the other peaks are very heavily
influenced by the electrode modifications. In Publication V, we show the simultaneous
detection of morphine and codeine with a Nafion coated electrode. The peaks were attributed
to the phenol and 6-hydroxy functionalities in morphine and the 6-hydroxy functionality in
codeine. We proposed that the peaks for the amine are anodically shifted due to interactions
with the Nafion. In light of the discussion above, this may also be the case for the oxidation
peak for the 6-hydroxy group. The larger peak could be due to the oxidation of the methoxy
group, which is overlapping with a smaller peak for 6-hydroxy group. It should be noted that
reliable assignments cannot be made without further research, and altered oxidation of the
amine functionalities can also not be excluded. These results are discussed in greater detail in
Chapter 8.3.

Most opioids contain at least one or more phenol, hydroxyl, tertiary aliphatic amine and
secondary aliphatic amine functional groups, and therefore opioids show complex
electrochemical behavior. In addition, the radicals produced by electrochemical oxidation of
opioids, and metabolites with phenol functionalities, can undergo chemical reactions yielding
conjugates. Nevertheless, opioids seem to be highly surface sensitive analytes leading to highly
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different voltammetric response, making comparison difficult. This is evident also from the
different sensitivities in the DPV measurements shown in Figure 26. In particular, the
electrochemistry of the aliphatic amines seems to be heavily affected, and seems to be
completely absent at some metal oxide, ionic liquid and Nafion modified electrodes. Therefore,
more work involving in situ spectrometry, or collection of reaction products for structural
identification, is also required to develop a better understanding of the electrochemistry of
opioids. More work combined with better characterization of the electrode materials, is also
required to understand the surface interactions causing the altered voltammetric response.
Such research could lead to improved sensitivity and selectivity in electrochemical sensing. In
their review, Abraham et al.397 called for further studies focused on understanding the
interfacial reaction kinetics, to enable the design of novel sensors suitable for use in practical
applications. Likewise, more research with real patient samples after ingestion of opioids,
combined with parallel laboratory analysis with gold standard methods, is required to validate
the results. More studies with metabolites of the analyte and potential interferents also need
to be carried out.
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8 . Methods to improve selectivity in
electrochemical detection

As discussed in detail in Chapter 3, the electrocatalytic properties can be influenced by altering
both the surface chemistry and morphology of electrochemical electrodes. Similarly, these
modifications are expected to affect also the electrode fouling. Therefore, a vast range of
different chemical pretreatments and electrode modifications have been carried out to improve
the performance of electrochemical sensors. A thorough review of these modifications is
beyond the scope of this work, and is discussed in detail elsewhere27.30.31.184398, Instead, in this
chapter, we present the chemical pre-treatments and modifications carried out to improve the
performance of the electrochemical sensors used in this thesis.

8.1 Chemical treatment of carbon electrodes

A wide range of chemical treatments and functionalizations have been applied to improve the
performance of conventional carbon and carbon thin film electrodes. Conventional GC carbon
electrodes are often subjected to mechanical polishing to expose a fresh pristine surface21s.
Other treatments include vacuum heat treatment, wet chemical processing, electrochemical
conditioning and dry processing, such as oxygen plasma treatment206.207, Similarly, pyrolytic
carbon electrodes are often cleaved prior to measurements to expose a fresh surface. Oxygen
plasma treatment of pyrolytic carbon has been reported to increase the peak potential
separation for the outer sphere redox probe Ru(NH;)s2+/3*, while at the same time significantly
improving both the reaction kinetics and sensitivity towards DA3%. Chemical and
electrochemical treatments are also commonly used to purify carbon nanomaterials from their
residual metal catalysts or process impurities4°°.

SWCNT and ta-C electrodes are harder to functionalize by wet chemical treatments due to
their chemical stability. And as expected ta-C and SWCNT films seem relatively resistant to
oxidation by short nitric acid treatments at room temperature, although minor changes have
been observed in nitrogen bondings265, Both these electrodes can, however, be functionalized
with various plasma treatments and electrochemical pre-treatments. Improved
electrochemical properties of SWCNT electrodes have been reported after electrochemical
cycling, and have been attributed to increase in defects4°!. Electrochemical pre-treatments are
also increasingly used to control the O/C ratio of carbon electrodes, due to the ease of
functionalization of the electrode prior to analysis. Electrochemical pretreatments are
attractive in research as the same setup can be used as in electroanalytical chemistry2’. For the
same reason, it is also increasingly used to reduce graphene oxide electrodes4°2 and to renew
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or clean the surfaces of fouled carbon electrodes6¢-493, Electrochemical cycling has also been
used to purify the surface of SWCNT network electrodes4°°.

While treatments usually aim at altering the carbon-carbon bonding and introduce oxygen
or nitrogen containing functional groups, morphology changes have also been reported after
chemical treatments. For example, significant morphology changes have been reported after
electrochemical oxidation of carbon fiber microelectrodes4°3. Similarly, in Publication IV, a 5
min anodic treatment was found to change the morphology of the Ti/ta-C electrode. Moreover,
in Publication II, the surface chemistry remained almost unaffected by a treatment in
concentrated nitric acid. Despite this, the SWCNT films were clearly densified, compressing
the film in the out-of-plane direction, as observed also in®2. As discussed in Section 3, the
altered morphology has the potential to significantly alter the voltammetric response.
Therefore, careful morphological characterization of chemically treated electrodes should also
be carried out, before electrocatalytic effects are attributed to changes in surface chemistry
alone.

Chemical treatments also have the potential to change both the surface loading and oxidation
state of metal particles in the carbon nanomaterials. Sainio et al.»45 showed that the Ni catalyst
particles in carbon nanofibers (CNF) with different morphologies-reacted very differently to
short nitric acid treatments. The Ni particles in CNFs with platelet structure were significantly
more oxidized than the Ni particles in CNFs with bamboo structure. Similarly, in Publication
I, the Fe catalyst particles were protected from oxidation by encapsulation in few layers of
carbon, and therefore oxygen plasma treatment was required to oxidize the Fe. This also
resulted in complete destruction of the SWCNT.

In Publication I, a simple 5 min immersion in concentrated nitric acid was found to improve
the selectivity in the detection of DA (see Figure 28). We also observed a cleaning effect, where
the concentrations of trace Mn, Al, F and Na were reduced below the detection limit of XPS. In
addition, a small increase in the surface oxygen loading was observed with both XPS and XAS.
XAS further indicated a relative change in oxygen containing surface functional groups,
especially that of carboxyl groups. While these results indicate, that the changes in surface
chemistry likely caused the improved performance, changes in morphology can, however, not

be completely ruled out.
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Figure 28. Effect of nitric acid treatment of PRGO modified Ti/ta-C electrodes on the cyclic voltammograms of A)

1 mM dopamine and B) 1 mM ascorbic acid. Supporting electrolyte: pH 7.4 0.01 M PBS. Figure from
Publication I.
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Similar effects have been recently observed for MWCNTs grown on Ti/ta-C electrodes after
nitric acid and anodic treatment47. It has been shown that nitric acid and anodic treatments
can introduce oxygen containing functional groups and defects in CNT electrodes. Because
changes in the oxidation state of metals embedded in the structures have been observed in
similar materials, it is not clear to what extent their surface loading and oxidation state affects
the voltammetry of inner sphere analytes.

Surface chemistry modifications are usually used to improve the electron transfer kinetics
and sensitivity towards the target analyte. However, as noted by Henstridge et al.47 surface
modifications aimed at slowing down the electron transfer kinetics of the target analyte relative
to the interferents, can also be used to improve the selectivity. This strategy called “negative
electrocatalysis” has been previously used for selective detection of dopamine in the presence
of catechol, epinephrine and ascorbic acid4c4. Henstridge et al.47 further noted that such an
approach is rarely seen or reported, highlighting the evidently highly empirical approaches to
surface modification to improve electrode performance.

In Publication IV, we used a similar approach to achieve selective detection of morphine in
the presence of paracetamol after anodic treatment of a Ti/ta-C electrode. Figure 29 shows an
anodic shift of 300 mV for paracetamol oxidation after anodic treatment in PBS, whereas the
oxidation potential of morphine remained virtually unaffected. Furthermore, only a small
effect on the electron transfer kinetics of the OSR probe Ru(NH)s2+/3* was observed, indicating
that the changes in voltammetry are surface chemistry related. The AFM images showed an
increase in roughness from the reference value of 0.81 nm (Rims) to 3.06 nm. Raman
spectroscopy confirmed the presence of ta-C film with similar Ip/I ratio as the untreated
electrode. XPS analysis revealed an increase in surface Ti and oxygen after anodic treatment.
A thicker (30 nm) ta-C electrode, deposited directly on Si wafer without Ti adhesion layer,
showed a much smaller shift after the same anodic treatment. We attributed this difference to
partial exposure and oxidation of the underlying Ti adhesion layer of the Ti/ta-C electrode.
Therefore, in Publication IV, we concluded that the anodic shift in the oxidation potential of
PA was due to a dual effect of oxidized ta-C surface and increased surface Ti oxides.
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Figure 29. DPVs of A) paracetamol and B) morphine before and after 5 min anodic treatment of Ti/ta-C
electrodes at 1.5 and 2.5V. Adapted from Publication IV.
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8.2 Modification of carbon electrodes

Conventional electrodes, incompatible with standard microprocessing processes, are still
widely used despite their limited selectivity and sensitivity. Perhaps the most common way of
realizing electrochemical platforms with enhanced sensitivity and selectivity is the
modification of conventional carbon electrodes, most notably glassy carbon electrode, but also
SPCE, carbon paste electrodes and amorphous carbon coatings, with various nanomaterials
having high specific surface area. The modification of these electrodes, changes both the
morphology and surface chemistry of the electrode, and thus affects the voltammetric response
as discussed in chapter 3. Similarly, these changes can also significantly reduce the electrode
fouling by various fouling agents=9. It should be noted, however, that most works with modified
electrodes employ fabrication techniques, most notably drop casting, that are not mass
production compatible. In recent years, however, various nanoparticle graphite mixture inks
have become available, and can be used to directly produce functionalized composite
electrodes with various printing technologies, including screen-printing. Screen-printed
carbon electrodes are also increasingly modified by ink-jet printing, dip coating, and
electrospraying?s4,

Significant progress in the sensitivity and selectivity has been made with modified electrodes.
While other multianalyte detections are also increasingly reported with modified electrodesse,
one of the most common application for modified electrodes is still the detection of dopamine.
Due to its low capacitive background current, nanomolar detection of DA has been reported
with the Ti/ta-C electrodes used in this thesis'3 as well as other Ti/ta-C electrodes with 15 and
50 nm ta-C films#7. In fact, Palomaki et al. did not observe any significant improvement in the
detection limit after growing MWCNT layers directly on the Ti/ta-C electrode. Despite this and
other advantages, such as wide water window, facile electron transfer with OSR probes,
microfabrication compatibility and room temperature deposition, Ti/ta-C electrodes show
limited selectivity. Therefore, this electrode is unable to selectively detect DA in the presence
of AA. Moreover, as discussed in Section 7.1, in the detection of neurotransmitters, high
sensitivity and selectivity must be combined with high temporal resolution, significantly
limiting the use of polymer membranes for improved selectivity and fouling resistance. Most
works reporting selective detection of DA use DPV with superior selectivity, but poor temporal
resolutions47:398, Much fewer works report use cyclic voltammetry with relatively fast scan
rates. In Publication I, we studied the modification of Ti/ta-C electrodes with PRGO.
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Figure 30. Cyclic voltammogram of A) 100 uM DA with Ti/ta-C (ta-C), GO modified and PRGO modified and nitric
acid treated (PRGO HNO3) electrode and B) increasing concentration of DA in the presence of 1 mM
AA with the PRGO HNO3 modified electrode. Adapted from Publication I.

Figure 30 shows the CV of A) dopamine and B) dopamine in the presence of AA, with the
modified and unmodified Ti/ta-C electrodes. A clear increase in sensitivity with a factor of 4
can be seen after PRGO modification. In addition, the PRGO and nitric acid treated electrode
showed a clear improvement in fouling resistance by the DA reaction products. While these
results show a clear improvement over the unmodified Ti/ta-C electrode, AA still produces a
wide oxidation peak overlapping with the DA oxidation peak. For this reason, the detection
limit increases to between 1 to 10 uM in the presence of AA, when cyclic voltammetry is used.
In contrast, DA concentrations in the range of 100 nM to 1 uM were easily detected with the
more commonly used DPV. Similar results have been obtained with carbon nanofibers44 and
MWCNTs4°5 grown directly on Ti/ta-C electrodes.

Since then, advances have been made in both the sensitivity and selectivity towards DA with
modified Ti/ta-C electrodes. Palomiki et al.47 were easily able to detect 10 uM DA in the
presence of 1 mM AA and 50 uM UA with cyclic voltammetry, using MWCNTs modified Ti/ta-
C electrodes with 15 and 50 nm ta-C. The effect of high scan rates and response time was,
however, not reported. More recently, Durairaj et al.38 modified a Ti/ta-C electrode with a
composite ink of MWCNTs/Nanofibrillar cellulose/Nafion. With this electrode, a 50 nM
concentration of DA could be detected, and a 500 nM concentration already produced a well-
defined peak in the presence of AA and UA in CV measurements at a scan rate of 100 mV/s.
Detection of 1 uM DA was also demonstrated in varying concentrations of AA. Moreover, a
relatively fast response time of less than 1 s, was also measured with a DA concentration of 1
uM. Ti/ta-C films have also been modified with detonation nanodiamonds, leading to
improved sensitivity towards DA and improved cell viability. Despite improved sensitivity, this
electrode, however, was not able to selectively measure DA in the presence of AA.37 These
results are summarized in Table 6, and clearly show the applicability of modified Ti/ta-C
electrodes for the in vivo detection of DA.

Electrodes are also frequently modified by depositing metal nanoparticles, to improve the
catalytic properties and increase the electrode surface area'74:398406, Thin metal layers can be
deposited with PVD methods, and used to further grow MWCNTs and CNFs directly on the
Ti/ta-C electrode surface+7.43144. Metals can also be co-deposited with carbon in the FCVA
process, by preparing composite cathodes or using a dual cathode source. Tujunen et al.»s
prepared a Pt and amorphous carbon composite that showed the catalytic activity of Pt films,
but significantly improved the BSA fouling resistance. With a dual cathode source, the metal
content can be very accurately controlled’ss. Moreover, intrinsic gradients of catalytic metals
can be prepared so that the catalyst particles are present only near the surface4°7.

Another way of in-situ modifying carbon nanomaterials is to introduce process gasses, such
as oxygen, nitrogen or hydrogen, during deposition or synthesis. Amorphous carbon coatings
are commonly doped to influence the electrical properties. Similarly, nitrogen doping of
graphene and CNT electrodes are also increasingly carried out in a similar way. We have also
prepared oxygen doped, sputtered amorphous carbon thin film electrodes2s3. Oxygen doped
amorphous carbon thin films are, however, highly resistive, limiting their use as
electrochemical electrodes. Therefore, we recently prepared in-situ surface functionalized ta-
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C films, where the oxygen is introduced only prior to the deposition of the last 2 nm1%s. These
films still need to be electrochemically characterized.

Table 7. Modifications of Ti/ta-C and other closely related ta-C electrodes.

Electrode Modification Benefit Reference
Ti/ta-C PRGO, drop casting Much improved sensitivity I
+ NHO, treatment and selectivity.
Ti/ta-C Detonation Improved sensitivity towards 37
nanodiamonds, drop DA and cell viability.
casting No selectivity in presence of
AA.
Ti/ta-C NFC-MWCNT- Selective detection of DA in 38
Nafion, drop casting  presence of AA with scan rates
upto1V/s,
response time of < 1s with
amperometry.
15 nm ta-C on Dip coated Nafion Almost complete rejection of 16
Si AA and UA. Reduced matrix
effect in human plasma,
enabling simultaneous
detection of tramadol and its
metabolite o-
desmethyltramadol.
Accumulation of opioids
through ion-exchange.
Pt doped ta-C FCVA with Pt wire Retains the catalytic activity 159
modified Gr cathode of Pt for detection of H.O,
while improving BSA fouling
resistance.
Pt doped ta-C In situ doping with Catalytic activity with less Pt. 407
with intrinsic dual source FCVA

gradient

Fe doped ta-C

In-situ doping with

Catalytic activity of Fe and

135

dual source FCVA improved electrical
conductivity.
Ti/ta-C (15 & PVD deposition of Fe Improved selectivity in 47
50 nm) + Co + Al + CVD measuring DA in the presence
growth of MWCNT of AA and UA,
good cell viability.

8.3 Nafion membranes

Permselective membranes, such as Nafion, have been widely applied in the electrochemical
detection to improve the selectivity towards cationic and neutral analytes in biological
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matrices. Due to its ability to block anions, such as AA and UA, from reaching the electrode, it
has been applied in glucose4°8, glutamate4°9, dopamine+° and morphine4" sensors. Generally,
loss of sensitivity is observed with neutral analytes4o9, whereas cations are
accumulateds=s410412. making Nafion membranes particularly attractive in the detection of
drugs and biomolecules that are cations under physiological pH. Like other polymer
membranes, however, it can significantly increase the response time of the sensor, limiting its
applicability in applications where high temporal resolution is required4:3. Nafion membranes
also offer improved resistance to biofouling and prolong sensor life more than cellulose
membranes3!. Moreover, Nafion suspensions are commercially available and can be applied
with industrially mature technology, without specialized reaction chambers and in-house
synthesis, as is required with many other polymerss:.

Nafion ionomers are produced by copolymerization of fluorinated vinyl ether comonomers
with tetrafluoroethylene (TFE)44. The resulting chemical structure of the Nafion ionomer is
shown in Figure 31.
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Figure 31. Chemical structure of Nafion (left) and cluster network model of the morphology of hydrated Nafion*'5.

Based on early X-ray scattering experiments by Hsu et al.4!5 a cluster-network model (shown
on the right in Figure 31) was proposed, and has received significant acceptance in literature.
In this model, the sulfonate-ended perfluoroalkyl ether groups form inverted clusters with
diameters of approximately 40 A. These micelles are separated by pores or channels with
dimensions of ~10 A. Much work has since been devoted to understanding the microstructure
of Nafion membranes, and the morphology has been debated with respect to alternative
morphologies that are also consistent with a wide range of scattering results, as well as other
characterizations. A detailed review is beyond the scope of this work, and the reader is directed
to the comprehensive review on the state of understanding of Nafion by Mauritz and Moore4,
Nevertheless, there seems to be a general acceptance of Nafion as a multiphase material, with
connected sulfonate hydrophilic clusters in hydrophobic semi-crystalline perfluorocarbon
phase.

An important parameter is the equivalent weight (EW), the number of grams of dry Nafion
per mole of sulfonic acid groups. The EW is related to m (see Figure 31) so that EW = 100m
+44644, The EW is known to be related to both the structure and water absorption. Nafion 117
films having an EW of 1100 and a nominal thickness of 0.007 inches are the most commonly
used extruded membranes, although 115 and 112 films are also available44. To improve
transport properties, recast membranes with thicknesses of approximately 1-10 um are usually
used in electroanalytical applications!6:356-409410416. Almost complete rejection of anions has,
however, been shown using Nafion membranes with significantly smaller thickness, of less
than 100 nm4%7. In practice, however, the optimal thickness appears to be a trade-off between
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thinner films for improved transport properties, and thick enough films for achieving pinhole
free films.

To the best of our knowledge, few comprehensive studies on the effect of the equivalent
weight, thickness and nanostructure of Nafion, on the performance in electroanalytical
applications, have been reported. Although, different effective diffusion coefficients have been
reported for FcTMA* with different equivalent weight Nafion4:8, Furthermore, solution cast
Nafion films, cured at room temperature have been shown to be at least partially soluble in
polar organic solvents and water. Loss of signal in prolonged experiments in aqueous
electrolytes has been observed and attributed at least to dissolution of the Nafion membrane
and dehydration of the of Nafion coatings due to prolonged exposures to solutions of
cations#:8419, Curing the films at elevated temperatures has been found to increase the density,
crystallinity and mechanical strength. These changes have also been shown to reduce the water
uptake of the film42¢ and the permeability of neutrals, anions and cations through the films#+.
Similarly, curing at elevated temperatures improves the stability of Nafion films in implanted
sensors3!, whereas increased protein fouling has been reported after curing at elevated
temperatures. The changes in the properties are influenced by the used solvent for casting, and
post treatments with acids and electrolytes, as well as curing temperatures, as discussed in
more detail by Hoyer et al421. Generally, curing at high temperatures above the glass transition
temperature (212-238 °C for alkali salt form and 104 °C for acid form) is required for good
solvent stability4:8.421422, Although, Michael and Wightman423 have reported improved stability
after curing at 80 °C, with the original low boiling point solvent. This is important, as Nafion
films are increasingly applied in wearable sensors based on flexible electronics, and in this
work on test strips fabricated on temperature sensitive polymer substrates.

While there has been a vast amount of work on proton conducting membranes for fuel cells,
relatively few works study the permeabilities of different drug and biomolecules. This is
somewhat surprising, given that a study by Manallack et al.424 found that 78.6 % of oral drugs
contain an ionizable group, while 11.9 % are neutral, 4.3 % are always ionized, and the
remainder 5.3 % are made up of salts and miscellaneous compounds, such as mixtures and
high molecular weight substances. Tudos et al.41¢ studied the relative permeabilities of catechol
amine neurotransmitters. They found that the permeability decreases in the order of dopamine
> epinephrine > norepinephrine. They, however, found that norepinephrine had the highest
diffusion coefficient in Nafion. Kubiak et al.413 further studied the permeabilities of biologically
important molecules by flow injection analysis with a Nafion coated electrode. As expected,
they found the highest permeabilities for the cations dopamine and norepinephrine, followed
by the neutrals paracetamol, methylcatechol and catechol. Permeabilities below 1 % were
found for anions AA, UA and hexacyanoferrate(II). The non-zero permeability of Fe(CN)s* was
attributed to pinholes in the Nafion coating4®. In contrast, Fan et al.48 reported higher
permeabilities for the neutrals hydroquinone and glucose, than the positively charged FcTMA*.
They however, observed much higher extraction coefficients for FcTMA* compared to neutrals.
Similarly, Tudos et al.4¢ concluded that the selectivity for cations compared to neutral or
anionic compounds cannot be accounted for by the differences in diffusion coefficients in the
film, but it is mainly the result of the differences in distribution constants at the film/solution
interface. Fan et al.48 further proposed that the neutral analytes can enter hydrophobic
“interfacial zones” in the fluorocarbon backbone phase. This may, to some extent, explain the
relatively high permeability of neutrals, although the effect of pinholes is also largely unknown.
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Interestingly, Shi et al.49 also found different mobilities for hydrophobic and hydrophilic
redox probes. They found that Ru(NH;)e3*/2* enters Nafion coatings more rapidly, but is
ultimately displaced by the less mobile but more strongly bound tris(bipyridine)ruthenium(II)
(Ru(bpy)2*), indicating a higher affinity towards hydrophobic species. Preferential
incorporation of hydrophobic cations was observed also by Szentirmay et al.425. Nagy et al.35¢
further observed that the ion exchange selectivity of catecholamine neurotransmitters was
moderated by their hydroxy substitution (when normalized with the molar mass). This further
supports the selectivity towards hydrophobic cations.

While it has been shown that amino acids can permeate through extruded 117 Nafion
membranes3®, very little is known about the permeability of zwitterionic molecules. Amino
acids are zwitterionic and some are electrochemically active. In addition, many drugs are also
zwitterionic. Furthermore, in section 7.1.2, we also discussed the metabolism of drugs through
glucuronidation. This is the main metabolic pathway for morphine and also occurs for
paracetamol. Glucuronidation renders PA negatively charged, and opioids with glucuronide
metabolites are zwitterionic. Therefore, the permeability of zwitterionic molecules is of high
importance to in vitro diagnostics. Interestingly, Kubiak et al.43 showed much lower
permeability for the zwitterionic amino acid DOPA than for dopamine, at pH 7.4. Further
studies by Tudos et al.41¢ similarly found a low permeability at pH where DOPA is present as a
zwitterion, whereas DOPA was readily transported through Nafion at pH below 4, where it is
present in its cation form.
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Figure 32. Cyclic voltammograms for SWCNT and SWCNT + Nafion electrodes in (A) 1 mM Ru(NH3)s2*3*, (B) 1
mM Fe(CN)s*7*~, and (C) 1 mM IrCls?™*~in 1 M KCI, as well as (D) differential pulsed voltammogram of
0.5 mM AA and UA in PBS. CV scan rate: 100 mV/s for all measurements in A, B and C. Adapted from
publication V.
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We obtained similar results with a Nafion coated SWCNT electrode. In3% we showed that a
Nafion layer can almost completely reject the morphine-3-glucuronide. This may be both due
to the increased size of the molecule and the exposed carboxylic groups of the glucuronide. The
electrochemical properties of this electrode were further studied in Publication V. Figure 32
shows the cyclic voltammograms of these measurements with bare and Nafion coated SWCNT
electrodes. As seen from Figure 32 A, both the uncoated and the Nafion coated SWCNT
electrodes show close to reversible electron transfer for Ru(NHj,)e2+/3* with AE, values of 73.1
+ 3.7mV and 70.7 + 2.2 mV, respectively. Moreover, the redox currents of Ru(NH;)¢2*/3* were
found to be diffusion limited.

The CVs of the negatively charged Fe(CN)s4-/3- and IrCle2-/3- are shown in Figure 32 B and C,
respectively. The oxidation current was reduced by 97.5% for the former and totally suppressed
for the latter after Nafion coating. The Nafion coating also caused an increase in the AE, value
for Fe(CN)¢4-/3- from 95.4 + 12.1t0 219.4 + 17.7 mV. Figure 32 D further shows that the Nafion
coating suppresses 98.2% of the DPV signal of ascorbic acid and uric acid in PBS. Despite this,
arelatively large deviation was observed in the oxidation current of AA and UA solutions, likely
explained by defects or pinholes in the films. Similarly, Fan et al.4'8 noted that even after
several layers of ultrathin Nafion coatings, complete rejection of Fe(CN)s#/3- was not achieved.

It is known, that the permeabilities and accumulation of cations are affected by the ionic
strength and composition of the supporting electrolyte. Especially, interference due to
competition from K+, Na+ and Li+ in the ion exchange process has been reported for
catecholamine cations#¢. Similarly, interference from non-electrochemically active cations has
been reported due to competitive ion exchangesss. Tudos et al.4¢ further found that the
permeability for catechol was largely unaffected by the potassium concentration. They also
found a slight permeability increase for the anion DOPAC, with increasing potassium
concentration. Similar results were obtained with lithium and sodium buffers4:. The increase
in DOPAC permeability was attributed to improved shielding of the charge in electrolytes with
higher cation concentration. These results clearly show the potential for sample cation
concentration to cause interference. The solution pH may also significantly affect the results,
as the charges of drug and biomolecules are pH dependent. Therefore, the use of Nafion films
is limited to applications where these sample parameters are known. In some applications,
such as in vivo detection of dopamine, the solution composition is fully restricted. As discussed
in section 7.1.2, these parameters also remain relatively constant in biological samples. In vitro
diagnosis also allows for control of these parameters, as most such applications require sample
treatments, such as dilution with buffer solution to control matrix effects. Such treatments
could also enable improved selectivity through affecting the ion exchange of cations. For
example, in the determination of PA, it could be advantageous to spike blood samples with
high ionic strength buffer solutions, to limit the ion exchanges of interfering cations.

Several other drugs are also expected to cause interference in electroanalysis of analgesics.
In Publication VI, we studied the interference of several drugs often taken in concomitant
overdose with paracetamol. These measurements shown in Figure 34 indicate that selectivity
can be achieved in the presence of common interferents. Other cations, such as nicotine, MO
and ODMT, were also not found to cause any interference even at lethal concentrations. The
functionalization of SWCNT by Nafion also shifted the MO peak (as shown in Figure 36)
improving the selectivity towards PA.
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Figure 33. Interference study from Publication VI. A) DPV scans in blank PBS (black line), interferent alone (blue
line) and interferent + 50 uM acetaminophen (red line). B) The background subtracted peak current for
50 uM paracetamol (PA) alone (red) and in the presence of interferents (blue). The error bar represents
a 5% error defined as the tolerance limit. The DPV scans in A) have been offset for clarity.

In addition to the rejection of anions, a significant reduction in the matrix effect was observed
in human plasma samples in Publications V and VI. Similar results were also obtained by
Mynttinen et al.’¢ with a Nafion coated ta-C electrode. This work also showed significant
reduction in the oxidation current of negatively charged ibuprofen. As discussed in section
7.1.2, there are additional electroactive interferents in blood and urine samples, such as
xanthine and hypoxanthine. Figure 34 shows DPV scans with the SWCNT sensors strips from
Publication VI in urine, diluted with PBS (1:1 ratio) prior to measurement. No meaningful
comparison of the coated and uncoated SWCNT electrodes could be made in plasma or whole
blood due to severe passivation of the electrodes. Nevertheless, the measurements in urine
show a large matrix effect due to faradic processes at the uncoated SWCNT electrode. The
current was significantly decreased with the Nafion coated electrode, but small peaks around
0.2V, 0.65V and 0.85 V (vs. Ag) where still observed. The first peak is likely attributed to AA
and/or UA, whereas the two other peaks are due to unknown endogenous interferents.
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Figure 34. Differential pulse voltammograms of urine diluted two times with PBS with uncoated and Nafion coated
SWCNT electrochemical test strips fabricated for Publication VI.
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Figure 35. DPVs in 100 uM A) xanthine and B) hypoxanthine in pH 7.4 PBS with uncoated and Nafion coated
SWCNT electrodes.

Similarly, an increased current around 1.2 V was observed by Mynttinen et al.?® in human
plasma with a Nafion coated ta-C electrode. To study the effect of xanthine and hypoxanthine
on these peaks, separate electrodes were prepared on PEN substrates as in325. Figure 35 shows
the DPV scans of 100 uM xanthine and hypoxanthine with SWCNT electrodes, with and
without Nafion coating. It is acknowledged that the measured concentrations are larger than
what are expected in, for example, in vivo samples. The Nafion coating shows a clear ability to
reduce the interference from these two endogenous substances. Nevertheless, the residual
matrix effects in Publications V and VI as well as !¢ could be related to these interferents. Due
to the much lower blood concentrations of xanthine and hypoxanthine, it seems that these
cannot fully account for the observed peaks in Figure 34. More studies are, however, required
to understand the observed matrix effect in biological samples with Nafion coated electrodes.

As shown in Publication V, Nafion coatings also significantly alter the voltammetry of
opioids. We obtained similar results for tramadol and its active metabolite O-
desmethyltramadol*¢, and recently for oxycodone and its metabolites325. Figure 36 shows the
differential pulse voltammograms (DPVs) for morphine and codeine for both SWCNT and
Nafion/SWCNT electrodes.
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Figure 36. DPV scans of 50 yM morphine and codeine with A) uncoated and B) Nafion coated SWCNT
electrodes along with the chemical structure of morphine with highlighted functionalities. Adapted from
Publication V.
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As discussed in detail in section 7.2.3 and Publication V, the electrochemical oxidation of MO
is known to be complex, likely involving the oxidation of hydroxyl groups at carbons 3 and 6,
as well as the electrochemical demethylation of the aliphatic tertiary amine. Nevertheless, the
first oxidation peak observed at +0.44 V is clearly due to the phenol functionality. This peak is
also anodically shifted by 80 mV compared to the uncoated electrode, further improving the
selectivity towards morphine in presence of AA and UA. As seen from Figure 36, the oxidation
peaks likely attributed to the tertiary amine are not observed with the Nafion/SWCNT
electrode. In Publication V, we tentatively assigned the small remaining peak for morphine and
that of codeine to the hydroxyl group at 6-postion. Recently, in 325 we also observed a well-
defined peak with a different Nafion coated SWCNT electrode, for oxycodone and
noroxycodone around 1.2 V. Both these analytes contain the methoxy functionality. Garrido et
al.323 also suggested possible oxidation peaks due to the methoxy group of codeine. Therefore,
the presence of the methoxy group could explain the large difference in the voltammetry in this
region compared to morphine and oxymorphone. Contributions due to the hydroxy group at
6-position or shifts in the peaks due to the amine functionalities can currently not be ruled out.
Despite the tentative nature of the peak assignment in this work, it is clear that Nafion coatings
accumulate morphine and codeine and improve the selectivity of simultaneous measurements.

In Publications V and VI, lower recoveries were found for morphine, codeine and
paracetamol in plasma and whole blood, respectively, compared to the calibration
measurements in PBS solutions. This is likely due to presence of proteins in these matrices.
This was further verified by a recovery of close to 100 % with PA in urine samples, containing
many of the same interferents as blood, less the serum proteins. Hoyer et al.42! noted that
protein fouling at Nafion coated electrodes can occur due to permeation of proteins through
large pores in the film, or by binding to the surface of Nafion. To the best of our knowledge, no
molecular weight cut-off has been reported for Nafion membranes. The size of hydrophilic
channels are, however, comparable in size to those found in dialysis membranes and therefore,
it is often assumed that proteins cannot permeate Nafion.

It should be noted, however, that the nature of the hydrophilic channels and the amount of
defects in the Nafion coatings used in this work are unknown. In addition, highly varying
results have been reported on the protein fouling of Nafion coated electrodes3:42426, For these
reasons, the protein fouling was studied in both publications V and VI. Figure 37 shows the
cyclic voltammograms of 1 mM Ru(NHj;)e2*/3* in PBS and human plasma (1:1 diluted with PBS).
No loss of signal was observed over several scans in PBS and human plasma. Moreover, no loss
of signal was observed in human plasma compared to PBS. Similar results were obtained in
Publication VI with a 40 uL drop of PBS and human plasma with 1 mM Ru(NH;)e2+/3+.
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Figure 37. Cyclic voltammogram of 1 mM Ru(NH3)s2*** in PBS and human plasma from Publication V.

Many drugs are bound to human plasma proteins. Human plasma contains over 60 proteins,
but only three of these account for the majority of drug binding: albumin (carries mostly
anionic drugs, some cationic and neutral drugs), ai-acid glycoprotein (AAG) (cationic and
neutral drugs) and lipoproteins (cationic and neutral drugs).42” This protein binding affects the
pharmacokinetic profiles, and for some drugs, such as opioids, the unbound fraction is
pharmacologically important. Usually, laborious equilibrium dialysis is used to determine the
free-fraction of a target analyte. Because, Nafion membranes are thought to be impermeable
to plasma proteins, only the unbound fraction is expected to be able to partition into the Nafion
membrane. Therefore, in the event that the electrode is not fouled by the plasma proteins, a
recovery corresponding to the free fraction of the drug is expected in protein containing
samples. Table 7 shows the recoveries obtained for morphine and codeine in Publications V
and paracetamol in Publication VI in human plasma samples. It can be seen that these
recoveries reported for MO and CO in Publication V and PA in Publication VI closely match
those of previously reported unbound fractions.

Table 8. Reported recoveries of PA, MO and CO in human plasma with Nafion coated SWCNT electrodes used in
Publications V and VI, as well as previously reported unbound fractions in human plasma.

Analyte Recovery (%) Free fraction (%)
PA 79 75-80428
MO 61 53-68429,430
CO ‘ 46 ‘ 44430431

Unfortunately, practically all electrochemical studies reported previously with real samples use
very high dilution factors. Therefore, similar reduction in recoveries may have been previously
attributed to passivation. Banis et al.432, however, found that only the free fraction of clozapine,
a benzodiazepine, contributed to the measured electrochemical signal in bovine serum
albumin containing analyte solutions, with a chitosan-based composite electrode. These
results suggest that the electrodes coated membranes impermeable to proteins can directly
determine the unbound acetaminophen fraction, without time-consuming equilibrium
dialysis. It should be noted however, that different fouling for different analytes has been
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previously observed in complex protein containing matrices2°8. Therefore, these results do not
unequivocally confirm that the Nafion coated electrode is measuring the free fraction of these
drugs, and further studies are required to validate these results.
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9 . Fabrication of disposable electrochemical
test strips

In this chapter an industrially compatible fabrication process for a fully integrated
electrochemical test strip, with the aim of detection of analgesics from capillary whole blood
samples, is proposed. The design, material selection, production process and performance of
the electrodes used to determine paracetamol in whole blood in Publication VI, are briefly
discussed.

9.1 Design of electrode configuration and material selection

The active area of the sensor was defined to be circular with a 6 mm diameter, because this
area can easily accommodate the analysis of 40 pL samples. The electrode configuration
design, with key dimensions in mm, is shown in Figure 38 and includes SWCNT working and
counter electrodes, as well as silver reference electrode and contact pads. The step by step
fabrication process is described below.

9,26
|

O 002

Figure 38. Design and key dimensions of the produced intergraded SWCNT test strips.

One key design aspect is the electrical resistance of the electrochemical cell when in contact
with a sample. A large resistance will cause ohmic potential drop between the electrodes.
Therefore, an unacceptably large resistance may affect the accuracy of the data3o. The
uncompensated resistance is the sum of the solution resistance and the resistance of the
electrode lines. The close arrangement of the electrodes, and reasonably high conductivity of
blood433 are expected to make solution resistance negligible. Therefore the ohmic drop, as per
Ohm’s law, equals the current passed times the uncompensated resistance, Ry39.
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The potential measurements in voltammetric experiments are usually accurate to within a
few mV under optimal conditions. Therefore, we can consider a 4 mV ohmic drop as the
maximum allowed. The electrochemical test strip is designed for in vitro diagnostics, utilizing
voltammetric techniques, such as cyclic voltammetry, linear sweep voltammetry and
differential pulse voltammetry. With these methods scan rates in the range of 5-100 mV/s are
typically used (when high temporal resolution is not required). For example, with cyclic
voltammetry measurements at a scan rate of 100 mV/s, with 1 mM Ru(NH;)s in 1 M KCI, redox
currents of around 20 pA are expected. This gives a maximum allowed resistance of 200 Q.

Obviously, the 9o % transparent SWCNT films used in Publications III and V, give too high
a resistance with 1 mm wide lines approaching lengths of 2 cm. To lower the resistance, the
thickness of the SWCNT network was increased to 71.6 % optical transparency (at 550 nm).
Further reduction was achieved by extending the Ag lines to partially cover the SWCNT film
and reduce the overall resistance. After these steps, uncompensated resistance measurements
showed a combined resistance of 164.1 + 25.6 Q with all the integrated electrodes, connected
and a 40 uL drop of pH 7.4, 0.01 M PBS solution, as shown in Publication VI. The final design
still gives an uncompensated resistance that is too high to be applicable for fast scan
experiments, such as fast scan cyclic voltammetry. Although such techniques are rarely needed
in the intended application, this problem could be addressed by further reducing the size of the
electrodes. The design also allows for further extension of the Ag lines.

9.2 Substrate material

As shown in Publications III and V, SWCNT electrodes on glass substrates support facile
reaction kinetics and show high sensitivity toward opioids. Polymers, however, offer many
advantages over glass substrates, owing to their intrinsic plasticity, hydrophobicity, excellent
dielectric and insulative properties, resilience to repeated deformation and compatibility with
roll-to-roll manufacturing?!. The chemical stability of polymer substrates is, however, usually
limited compared to glass, and may contain impurities capable of causing interference.
Therefore, the following requirements need to be fulfilled by any substrate material used in
electrochemical sensors:

i.  High chemical resistance to solvents used in the manufacturing process

ii.  High chemical resistance in the measurement environment

iii.  Resistance to swelling in measurement environment

iv.  Absence of chemicals with electrochemically active functional groups at the surface
v.  Low or no use of plasticizers

The final point is especially important for the SWCNT electrode, where the porous network
is dry-transferred directly onto the substrate and its porous nature is expected to promote
adsorption of plasticizers. These loosely bound plasticizers are lipophilic and are expected to
readily adsorb on the SWCNT sidewalls. Moreover, the widely used plasticizer bisphenol A is
electrochemically active and oxidizes close to the potential of morphine and paracetamol434-43s,

Polyethylene terephthalate (PET) and polyethylene naphthalene (PEN) are the main
substrate materials used in transparent flexible electronics. They have also been widely applied
in the fabrication of flexible electrochemical sensors and biosensors. In addition, other flexible
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substrates, such as polytetrafluoroethylene (Teflon), Kapton, rubber, paper and textiles have
also been investigated#s¢. The success of PET and PEN substrates is due to a good combination
of high mechanical strength, good resistance to many chemicals, low water absorption,
excellent dielectric properties, good dimensional stability, as well as good resistance to thermal
shrinkage and degradation of the polymer chains43. In particular, the solvent resistance and
good mechanical properties are of importance when multiple fabrication steps are needed, as
any mechanical deformation between steps will affect the alignment. The actual choice is
usually dictated by the upper processing temperature, as PEN has higher thermal stability437.

SWCNT films on polymer substrates have been shown to be highly hydrophobic'”, and may
suffer from incomplete wetting during electrochemical measurements. This problem can be
overcome by atmospheric plasma treatments or by using polymers coated with wetting layers.
Care should be taken when using polymers with adhesion layers, however, as they are often
wax-like polymers with a wide range of chemistries. Therefore, the SWCNT network can
become partially embedded in the adhesion layer, rendering it inaccessible to analyte.

Flexible transparent touch sensors have been fabricated on PET films and they are known to
be compatible with the manufacturing processs2. Therefore, this substrate was used in the
manufacturing of electrochemical sensors for Publication VI, and was found to show
satisfactory performance.

9.3 Production process

In Publication VI, we propose a method for producing a fully integrated electrochemical test
strip to be used for measurements with whole blood. The fabrication scheme, shown in Figure
39, combines the mature screen-printing with a novel dry printing technology of SWCNT
networks, and slot die coating of ultrathin Nafion membranes.

1. Transfer SWCNT on PET 2. Screen-printing of silver

—_ —_—
3. Laser pattern electrodes 4. Slot die coat Nafion

<

1
URIR)
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Figure 39. Step-by-step production flow of the integrated SWCNT test strip presented in Publication VI.

With the aerosol CVD process, large areas of SWCNT network can be synthesized, collected
and patterned to form highly conductive electrodess2. The properties of these films are
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discussed in detail Chapter 4. In this process, SWCNTs were first grown by aerosol CVD as
discussed in detail in 82183 and collected on a filter. The 18 x 26 cm SWCNT network was then
press-transferred onto an A4 PET sheet and densified with isopropyl alcohol. The sample was
dried with compressed nitrogen and then baked for 10 minutes at 100 °C. The press-
transferred SWCNT film had an optical transparency of 71.6% (at 550 nm) and sheet resistance
of 73 Q/sq.

Screen-printing of silver, directly on top the SWCNT network, was used to fabricate the
reference electrodes and contact pads. In the proposed production flow, the SWCNT electrodes
are patterned with a nanosecond pulse laser, of 1064 nm wavelength. SWCNT networks can be
patterned down to tens of um resolution with laser ablations2 and the technology is fully roll-
to-roll compatible with high throughputs#38. SWCNT electrodes can also be directly patterned
by collecting the SWCNTs through a patterned filter to achieve sub 10 um line widths94,
Patterning of SWCNT films has also been reported using standard photolithography and
oxygen plasma etching439440, Nevertheless, the laser ablations can be used to achieve SWCNT
patterns with good electrical isolation and little damage to the polymer substrate in only one
step, whereas photolithography requires up to 8 steps32. Moreover, a previous study also
showed that the laser patterning is significantly more cost-effective than standard lithography,
due to lower equipment cost and cost of equipment operations2. In addition, the plasma etching
process is complex and time-consuming#4!. Other advantages of the laser patterning also
include reduced handling of hazardous liquids, leading to a lower environmental footprint, and
no lead-time for changes in design patterns. It should, however, be noted that the proposed
manufacturing process still requires masks for screen-printing of the silver lines, increasing
the lead-time of design changes.

Finally, to improve the sensor performance, the whole A4 sheet was slot die coated with
Nafion. Slot die coating is a known technology for coating highly uniform polymer thin films.
The main advantage of this process is the higher material efficiency and fast throughput,
compared to dip coating. After slot die coating with Nafion, the electrical isolation of the
electrodes was tested with a multimeter for each test strip. The thickness of the Nafion layer
was measured with SEM from cross-section prepared with focused ion beam milling in
Publication VI. Figure 40 shows an overall thickness of approximately 170 nm for the
SWCNT/Nafion working electrode. A dark layer, with a thickness of 65-75 nm on top of the
SWCNT/Nafion layer was also observed, and attributed to Nafion. Flat elongated Ag particles
in the few um size range are seen in the cross-section of the Ag reference electrode. Thicknesses
between 5.9 to 7.2 um were measured for the Ag reference electrode. Due to the large
roughness, a clear layer of Nafion cannot be discerned on top of the Ag particles. In Publication
VI, we also studied the performance of the screen-printed reference electrodes. These results
were presented in section 5.2.
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Figure 40. Focused ion beam milled cross-sections of the Nafion coated A) working and B) reference electrode
imaged with scanning electron microscopy. Figure from Publication VI.

As discussed in section 8.3, it has been show that curing at elevated temperatures can improve
the solvent resistance of recast Nafion membranes. The slot die coater used in Publication VI
is capable of heating the sample holder. Curing at elevated temperatures, however, caused non-
uniform drying, affecting the repeatability of the sensors. Moreover, a review by Hoyer et al.
421 guggested that curing at elevated temperatures can reduce the polarity of the Nafion surface,
thus promoting the adsorption of albumin, leading to decreased fouling resistance. As high
repeatability and fouling resistance are required for in vitro diagnostics, the Nafion was
allowed to dry at room temperature. Post curing at elevated temperature either in salt or acidic
form could, however, easily be carried out if higher resistance to organic solvents is required.
Finally, the cut-out strips were covered with polytetrafluoroethylene (PTFE) film (Saint-
Gobain Performance Plastics CHR 2255-2) with a pre-punched 6 mm hole. For single
measurements, however, this mask was not required as the laser ablated area around the
electrodes was hydrophobic enough to keep the 40 pL drop in place during measurement. The
Teflon film, however, makes the strip more rigid and easier to handle. It also protects the
SWCNT and silver lines from physical damage. Excellent adhesion of the SWCNT network was
observed on the PET substrate. On this substrate, a yield above 97 % was achieved, as only 2
out of 72 sensors in the sheet produced in Publication VI failed due to damage during the
fabrication process. No further failures were observed during electrochemical measurements.

9.4 Performance of the test strips

In Publication VI, we demonstrated the use of these test strips in the quantitative point-of-
care detection of the common analgesic paracetamol. We further showed close to reversible
electron transfer with the outer sphere redox probe Ru(NH;)¢3+/2*. The performance of the Ag
reference electrode was discussed in more detail in section 5.2.

As discussed in section 7.2.2, PA poisoning is common and if untreated can lead to hepatic
failure and even death. Figure 41 shows the measurements with increasing concentrations of
paracetamol in PBS, plasma and capillary whole blood obtained by finger prick. The results
show an almost complete lack of matrix effect in the background, and linearization of the
results shows that the current scales linearly with the PA concentration.
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Figure 41. DPVs of increasing concentrations of paracetamol in A) PBS, B) human plasma C) whole blood. D)
linearization of results in all measured matrices. The error bars show the standard deviations of 4
measurements with different electrodes. Figure from Publication VI.

The linearization of currents suggests lower recoveries of around 74-79% in these biological
matrices, closely matching the previously reported free fraction of paracetamol unbound to
proteins428, This was confirmed in a separate recovery test in whole blood, as shown in Table
8. These results also show adequate repeatability for clinical use.

In Publication VI, we also showed high resistance to passivation both in human plasma and
whole blood. As can be seen from Table 7, we obtained similar results in Publication V for

morphine and codeine. Thus, these results suggest that we are measuring the free fraction of
PA.

Table 9. Recovery study in whole blood. Average of 3 determinations with 3 different electrodes.

Added Found Recovery RSD %

™M) (uM) % (n=3)
50 36.5 73.1 7.4
100 74.7 74.7 5.5

500 371.8 74.4 1.9

Based on the results in Publication VI, we propose an electrochemical assay for the
measurement of paracetamol concentration in capillary whole blood obtained by finger prick.
This assay is capable of quantitative determination in human plasma and whole blood, after
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only 1:1 dilution with PBS and no precipitation of proteins, with an overall assay time of less
than 5 min. In Publication VI, high selectivity was also shown in the presence of some
interferents often taken in concomitant overdose with paracetamol. Due to the large number
of other possible interferents, such as metabolites and other possible drugs, validation of the
protocol still has to be carried out with real patient samples. These studies should also include
parallel measurements with gold standard techniques, such as LC-MS.

Continued development to improve the sensitivity without compromising the selectivity
needs to be carried out. This would allow for further dilution and facilitate measurements of
smaller samples in the range of 5-10 pL that can be more easily obtained from all patients.
Alternatively, this could be achieved by further miniaturized electrode design. Further
optimization of the multilayer electrode strip is also required to enable the detection of PA in
unprocessed capillary whole blood. These initial results suggest that the developed test strip is
promising in POC determination of PA for screening of PA intoxication.
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10 . Conclusions and future outlook

Much progress has been made in the multianalyte detection with modified electrodes. The
limited selectivity, however, still presents major problems that need to be overcome. The large
variation of the oxidation potentials of different analytes, at electrodes with varying surface
chemistry and morphology, further shows the applicability of chemical treatments and
electrode modification in improving selectivity, sensitivity and stability of electrodes. We show
that both chemical treatments and electrode modifications are effective strategies for
improving the selectivity towards dopamine and analgesics.

It is clear that, modified carbon electrodes show great potential for development of highly
selective and sensitive sensors for continuous monitoring and in vitro diagnostics of drug and
biomolecules. The lack of studies combining extensive physicochemical characterizations with
electrochemical studies, however, makes it difficult to understand the large variations in redox
potentials of analytes measured with different electrodes. At present, this lack of
understanding of the origin of electrocatalytic properties confines electrode material
development to trial and error. We show the applicability of synchrotron based soft x-ray
spectroscopy, in obtaining chemical information from different depths of porous carbon
nanomaterial electrodes. We also show the applicability of bulk analysis with x-ray emission
spectroscopy with a novel transition edge detector, in combination with surface sensitive XAS,
electron microscopy and diffraction, as well as other conventional spectroscopy techniques.

In this and other supporting work, the Ti/ta-C and SWCNT thin film electrodes have been
extensively characterized. Both the studied microfabrication compatible thin film electrodes
show facile electron transfer and low background current, enabling trace level detection. In
this thesis and supporting work, we have developed a relatively good understanding of the
physical, chemical and electrochemical properties of Ti/ta-C electrodes. We find that the ta-C
thickness and the presence of Ti close to the surface of the Ti/ta-C electrode influence its
electrochemical properties. Moreover, we show that by controlling the surface Ti concentration
and oxidation state, we can affect the oxidation potential of paracetamol, enabling the selective
detection of morphine. The role of Ti surface loading on a wider range of analytes should be
investigated. Similarly, the roles of other potential minor or trace impurities in the ta-C films
need to be further studied.

Further studies of the SWCNT electrodes are also required to understand the origins of their
electrochemical properties. Especially, the role of Fe catalyst particles and morphology of the
porous SWCNT networks, in the electrocatalysis of dopamine and analgesics, need to be
studied further. A more developed understanding of the origins of electrocatalytic properties
is required to enable direct production of SWCNT networks with tailored electrocatalytic
properties. This involves accurate control of the thickness, morphology and surface chemistry,
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achieved without compromising the mass producibility and cost-competitiveness of the
process.

Despite their attractive properties, the selectivity and fouling resistance of these electrodes
alone is, however, not sufficient for detection of drug and biomolecules in complex biological
matrices. By modifying the electrodes with other carbon nanomaterials or permselective
membranes, the performance can be substantially improved. Moreover, by combining the
advantageous properties of carbon-based electrodes with Nafion membranes, we can improve
selectivity in electrochemical detection beyond what is possible with single modifications
alone. With this multilayer electrode, simultaneous detection of morphine and codeine was
achieved in the presence of large excess of AA and UA, as well as in human plasma without
protein precipitation or substantial dilution. We also show a mass production compatible
fabrication process for a Nafion coated SWCNT test strip. This test strip is capable of
quantitative determination of paracetamol in protein containing whole blood samples in less
than 5 min. The results of this thesis further suggest that the Nafion coated electrodes are
measuring the clinically relevant unbound fraction of drugs.

While the work of this thesis and other studies have made significant progress in developing
highly selective and sensitive electrochemical sensors for determining drugs in complex
matrices, more work is required to further improve the performance, especially in unprocessed
blood samples. More work should also focus on attempting to realize sensors that can
simultaneously achieve sufficient sensitivity, selectivity, fouling resistance and repeatability in
some clinical application. In many cases, optimizing the sensor performance in only one of
these aspects, usually the sensitivity, can compromise the overall performance of the sensor.

To realize such sensors, further studies on the matrix effects observed in complex biological
matrices are needed. Studies with a wider range of active pharmaceutical ingredients is also
highly encouraged. Moreover, the potential interferences from metabolites also need to be
considered and studied. Such studies could lead to an improved understanding of the observed
matrix effects in complex biological samples and enable the determination of personal
metabolic profiles.

Due to the potential interference from almost an unlimited number of biomolecules, active
pharmaceutical ingredients, drugs of abuse (including designer drugs) as well as their
metabolites, studies with a wider range of potential interferents are required. Moreover,
studies that simply spike biological samples with target analytes are not good enough to show
selectivity in a clinical application. Unfortunately, studying the potential interference from all
these sources is prohibitively expensive. Therefore, further interdisciplinary research involving
nanomaterials synthesis and characterization, along with application oriented sensor
development in close collaboration with the end user community, is highly encouraged. Such
collaboration enables real patient samples to be studied early on in the sensor development
and most importantly, the sensor may be validated with real clinical patient samples, by
parallel studies using gold standard analysis techniques.
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