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XPS X-ray photoelectron spectroscopy
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1. Introduction

The World Health Organization (WHO) has concluded in their World Health
Statistic 2017 report that the risk of dying because of the most common non-
communicable diseases, such as cancer, chronic respiratory disease, diabetes and
cardiovascular disease, for people aged between 30 and 70 years has decreased
from 23 % in 2000 to 19 % in 2015 (World Health Organization 2017). The
average life expectancy at birth in OECD countries in 2015 was 80.6 years,
which is approximately ten years higher than what it was in 1970 (OECD
2017). Moreover, especially in the high- and middle-income countries decrease
in the mortality of people over the age of 60 does not seem to be slowing down
(Mathers et al. 2015). Together with the declined fertility rate (OECD 2018)
this means that the majority of world population is getting older.

Neurological diseases, such as Parkinson’s disease and Alzheimer’s disease,
are more common in the elderly population. For example, most patients with
Alzheimer’s disease are over 65 years old and age is, in fact, considered a
major risk factor for its onset among family history and genetic susceptibility
(Alzheimer’s Association 2017).

The burden caused by the neurological diseases is not only on the patients
but the economic impact on the society via missed workdays, unemployment,
high level medical care and assistance is significant. In the US in 2014 the costs
from only the 9 most common neurological diseases was almost 0.8 trillion
dollars (Gooch et al. 2017). With aging population prone to these ailments
the related costs are likely to increase.

Currently, there exists no cure for most neurological conditions and their
treatment, often based on medication, is focused on alleviating the symptoms
and restraining the progression of the disease. New technologies, such as the
deep brain stimulator (DBS) utilized, for example, in the treatment of motor
symptoms in Parkinson’s disease, have succesfully improved the quality of life
of the patients suffering from these ailments.

Neurotransmitters are biological molecules responsible for signal transduc-
tion between pre- and post-synaptic neurons. However, dysfunction in their
release and uptake may lead to complications: for example glutamate has been
proposed to contribute to cellular death leading to various neurodegenarative
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diseases, such as amyotropic lateral sclerosis, epilepsy, Huntington’s disease,
Parkinson’s disease, and Alzheimer’s disease, destruction of dopaminergic neu-
rons is related to Parkinson’s disease, and high levels of glutamate and low
levels of γ-aminobutyric acid (GABA) are linked to multiple sclerosis (see
reviews by Meldrum (2000), Dawson & Dawson (2003) and Henstridge et al.
(2016)). Moreover, excessive amounts of endogenous glutamate have been pro-
posed to be behind the neuronal damage during ischemia and traumatic brain
injury (Meldrum 2000, Danbolt 2001). By monitoring neurotransmitter levels
during DBS stimulation it could be possible to create so called active feedback
loops that would regulate the stimulation parameters accordingly. In addition
to improving the DBS treatment, measuring neurotransmitters continuously
in vivo could give new information for treatment of neurological diseases as
well as basic research in the field of neurology. However, the neurotransmitter
transients are often very fast (in ms scale) and their concentrations are in low
micromolar or even nanomolar range. Thus, the high temporal resolution and
sensitivity are required from sensors utilized for this purpose.

Microdialysis is often utilized for measurement of neurotransmitters (Schultz
& Kennedy 2008). It can offer both high sensitivity and selectivity to differ-
ent analytes as the collected samples are typically characterized with high-
performance liquid or capillary electrophoresis (Khan & Michael 2003). How-
ever, the drawbacks of this method include the restricted sampling rate and
tissue damage due to the large probe (Robinson et al. 2008). It has been shown
that the trauma induced by the probe implantation can cause error in the
measured neurotransmitter concentrations by affecting the release and uptake
(Bungay et al. 2003).

Electrochemical methods such as cyclic voltammetry and amperometry have
been proposed to offer superior speed in detection of various neurotransmitters
in vivo, especially when compared to microdialysis (Robinson et al. 2008).
Moreover, it is possible to miniaturize the electrochemical sensors to minimize
the tissue damage upon implantation. Even though some neurotransmitters,
such as dopamine, show inherent electroactivity and can be measured directly
on for example Pt electrodes, there are also those that cannot be oxidized (or
reduced) within the water window of known electrode materials in neutral pH.
In order to measure for example glutamate, the most abundant neurotransmitter
in the mammalian central nervous system (CNS), a specific enzyme has to be
immobilized on the electrode surface. The enzymatic oxidation of glutamate
results in production of hydrogen peroxide (H2O2), which can be detected
electrochemically. In addition to high temporal resolution and sensitivity, the
electrode material has to be such that it allows the immobilization of the
enzyme in stable and active configuration.

There is currently a lack in fast and sensitive sensors for glutamate measure-
ment. The utmost importance for developing materials and devices for that
purpose is highlighted by the inevitable increase in the numbers of patients
suffering from neurological diseases. In addition to providing new information
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about the materials investigated in this study, one of the aims has been to
develop applications that could in the future offer tools for other researcher and
even clinicians in their efforts to determine the involvement of neurotransmitters
in the various neurological conditions.

This study has been divided into four parts. After introducing the objectives
and scope of this work as well as the utilized experimental methods in this first
chapter, theoretical background is outlined in the second chapter. The third
chapter covers the most important results obtained during the study. Finally,
summary with some future considerations is presented in the fourth chapter.

1.1 Objectives and Scope

The objective of this study was to develop fast and sensitive electrochemical
sensors for the detection of neurotransmitter glutamate. The main materials
utilized were different forms of carbon, its nanostructures and Pt-alloys. In
Publications I, II and III the focus was on tetrahedral amorphous carbon
films alloyed with Pt whereas for the rest of the publications the inspected
materials were either Ni- (Publication IV) or Pt-grown (Publications V and VI)
carbon nanofibers. All these materials were novel and had not been previously
utilized for fabricating electrochemical sensors for the detection of H2O2 or
glutamate making them an interesting subject for the study. It was expected
that the different forms of carbon and metals, especially Pt, could improve the
sensitivities and response times of the sensors and improve the stability of the
immobilized enzyme. Moreover, especially the carbon thin films were expected
to be resistant to fouling in biological environments.

The study can be divided into following research questions:

I How does alloying with Pt affect the physical and electrochemical character-
istics of different carbon (nano)structures?

II Are the Pt-alloyed carbon structures suitable for electrochemical detection
of H2O2?

III Is it possible to immobilize glutamate oxidase on the Pt-alloyed carbon
structures so that it retains its activity?

IV Are the Pt-alloyed carbon structures with immobilized enzyme suitable
for electrochemical detection of glutamate?

V Are the Pt-alloyed carbon structures suitable for use in biological environ-
ments?

The relations between the research questions I-V are presented in Figure 1.1.
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Figure 1.1. Relations between the research questions (RQ) I-V.

1.2 Research Process

Materials and methods utilized in this study are decribed in this chapter. They
are also summarized in Table 1.1.

Table 1.1. Materials and methods utilized in this study.

Publication Material type Characterization Analyte
I a-C/Pt HRTEM, SPM, Raman,

XPS, CV, RDE, amperom-
etry

H2O2

II ta-C, ta-C/Pt, Pt SPM, Raman, QCM, CV,
biofouling

H2O2

III ta-C, a-C/Pt HRTEM, XPS, CV, amper-
ometry, enzyme activity

H2O2, glu

IV Ni-CNFs,
ND-CNFs

HRTEM, SEM, BET, CV,
amperometry, enzyme ac-
tivity, cell culture

H2O2, glu

V Pt-CNFs,
ND-CNFs

HRTEM, SEM, XPS, CV,
amperometry, RDE

H2O2

VI Pt-CNFs,
Ni-CNFs, ta-C,
Pt

XPS, enzyme activity, am-
perometry, cell culture

H2O2, glu

a-C: amorphous carbon; HRTEM: high-resolution transmission electron microscopy;
SPM: scanning probe microscopy; XPS: X-ray photoelectron spectroscopy; CV: cyclic
voltammetry; RDE: rotating disk electrode; ta-C: tetrahedral amorphous carbon;
QCM: quartz crystal microbalance; BET: Brunauer, Emmet and Teller method;
Ni-CNFs: carbon nanofibers grown from Ni catalyst; Pt-CNFs: carbon nanofibers
grown from Pt catalyst
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1.2.1 Sample Fabrication

The two main types of materials utilized in this study were: 1) tetrahedral
amorphous carbon (ta-C) thin films doped with Pt and 2) carbon nanofibers
grown from either Ni, Pt or nanodiamond catalysts with underlying ta-C layers.
The procedures for fabricating these samples are presented briefly below.

Deposition of ta-C and Pt-doped ta-C
Substrate material utilized was p-type boron doped Si(100) wafer with 0.001-
0.002 Ω resistivity. However, in the enzyme immobilization tests in PIII the
substrate for ta-C samples without Pt the substrate was n++-type Si(111)
wafer. Before depositions the wafers were cleaned with a standard RCA
procedure.

For QCM-D experiments in Publication III the substrate was a silica coated
quartz crystal and for the HRTEM inspection in Publication I the substrate
was a NaCl crystal.

First, a 20 nm Ti layer was deposited on the substrate by direct current
magnetron sputtering to ensure adhesion of the carbon thin film. The circular,
water-cooled magnetron sputtering source had a two inch (approximately 5.1
cm) Ti target.

Next, dual filtered cathodic vacuum arc (FCVA, Lawrence Berkeley National
Laboratory, USA) was utilized for deposition of ta-C layers. In order to reduce
contamination by macroparticles, the cathodic arc system was equipped with
a magnetic filter. The cathode was a high purity carbon rod and total of 360
arc current pulses triggered at frequency of 1 Hz to obtain the ta-C thin films.
Both the FCVA and magnetron sputtering equipment were installed in the
same chamber. For comparison, Pt thin films were also fabricated by using a
separate Pt cathode. The total number of pulses varied resulting in Pt films
with thicknesses between 8 nm and 10 nm.

In order to alloy the ta-C films with Pt, two different cathode configurations
were utilized in the FCVA system. In Publication II and III two 1 mm Pt
wires were embedded in a graphite rod (diameter 6.35 mm). Simirly to the
ta-C thin films, the number of pulses was 360. In Publication I two separate
cathodes were used, one made of graphite (purity 99.95 %, Goodfellow) and
the other made of Pt (purity 99.99 %, Goodfellow). Instead of striking the
cathodes simultaneously, the following functions were utilized to control the
respective numbers of pulses for C and Pt:

C : 50−0.5x2, (1.1a)

Pt : 1 0.5x2, (1.1b)

0 ≤ x ≤ 9,x � Z.

After deposition of the thin films, the wafers were cut into smaller chips to

19



Introduction

be used in experiments or for further growth of carbon nanofibers.

Carbon nanofibers growth
Three different catalysts for the growth carbon nanofibers (CNFs) were utilized
in this study: Ni, Pt and nanodiamonds (ND, Carbodeon Ltd Oy). Ni and Pt
were deposited in the same chamber as the ta-C film underneath the catalyst.
The thickness of Ni was 20 nm and that of Pt was 10 nm. ND samples were
prepared by spray-coating a 0.05 % solution of carboxyl funcionalized, zeta
negative NDs on the ta-C samples.

After applying the respective catalyst layers, the CNFs were grown in a
cold-wall plasma-enhanced chemical vapor deposition reactor (Aixtron, Black
Magic). The growth process for the CNFs grown form Pt and ND catalysts is
described in detail in publication by Laurila, Sainio, Jiang, Isoaho, Koehne,
Etula, Koskinen & Meyyappan (2017) and also briefly in Figure 1.2. For the
Ni catalyst the process was otherwise the same but growth time was 60 min.

Figure 1.2. Growth process for CNFs from Pt, Ni and ND catalyst.

Enzyme immobilization
Enzyme immobilization was done either by directly placing a drop of glutamate
oxidase (GluOx) solution (500 U/ml) on the samples and incubating for 4 hours
in room temperature (Publication III) or by utilizing carbodiiimide crosslinking
(Publications IV and VI).

Carbodiimide crosslinking with 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
imide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) is presented in
Figure 1.3. In brief, the samples were first incubated for two hours in room
temperature under a lid with a drop of solution containing 0.2 M EDC and
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0.05 M NHS. Next, the drop was removed and sample was washed with PBS.
Finally, incubation was repeated with solution containing 0.1 U/ml GluOx.
The samples were either utilized in experiments no later than within couple of
hours from the enzyme immobilization or stored at +4 ◦C.

Figure 1.3. Carbodiimide crosslinking of the enzyme with EDC/NHS.

1.2.2 Physical Characterization

Methods for physical characterization of the samples used in this study are
presented in this section. The operational principles for the equipment are
outside the scope of this work and are thus omitted.

Electron microscopy
The morphology of both Ni- and Pt-grown CNFs was inspected with electron
microscopy. Scanning electron microscopy (SEM, JEOL JSM-6335F, Zeiss
Sigma VP or Hitachi-4700) was utilized in Publication IV and VI to show
cells cultured on the samples and in Publication V to demonstrate the Pt
catalyst particles at the tips of the fibers. High-resolution transmission electron
microscopy (HRTEM, JEOL 2200FS with Gatan 4 × 4 UltraScan 4000 CCD
camera) was utilized in Publication III to study the ta-C layer and interfaces
between the different layers (ta-C/Ti and Ti/Si). The cross-sectional samples
were prepared by precision ion polishing system (PIPS Ionmiller, Gatan). In
Publication I it was used to illustrate the effect of electron bombardment
and subsequenct coarsening of the structure for Pt-doped ta-C. Instead of
depositing the thin film on Si wafer, it was placed on a NaCl crystal that was
dissolved in water and the film was tranferred to a TEM grid. HRTEM (JEOL
2100 with Gatan 4 × 4 UltraScan 4000 CCD camera) was also utilized in Pub-
lications IV and V to closely inspect the structure of the CNFs and the catalyst
particles at their tips. Samples were prepared by milling with focused ion beam.

Scanning probe microscopy
Scanning probe microscopy (SPM, Ntegra Aura, NT-MDT Company) was
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utilized in Publication II for atomic force microscopy (AFM), conductive AFM
and spreading resistance measurements. In Publication I the effect of different
upper limits for potential cycling on the sample topography was studied with
AFM.

Raman spectroscpy
Visible Raman spectroscopy (WITec alpha 300 spectrometer, WITecWis-
senschaftliche Instrumente und Technologie GmbH) and fitting of the spectra
were utilized in Publications II and I in order to estimate the sp3/sp2 fraction
ratios for the Pt-doped ta-C films.

X-ray phtoelectron spectroscopy
Elemental compositions for the samples in Publications III, I and V were
evaluated with X-ray phtoelectron spectroscopy (XPS, AXIS Ultra, Kratos
Analytical). In Publications I and V cellulose filter paper (Whatman) was
utilized as an internal in situ reference as described in (Johansson & Campbell
2004). Analysis and fitting of the spectra was performed either with Thermo
Avantage XPS or CasaXPS software.

Physical surface area estimation
The specific surface area of the Ni-CNFs was evaluated by using nitrogen
adsorption isotherms and Brunauer, Emmet and Teller (BET, BELsorp-mini
II instrument, BEL) method in Publication IV. Si and ta-C were utilized as
reference samples. Pre-treatment at 300 ◦C was done before the adsorption-
desorption experiments. In addition, a dead volume reference cell was utlizided
at each step to improve the accuracy.

Quartz crystal microbalance measurements
Quartz crystal microbalance (QCM, E4 instrument, Q-Sense) with dissipation
monitor was utilized in Publication II in order to compare the protein adsorp-
tion on a-C/Pt, ta-C and Pt.

Enzyme activity measurements
Enzyme activity was measured either by utilizing a commercial Glutamate
Oxidase Assay Kit (Publication III) or measurements based on reaction of
o-phenylenediamine (oPD) and with horseradish peroxidase and H2O2 (Pub-
lications IV and VI). Glutamate standards were in both cases prepared by
diluting in series and the results (excitation for the kit or adsorbance for the
oPD measurements) were read with a microplate reader (PlateCHAMELEONV,
Hidex or FLUOstarOptima, BMG Labtech).
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Figure 1.4. Electrodes were prepared by attaching the silicon chips with thin films and/or
nanomaterials on Cu slabs with PTFE tape. To improve electrical contact, the
backsides of the chips were in most cases scratched with Cu. The radius for
the whole cut in the PTFE tape varied from 1 mm to 5 mm.

1.2.3 Electrochemical Characterization

Methods for electrochemical characterization of the samples used in this study
are presented here. Descriptions of the principles behind these methods can be
found in Chapter 2.1.

All the electrochemical experiments were performed in a three-electrode cell.
Reference electrode was either a pseudo Ag/AgCl reference (AgCl coated Ag
wire), a Ag/AgCl/KCl sat’d glass capillary electrode (+0.199 V vs. SHE,
Radiometer Analytical) or a reversible hydrogen electrode (RHE). Counter
electrode was a carbon rod, Pt wire or Au wire. Experiments were controlled
with either Gamry Reference 600/600+ potentiostat, CHI 630E potentiostat
or eDAQ EA 161 potentiostat and e-corder ED401 recording system combined
with a EG&G PARC 175 signal generator.

For preparing the working electrodes from the silicon chips with thin films
and/or nanomaterials, PTFE tape with circular whole cut in it was utilized to
attach the samples on Cu slabs and to define the area to be used for measure-
ments (Figure 1.4). The radius of the samples varied from 1 mm to 5 mm. In
order to improve the electrical contact between the sample and the Cu slab,
the back side of the samples were in most cases scratched with Cu.

Cyclic voltammetry
Cyclic voltammetry (CV) was utilized throughout the study to characterize
and study the properties of the carbon materials. In addition, CV was also
exploited to pre-treat the samples by potential cycling within sample dependent
limits. This was especially important for the Pt-doped ta-C as the structure was
significantly affected and the Pt-like features were enhanced by the cycling. The
most important CV experiments for sample characterization with respective
parameters are presented in Table 1.2.

In addition to the experiments presented in Table 1.2, CV was also utilized to
detect H2O2 throughout the study and especially to define the step potential
for amperometric measurements of both H2O2 and glutamate.

Amperometry
Amperometry was utilized for H2O2 and glutamate detection based on the
results from CV experiments. The step potentials used as well as possible

23



Introduction

Table 1.2. The most important CV experiments for sample characterization performed in
this study. All potentials presented here are vs. Ag/AgCl. All solutions were
degassed either with N2 or Ar prior to starting the experiments.

Experiment Solution Parameters Samples Publ.
WW 0.15 M H2SO4 50 mV/s a-C/Pt II
Cleaning/Pt
features

0.15 M H2SO4 1 V/s, >100 cycles,
-0.2 V - 1.2 V

a-C/Pt I

1 V/s, >100 cycles,
-0.4 V - 1.3 V

a-C/Pt II

50 mV/s, 100 cycles,
-0.2 V - 1.2 V

Pt-CNF V

Electron
transfer

1 mM
FcMeOH in
0.15 M H2SO4

50 mV/s, 0.05 V - 0.5 V a-C/Pt I

400 mV/s, -0.4 V - 0.3 V a-C/Pt II
1 mM
FcMeOH in
PBS

400 mV/s, -0.3 V - 0.5 V a-C/Pt II

1 mM Ru in
1 M KCl

50 mV/s, -0.3 V - 0 V Ni-CNF IV

50 mV/s, -0.4 V - 0.1 V Pt-CNF V
RDE 1 mM H2O2 in

0.15 M H2SO4

50 mV/s, -0.2 V - 1.0 V a-C/Pt I

1 mM H2O2 in
PBS

50 mV/s, -0.6 V - 0.8 V Pt-CNF V

WW: water window; FcMeOH: ferrocenemethanol; RDE: rotating disk electrode; Ru:
hexammineruthenium(III) chloride
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pre-steps or other pre-treatments are collected in Table 1.3.

Table 1.3. Step and pre-steps potentials utilized in amperometric experiments for measure-
ment of H2O2 and glutamate. It is also indicated in the table if the solution was
degassed. All potentials presented here are vs. Ag/AgCl.

Sample Step (V) Pre-step (V) Degassing Publication
H2O2

a-C/Pt -0.2 0.3 Yes I
Ni-CNF -0.5 0.2 or 0.3 Yes IV
Pt-CNF -0.15 0 Yes & no V
Pt-CNF -0.15 0 No VI

0.6
Glutamate
a-C/Pt 0.6 0 No III
Ni-CNF -0.5 0.2 or 0.3 No IV
Pt-CNF -0.15 0 No VI

0.6

Rotating disk electrode experiments
Rotating disk electrode (RDE, EDI101 rotating motor, Radiometer Analytical)
experiments were utilized in Publications I and V to study H2O2 redox reactions
on a-C/Pt and Pt-CNFs, respectively. In RDE experiments, instead of attaching
the samples on Cu slabs, a special holder (radius 3 mm) was utilized to connect
the sample with the equipment.
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2. Theoretical Foundation

This chapter presents the theoretical foundation behind this thesis work. First,
the operation and principles of electrochemical sensors are introduced. Biosen-
sors and enzymes are presented in the second part. The third part of the
chapter covers the electrochemical detection of H2O2 and glutamate with the
focus on previous studies utilizing carbon and Pt in the fabrication of the sen-
sors. Finally, biofouling and biocompatibility issues related to electrochemical
biosensors are introduced.

2.1 Electrochemical Sensors

Electrochemical sensors are powerful tools for various applications ranging from
industry to research in the biomedical field. Their avantages include relatively
simple equipment, ease of maintenance and calibration as well as fast in situ
measurements (Guth et al. 2009). Traditionally, electrochemical sensors have
been utilized to measure analyte concentrations from liquid electrolytes but
there are also applications with solid electrolytes, especially utilized for gas
detection (see reviews by Moseley (1997, 2017)). A glass pH electrode found in
most analytical laboratories is a common example of an electrochemical sensors
based on potentiometric measurements. The most important characteristic
for electrochemical sensors include selectivity, reversibility, limit of detection
(LOD), and robustness (Bakker & Telting-Diaz 2002).

This section covers briefly the electrochemical techniques utilized in this
study. In addition, noble metals and different forms of carbon are presented as
electrode materials for electrochemical sensors.

2.1.1 Electrochemical Methods

The most important techniques utilized in this study are presented here briefly
with their use in measuring neurotransmitters as the main focus. Electrochemi-
cal methods and the theory behind them have been described comprehensively
elsewhere and the reader is recommended to refer to for example the books by
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Bard & Faulkner (2001) and Compton & Banks (2011).
Various electrochemical methods are well suited for the detection of neu-

rotransmitters both in vitro and in vivo. They offer high sensitivity, speed
and accuracy as the sensors can be made very small to reach for example spe-
cific brain regions. Moreover, it is possible to obtain high selectivity between
different analytes by choosing the right materials. From the electrochemical
methods cyclic voltammetry and amperometry are the most commonly utilized
in detection of biomolecules. The former is often used for sensors measuring
electroactive neurotransmitters such as dopamine whereas enzymatic biosensors
are often based on amperometric measurement. Other common methods for
materials characterization include electrochemical impedance spectroscopy,
differential pulse voltammetry and rotating disk experiments.

Cyclic voltammetry
In cyclic voltammetry (CV) the potential is typically cycled between two
fixed limits at certain scan rate. The current response arises from faradaic
reactions, i.e. oxidation or reduction, of the analyte on the electrode surface as
well as from non-faradaic contribution from the charging of the double layer.
Advantages of CV are the high speed and possibility to obtain high selectivity
for different analytes. However, to obtain good selectivity, careful choosing of
the electrode materials is needed to avoid simultaneous oxidation (reduction)
of several electroactive species in the solution. Moreover, especially at very
high scan rates the non-faradaic background current caused by the charging
of the electrical double layer will increase hiding smaller signals from faradaic
reactions and requiring post processing of the data (Bucher & Wightman 2015).
Finally, CV can be considered more qualitative than quantitative method as
the currents from non-faradaic reactions and pseudocapacitances affect the
determination of baseline and consequently hinder from obtaining accurate
concentrations.

Amperometry
In amperometry current is measured as function of time at fixed potential.
The temporal resolution of this technique is high and it is mainly limited by
the sampling rate (Bucher & Wightman 2015). The main concern related to
amperometric sensors is the lack of selectivity. For example hydrogen peroxide
oxidation of Pt requires relatively high anodic potentials and all other elec-
troactive substances in the solution with lower oxidation potentials will be
oxidized simultaneously. Thus, it is important to know which species in the
measurement environment can contribute to the measured signal. To avoid
any unwanted molecules from reaching the electrode and affecting the results
it is possible to use exclusions layers (for example Nafion) but the drawback is
that they might decrease the temporal resolution as the actual analyte has to
diffuse through the layer. In this study we have chosen to avoid any additional
layers to keep the sensor structure as simple as possible and to maximize the
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temporal resolution.

Rotating disk electrode
In cyclic voltammetry and amperometry transfer of reactants (i.e. diffusion)
to the electrode surface and, on the other hand, removal of products can limit
the reaction. By using a rotating disk electrode (RDE) this limitation can
be removed. As opposed to CV and amperometry, RDE is a steady-state
technique. Rotation provides a continuos flow of solution, and consequently
also the reactants, to the electrode surface while the products are swept away.
Increasing the rotation rate decreases the thickness of the diffusion layer via
forced convection and increases the mass transport limited current. With
RDE it is possible to study the effects of mass transport and rate of the
electrochemical reaction separately.

2.1.2 Materials for Electrochemical Sensors

Materials choices can have a large effect on the performance of an electro-
chemical sensor. The typical experimental conditions cover wide pH ranges
and chemical compositions which means that the electrode material should
be chemically inert. From electrochemical point of view, the sensor should
exhibit fast electron transfer and good reproducibility. Finally, especially
when designing sensors for in vivo use, possible toxicity of the material should
be considered. Special care should be exercised when utilizing nanoparticles
as they can have adverse effects on health as well as the environment (see
for example reviews by Lewinski et al. (2008), Zhao et al. (2011) and Sajid
et al. (2015)). As this study was mainly focused utilizing combinations of Pt
and carbon for the detection of glutamate, noble metals and different forms
of carbon are shortly reviewed here as candidates for electrochemical sensor
materials. The aim is to give a brief overview on the material properties. Some
applications of sensors containing carbon and Pt for the detection of H2O2 and
glutamate are presented in Section 2.3.

Noble metals
Noble metals exhibit feasible properties for electrochemical sensors with their
good conductivity and stabilities over wide pH and potential ranges (Campbell
& Compton 2010). In their bulk forms Au, Ag, Pt and Pd have been utilized
to detect a wide variety of analytes from metal ions and organic compounds to
ions, such as cyanide, sulfide, iodide and bromide as well as catalyst material
in fuel cells ((Welch & Compton 2006) and references therein).

However, many of the noble metals common in sensor applications have been
classified as very low volume (Ag, Au) or extremely low volume (Pd, Pt) in
regard of their production rates (Vesborg & Jaramillo 2012). To overcome
the issues of the limited availability, the recent applications have concentrated
on nanoparticles of these materials. Advantages of utilizing nanoparticles
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include, in addition to lower consumption of expensive materials, larger effective
surface area leading to higher signal-to-noise ratio, lowered overpotential, and
enchanced mass transport when compared to bulk electrodes of the same metal
(see reviews by Welch & Compton (2006), Campbell & Compton (2010) and
Guo & Wang (2011)). In electrochemical application the use of nanoparticles
can lead to higher sensitivity and selectivity, which can be further increased by
combining different nanomaterials (Guo & Wang 2011). Moreover, by varying
the size and shape of the nanoparticles it is possible to affect the electrochemical
properties of the sensor. For example, it has been shown that shape-controlled,
adatom-modified Pt nanoparticles can enhance the electro-oxidation of formic
acid and ethanol (Busó-Rogero et al. 2014, 2016).

It should be noted that even though artefacts in computer tomography and
magnetic resonance imaging are especially related to ferromagnetic materials,
for example Au has been shown to cause similar issues (Klinke et al. 2012). In-
terestingly, nanoparticles of for example Au (Crespo et al. 2004), Pd (Sampedro
et al. 2003) and Pt (García et al. 2007) have been shown to possess ferromag-
netic properties unlike their bulk forms. In addition to the artefacts, metals
can induce thermal or electrical burns during magnetic imaging (Dempsey &
Condon 2001) which should be taken into account especially when designing
implantable devices.

Carbon and carbon nanomaterials
The availability of carbon on earth is not a problem, as opposed to the noble
metals presented above. Different forms of carbon, such as glassy carbon and
carbon fiber, have been used as electrode materials for in addition to being
inexpensice, they show wide potential window and good electrocatalytic activity
to various reactions (McCreery 2008). In addition to the traditional electrode
materials, other carbon allotropes have attracted interest in the fabrication
of electrochemical sensors for the same reasons. Especially the emergence of
various carbon nanomaterials, including e.g. single- and multiwalled carbon
nanotubes, carbon nanofibers and nanodiamonds (CNFs), has further incresed
the potential in sensor applications. However, in general even the most basic
electrochemical properties of these nanomaterials are characterized poorly
(Laurila, Sainio & Caro 2017).

The versatility of carbon as materials arises from its three hybridization
forms, sp1, sp2 and sp3 Robertson (1996). Pure diamond has complete sp3

hybridization whereas noncrystalline carbon, e.g. graphene, is sp2 hybridized.
In between these two extremes are the amorphous carbons in which the ratio
between sp3 and sp2 affects the electronic and mechanical properties of the
material. The varities of amorphous carbon and its metastable form, i.e.
diamond-like carbon, have been extensively reviewed by Robertson (1996,
2002).

An important factor affecting the electrochemistry of carbon materials is
the surface structure since electrochemical reactions are in principle interfacial
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phenomena (McCreery 2008). It is possible to affect the structure of CNFs
by treating them with concentrated nitric acid (Sainio, Nordlund, Gandhira-
man, Jiang, Koehne, Koskinen, Meyyappan & Laurila 2016) and consequently
enhance the electrochemical detection of dopamine (Sainio et al. 2015).

An important advantage related to carbon thin films, e.g. a-C and ta-C,
is their CMOS compatibility (Laurila, Sainio & Caro 2017). This allows the
use of common microfabrication techniques for patterning and subsequent
modification with for example other carbon materials, such as the CNFs
presented in this study.

2.2 Enzymatic Biosensors

2.2.1 Biosensors

The term biosensor was first utilized by Cammann (1977) in their review
on ion-selective electrodes containing a biological element or more precisely
enzyme. The International Union of Pure and Applied Chemistry (IUPAC)
defines biosensor as follows (IUPAC 1997):

"A device that uses specific biochemical reactions mediated by isolated enzymes,
immunosystems, tissues, organelles or whole cells to detect chemical compounds
usually by electrical, thermal or optical signals."

Thus, a biosensor does not necessarily produce an electrochemically measur-
able signal but other techniques, such as surface plasmon resonance, calorimetric
or optical methods, can also be utilized. However, in this work the emphasis is
on electrochemical and especially amperometric biosensors.

Electron transfer between the electrode and the biorecognition elements in
biosensors can be classified either as indirect or direct. In indirect electron
transfer, the measured signal arises from reaction between the electrode and
an indirect carrier molecule, such as O2 or H2O2 (Sekretaryova et al. 2016).
Biosensors based on indirect electron transfer termed the first-generation
biosensors. Second and third generation biosensors, on the other hand, utilize
mediators or direct electron transfer, respectively, for producing of the signal.

The sensors utilized in this study belong to the first generation with gluta-
mate oxidase (GluOx) enzyme as the biological element. Even though the main
focus will be on this generation, the principles of operation are also presented
here for the second and third generation biosensors.

First-generation biosensors
The first electrochemical biosensor (or "enzyme electrode" as it was then called)
was described by Clark & Lyons (1962) and further improved by Updike &
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Hicks (1967). The sensor was based on an oxygen electrode with glucose
oxidase (GOx) immobilized on it by utilizing a dialysis membrane. This ini-
tial invention has over the years lead to devices for self-monitoring of blood
glucose for diabetic patients and finally to applications that allow the contin-
uous glucose monitoring (Skyler 2009). The difference between the original
enzyme electrode and the modern amperometric enzymatic glucose sensors
commercially available is the origin of the electrochemical response. In the
sensor by Clark and Lyons the signal arised from consumption of oxygen by
the enzymatic reaction:

Glucose O2
GOx→ Gluconolactone H2O2. (2.1)

The enzyme (or its cofactor to be more exact) is chemically reduced during
the oxidation of the analyte and O2 is required to restore it to the oxidized
state for continuous operation of the sensors. However, the modern sensors
utilized in glucose monitoring measure the production of H2O2 instead. The
current is typically stated to be generated via oxidation of H2O2:

H2O2→O2 2H 2e−. (2.2)

However, it should be noted regarding Equation 2.2 that depending on the
electrode material, the signal might not arise from electrochemical oxidation of
H2O2. For example, Katsounaros et al. (2012) have proposed, that on Pt at
high enough positive potentials H2O2 is oxidized in a non-electrochemical step
and the current arises from reoxidation of the Pt surface.

In addition to glucose oxidase, also other oxidase enzymes, such as glutamate
oxidase (GluOx) and cholesterol oxidase (ChOx), produce H2O2, which can be
utilized to detect the respective substrate molecules that would otherwise be
electrochemically inactive.

Second-generation biosensors
A major drawback related to biosensors described above is their dependence
on O2, which makes them prone to errors related to changes in oxygen con-
centration in the tissue (Wang 2008). Moreover, especially at high substrate
concentrations oxygen becomes the stoichiometrically limiting reagent due
to its limited solubility in water-based solutions which can affect the sensor
response (Putzbach & Ronkainen 2013). To overcome this issue with O2 de-
ficiency common with the first-generation biosensors, the second-generation
biosensors utilize artificial electron acceptors i.e. mediators to facilitate the
electron transfer between the enzyme redox center and the electrode surface
(Chaubey & Malhotra 2002). Typical mediators include ferrocene derivatices
as well as osmium and ruthenium complexes (Castillo et al. 2004). In the
reaction described by Equation 2.1, O2 is needed to reoxidize the enzyme. In
mediated biosensors the mediator goes through electrochemical redox reaction
to recover the oxidized enzyme as presented in Equation 2.3 in the case of GOx
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(Wang 2008):

GOxred 2Mediatorox→GOxox 2Mediatorred 2H, (2.3a)

2Mediatorred→2Mediatorox 2e−. (2.3b)

The oxidation of the mediator occurs typically at lower overpotentials com-
pared to H2O2 which is often stated as one of the advantages of the second
generation biosensors. However, in some cases this does not completely re-
move the problem from interfering species, such as ascorbic acid (Wang 2008).
Moreover, soluble synthetic mediators can, however, leach from the biosensor
structure during its use (Putzbach & Ronkainen 2013). In addition to affecting
the sensor operation, this is especially harmful if the device is utilized in vivo
due to possible toxicity of the mediator (Wang 2008). For example, methyl
viologen, another common type of mediators utilized for glutamate sensors
(see Maalouf et al. (2007) and references therein), is utilized in pesticides and
it is also highly toxic to humans (Lock & Wilks 2010, PubChem Compound
Database n.d.).

Third-generation biosensors
Biosensors, where direct electron transfer occurs between the electrode surface
and the enzyme active center are caller third-generation biosensors. Similarly
to the second generation biosensors, mediators are also utilized in the third
generation devices. However, the mediator has to be immobilized on the elec-
trode surface to ensure a proper path for electron transfer (Castillo et al. 2004).
The direct electron transfer is limited to oxidoreductase enzymes where one of
the half reactions (oxidation or reduction) is replaced by an electrochemical
reaction (Karyakin 2012). Moreover, if the active site is located deep within the
enzyme, direct electron transfer is not possible (Maalouf et al. 2007). In first
and second generation biosensors, the reaction was facilitated by co-substrates
or mediators, respectively. There are only a few enzymes that are suitable
for the direct electron transfer and, in addition, their proper orientation on
the electrode surface is detrimental to the sensor operation (Sekretaryova
et al. 2016). The latter is based on the Marcus theory (extended to biological
systems) where it is stated that the electron transfer reaction rate is affected
exponentially by the distance between the reactants (Marcus & Sutin 1985).

Enzymes suitable for third generation biosensors have been reviewed by
Zhang & Li (2004) and Wu & Hu (2007). As an example, single-walled carbon
nanotubes have been shown to facilitate the direct electron transfer between
GOx and electrode surface by Guiseppi-Elie et al. (2002). They compared the
nanotubes reaching the enzyme active site through the glycoprotein shell to
a needle piercing a balloon without popping it. This allowed the nanotubes
to be within tunneling distance from the redox center which would otherwise
not have been possible due to the flavin adenine dinucleotide (FAD) co-factor
being buried deep withing the enzyme structure.
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However, even though GluOx belongs to the same group of flavoenzymes as
GOx with FAD as its cofactor, to the knowledge of the author, no glutamate
sensors based on direct electron transfer have been reported.

2.2.2 Enzyme Immobilization

An important part of biosensors design is the immobilization of the enzyme.
In industrial applications immobilization, as opposed to free enzyme, has
been suggested to improve the handling of the enzyme, help separating it
from the products, decrease costs and allow compartmentalization of various
enzymes to ensure their simulatenous functioning (Sheldon 2007). When
choosing the immobilization method for biosensor fabrication, there are several
factors that must be considered. It has been stated that the enzyme should in
addition to maintaining their structure, function and biological activity also be
tightly bound to the sensor surface and remain stable to guarantee long-term
application of the device (Sassolas et al. 2012).

The common techniques for enzyme immobilization for fabrication of biosen-
sors include adsorption, entrapment, crosslinking and covalent binding. All
these methods have been reviewed comprehensively by Sassolas et al. (2012)
and are presented here only in brief. Some selected studies for fabrication of
glutamate sensors and their respective immobilization methods are presented
in Table 2.1.

Adsorption
In adsorption the enzyme is immobilized on the electrode surface via van
der Waals forces, electrostatic interactions or hydrogen bonding. As these
secondary forces are reletively weak, the enzyme structure and consequently
its function are not affected by the immobilization (Jesionowski et al. 2014).
In this study, adsorption and especially the electrostatic interactions were
the main immobilization method in Publication III. However, due to the
weak interactions it is likely that the enzyme is gradually desorbed from the
surface which might affect the long term operation of the sensor. This was also
suggested to be te cause for decreasing activity for enzyme immobilized on Pt
thin films when compared to carbon nanofiber samples in Publication VI.

Entrapment
Incorporating the enzyme inside a three-dimensional matrix is called entrap-
ment. The matrix can consist for example of electropolymerized films, sol-gels
or polysaccharide-based gels, such as chitosan. In addition to providing a
structure for enzyme immobilization, the entrapment matrix can also function
as a barrier towards interfering species (Hughes et al. 2016). Even though
the enzyme activity is typically retained, drawbacks of this method include
possible leaching of the enzyme and diffusional hindance caused by the layer
utilized for entrapment.
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Crosslinking
Crosslinking with suitable agents is a simple and potent method for enzyme
immobilization. The enzyme molecules are connected to each other via the
crosslinker, often in the presence of another protein, such as bovine serum
albumin (BSA). Especially glutaraldehyde has been utilized as the crosslinker
it has been even named as one of the most effective and veratile tools in enzyme
technology (Barbosa et al. 2014). On the other hand, use of crosslinking can
lead to changes in the enzyme conformation and consequent decrease in its
acitivity (Sassolas et al. 2012). It has been also shown by Vasylieva et al.
(2013) that crosslinking agent can affect the substrate specificity of the enzyme.
Moreover, despite its popularity, glutaraldehyde has been shown to irritate
and sensitize especially skin and respiratory tract in humans (reviewed by
Takigawa & Endo (2006)) as well as have cytotoxic effects (Huang-Lee et al.
1990, Van Luyn et al. 1995). Thus, its use in chronic implants should be
avoided or at least studied in more detail to ensure its safety.

Covalent binding
Covalent binding differs from crosslinking in the sense that the enzyme molecules
are linked directly to the electrode surface instead of each other or the in-
ert protein such as BSA. The surface containing suitable functional groups
is first activated for example with carbodiimides. Addition of the enzyme
results in covalent bonds between the surface and the enzyme. In this study
1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide were utilized for GluOx immobilization via covalent
binding to the carboxyl groups on the Ni- and Pt-CNFs (Publications IV and
VI). The advantages of EDC/NHS include decreased protein denaturation
owing to the mild reagents and solubility in water (Usha et al. 2012). Moreover,
as zero-length crosslinkers EDC and NHS do not stay in the sensor structure to
cause possible adverse health effects in in vivo applications. Finally, Sassolas
et al. (2012) have suggested that covalent binding can improve the enzyme
stability and by choosing suitable linker molecules steric hindrance can be
decreased resulting in enhanced sensitivity for the sensors.

2.2.3 Glutamate Oxidase

As described in the previous chapter, the first generation electrochemical biosen-
sors require an enzyme to produce the detectable analyte. In this study, the
enzyme utilized was glutamate oxidase (GluOx) which generates H2O2 from
its substrate, glutamate. The most important properties of GluOx are pre-
sented in this section. Sensor applications utilizing GluOx and electrochemical
measurement of glutamate are discussed in the next section.

GluOx was first purified from a wheat bran culture of Streptomyces sp.
X-119-6 by Kusakabe et al. (1983). It contains three subunits, α, β, and γ
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Table 2.1. Enzyme immobilization techniques utilized in preparation of glutamate biosensors
with GluOx as the biorecognition element from some selected studies within the
last 10 years.

Electrode material Immobilization Reference
Au nanowires/Pt NPs Crosslinking (Jamal et al. 2010)
Pt nanospheres/SWCNT Crosslinking (Claussen et al. 2011)
cMWCNT/AuNP/CHIT on
Au

Covalent binding (Batra & Pundir 2013)

PtIr/PEDGE Crosslinking (Vasylieva et al. 2011)
CeO2/TiO2/CHIT/o-
PD/Pt

Entrapment (Özel et al. 2014)

Pt/PPD on GC or BDD Crosslinking (Hu et al. 2014)
ZnONRs/Ppy/PG Adsorption (Batra et al. 2016)
a-C/Pt Adsorption Publication III
Ni-CNF Covalent binding Publication IV
Pt-CNF Covalent binding Publication VI

NPs: nanoparticles; SWCNT: single-walled carbon nanotubes; cMWCNT:
carboxylated multi-walled carbon nanotubes; PEDGE: poly(ethylene glycol)
digycidyl) ether; CHIT: chitosan; o-PD: o-phenylenediamine; PPD:
m-phenylenediamine; GC: glassy carbon; BDD: boron-doped diamond; ZnONR: ZNO
nanorods; Ppy: polypyrrole; PG: pencil graphite;
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with molecular weights of 44 kDa, 19 kDa and 9 kDa, respectively. As the
total molecular weight has been approximated to be 140 kDa the enzyme has
hexameric structure of α2β2γ2 consisting of two protomers. Kusakabe et al.
defined also the prosthetic group to be flavin adenine dinucletide (FAD). One
mole of GluOx contains two moles of FAD. The structure of GluOx with ligands
(FAD and phosphate anions) included is shown in Figure 2.1.

Figure 2.1. The α2β2γ2 structure of GluOx. The dashed line is added to show the two
protomers. Original image of GluOx structure obtained from the Protein Data
Bank (Berman et al. 2000).

The reaction products for deamination of glutamate by GluOx are α-ketogluta-
rate, ammonia and H2O2, which are produced in 1:1:1:1 ratio. The amount
of oxygen consumed in the reaction is also equimolar. Interestingly, GluOx is
higly specific as it catalyzes only oxidation of glutamate and no other amino
acids. Only aspartate can be oxidized in neglible amounts at pH 7.4 (Kusakabe
et al. 1983). This strict specificity has been addressed to arise from interaction
between Arg305 residue and the substrate side chain at the active cite (Utsumi
et al. 2012).

It has been shown Arima et al. (2003) that the recombinant form of GluOx
from Escheria coli has a single chain polypeptide structure with lower activity
and stability compared to the mature enzyme from Streptomyces sp. X-119-6.
They also reported that it was possible to obtain the α2β2γ2 composition
when the recombinant protein was digested by suitable enodpeptidase. This
increased both acitivity and stability of the enzyme.

An interesting point to note is that taking from the pI values shown in Table
2.2, regardless of the microorganism utilized to produce the enzyme, GluOx
is negatively charged in neutral pH. This has been stated to cause repulsion
between the enzyme and the anionic glutamate molecules by McMahon et al.
(2006). Moreover, they further reasoned that due to this effect, results obtained
for GOx, another similad flavoenzyme with FAD cofactor utilized for glucose
detection, cannot be directly converted to apply for applications involving
GluOx.

Finally, an important factor related to GluOx especially considering fabrica-
tion of biosensors is its price. For example, at the time of writing this thesis, 5
units of GluOx cost almost 300 € at the supplier Sigma-Aldrich (finnish branch).
As a comparison, the list price for 10,000 units of GOx is approximately 50 €.
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Table 2.2. Comparison of L-GluOx purified from different Streptomyses species. In the
table pH refers to the range where the enzyme is stable at 37 ◦C.

Microorganims KM,glu (mM) pI pH Specificity Reference
S. sp X-119-6 0.21 6.2 5.5-10.5 L-aspartate a
S. violascens 3.3 - 3.0-7.0 L-glutamine b

L-histidine c
S. endus 1.1 6.2-6.3 5.5-7.5 - d

a (Kusakabe et al. 1983), b (Kamei, Asano, Suzuki, Matsuzaki & Nakamura 1983), c
(Kamei, Asano, Kondo, Matsuzaki & Nakamura 1983), d (Kamei, Asano, Kondo,
Matsuzaki & Nakamura 1983)

One option to decrease the costs of glutamate sensor is to use glutamate
dehydrogenase enzyme (GLDH) instead of GluOx. The price for lyophilized
GLDH at Sigma-Aldrich is approximately 300 € for 100 mg with activity of
more than 20 units/mg. In addition to the more affordable price, GLDH
typically allows measuring glutamate at lower potentials compared to GluOx
sensors which can help countering the interference from electroactive species
that could be simultaneously oxidized (Hughes et al. 2016). In GLDH sensors
the response arises from reduction of the cofactor, NAD+. The cofactor must,
however, be incorporated into the sensor structure which makes it more complex
compared to applications utilizing GluOx (Hughes et al. 2016, Borisova et al.
2018). Moreover, GLDH sensors have been said to suffer from sensitivity and
stability issues (Liang et al. 2015).

2.3 Electrochemical Detection of H2O2 and Glutamate

2.3.1 H2O2

Despite being a simple compound hydrogen peroxide (H2O2) has widespread
usage ranging from industy to food and clinical applications. Its discovery in
1818 can be attributed to Louis-Jacques Thenard, who conducted rigorous
studies on its preparation and chemical nature (Schumb et al. 1955, pp. 1-7).
He even went as far as tasting the odorless liquid and reported the experience
as "somewhat nauseating". It is used especially as an oxidizing agent owing to
its high standard electrode potential of 1.763 V vs. NHE (Bard & Faulkner
2001, pp. 809). In living organisms, cells produce H2O2 in mitochondria to
control growth and apoptosis. It has been also suggested that H2O2 has a key
role in aging (Giorgio et al. 2007). Even though as a reactive oxygen species
H2O2 can, when produced in large quatities, damage cells, it has been also
stated to act as a secondary messenger molecule in intercellular signal pathways
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(Grisham 2013). Furthermore, it is formed as a by-product in various enzymatic
reactions, such as those catalyzed by GOx, GluOx, and ChOx (Gibson et al.
1964, Kusakabe et al. 1983, Yue et al. 1999). Enzymatic production makes
H2O2 feasible for biosensor applications as it has lower oxidation overpotential
when compared to the substrate molecules of the enzymes. However, the
overpotential on, for example, Pt electrodes still remains high (typically more
than 600 mV vs. Ag/AgCl) which makes the sensor susceptible for interference
from substances oxidizing at lower potentials, e.g. dopamine, uric acid and
ascorbic acid. In order to improve the bioanalytic capability of H2O2 it is
important to find materials that allow its oxidation at low potentials with fast
electron transfer kinetics.

An important aspect of H2O2 electrochemistry is its formation as an interme-
diate in two-electron pathway of oxygen reduction reaction (ORR) (Wroblowa
et al. 1976). As ORR is the cathodic reaction in hydrogen fuels cells it has
attracted considerable attention. The reaction mechanism on noble metals such
as Pt (Grgur et al. 1997) and Au (Zurilla et al. 1978) has been widely studied.
However, the main drawbacks for use of for example Pt or Pt alloys as catalyst
material are the slow kinetics of ORR (Nørskov et al. 2004) as well as both
high cost (Rabis et al. 2012) and limited availability (Yang 2009) of the metal.
Approaches to overcome these problems have included the use of nanoparticles
and attempts to decrease the amount of Pt needed, alloying (Spanos et al.
2015) or to replace it with more inexpensive materials. However, owing to its
superior catalytic activity Pt still remains the most common catalyst for ORR
in fuel cells.

Electrochemical detection of H2O2
Hall et al. (1997, 1998, 1999a,b, 2000) studied extensively the electrochemical
oxidation of H2O2 on platinum in phosphate buffer solutions. They established
that the mechanism involves binding of H2O2 on oxidized Pt surface sites. The
electrochemical signal arises from reformation of these binding sites. Moreover,
they suggested that chlorides inhibit the oxidation of H2O2 either by blocking
the binding sites or hindering their formation.

The reaction mechanisms for both H2O2 reduction and oxidation on poly-
crystalline Pt have been also proposed by Katsounaros et al. (2012). At
low potentials and consequently OH-free surfaces Pt is first dissociated in
an non-electrochemical step (Equation 2.4a) followed by fast electrochemical
regeneration (reduction) of the surface sites (Equation 2.4b) due to OH not
being stable at these potentials.

2Pt H2O2→2Pt(OH), (2.4a)

2Pt(OH) 2H 2e−→2Pt(H2O). (2.4b)

At anodic potentials with adsorbed OH being stable on Pt surface, the first
step is the non-electrochemical oxidation of H2O2 (Equation 2.5a) producing

39



Theoretical Foundation

adsorbed H2O and free O2 into the solution. Finally, the Pt sites with adorbed
OH are recovered via electrochemical oxidation (Equation 2.5b).

2Pt(OH) H2O2→2Pt(H2O) O2, (2.5a)

2Pt(H2O)→2Pt(OH) 2H 2e−. (2.5b)

In addition to direct detection of H2O2 it is also possible to use enzymes
to lower the often high overpotential that makes the sensor susceptible for
the interfering species. Horseradish peroxidase (HRP) is a heme-containing
glycoprotein belonging to the peroxidase superfamily which has been widely
used in amperometric biosensors for H2O2 detection (Delvaux et al. 2004).
However, adding another enzyme further complicates the fabrication process of
the sensors since the immobilization methods have to be chosen so that they
support retaining the structure, function and consequently the activities of
both enzymes (Jia et al. 2014).

Selected studies about amperometric H2O2 sensors from the last 4 years
including the results obtained in this work are summarized in Table 2.3. The
main criteria for the selection was that the sensor should contain Pt and carbon
in some form. Moreover, instead of providing a comprehensive review, the aim
of the table is to show the wide variety of carbon/Pt hybrids being studied for
H2O2 sensor applications.

It should be noted that all of the works presented in Table 2.3, except for the
ones related to this study, have been conducted in phosphate buffer which does
not contain chlorides. This is very common regarding publications describing
the detection of H2O2. As will be discussed in the results section, this chlorides
are likely to affect the response to H2O2 when Pt is included in the sensor
structure.

2.3.2 Glutamate

Glutamate is the most abundant excitatory neurotransmitter in the mammalian
nervous system. Together with its receptors glutamate is especially important
in learning and memory as reviewed by Riedel et al. (2003). Moreover, it also
takes part in the development of the central nervous system by affecting both
synapse formation and elimination as well as cell migration, differentiation and
death (Danbolt 2001). Indeed, the importance of glutamate is also highligted
in the results by Attwell & Laughlin (2001) where it was shown that major
part of the energy usage in the brain is related to glutamatergic signaling.

The role of glutamate in the brain metabolism was noticed already in 1935
by Krebs while studying the synthesis and hydrolysis of glutamine but it
was only in the 1950’s that glutamate was addressed to have the excitatory
effect in the central nervous system (Hayashi 1954). Glutamate meets the
requirements for neurotransmitter as (1) it is localized presynaptically, (2)
its release from the presynaptic neuron upon a specific physiological stimuli
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causes a response in the postsynaptic neuron, (3) it acts identically to naturally
occuring neurotransmitters, and (4) there are mechanisms that will terminate its
action fast (Fonnum 1984). In addition to being a neurotransmitter, glutamate
in its sodium salt form is also present naturally in all protein rich foods, such
as meat, poultry, seafood and milk, as well as non-naturally an added flavor
enhancer (Mutlu 2011). Since it can be utilized to hide putridness of food
products (Hughes et al. 2016) sensors measuring glutamate are also important
in safety and quality control in the food industry.

Glutamate is synthesized from glutamine from glutamine in the presynaptic
nerve terminals of glutamatergic neurons and stored in vesicles from where it
is released to the synaptic cleft via exocytosis. The vesicular concentration
of glutamate can be as high as 100 mM and upon its exocytotic release from
the presynaptic neuron it can increase temporarily to 1000 μM in the synaptic
cleft (Meldrum 2000). Glutamate can also be spilled over to the surrounding
tissue, and thus its uptake mechanism have to be efficient both in the synaptic
cleft and in the extracellular space (Danbolt 2001).

Five types of transporters proteins for glutamate uptake are located both
in neurons and in astrocytes, which are a type of glial cells, but their exact
physiological roles remain unclear (see review by Danbolt et al. (2016)). The
stoichiometry for glutamate transport includes three sodium ions and one
proton being taken in and one potassium ion transported out from the cell per
one glutamate molecule (Zerangue & Kavanaugh 1996). Co-transport of sodium
ions provides the driving force for glutamate uptake against its concentration
gradient (Seal & Amara 1999). It has been proposed, however, that reversal
of this transport mechanism during ischemic conditions (compromised energy
supply) can lead to non-vesicular release of glutamate, which can in turn lead
to death of neurons (see the excitotoxic effect of glutamate discussed below)
(Szatkowski et al. 1990).

Some estimates about the speed of the uptake mechanisms has been obtained
from measurements with Pt microelectrode arrays: the exogeneous glutamate
is cleared in 5.8 μM s-1 in rat hippocampus, in 2.1-4.0 μM s-1 in rhesus monkey
pre-motor cortex and in 2.6-4.4 μM s-1 in rhesus monkey motor cortex (Ferreira
et al. 2018, Quintero et al. 2007). Interestingly, the studies by Quintero et al.
(2007) indicated that the glutamate uptake was slowed down in aged rhesus
monkeys which might explain the increased basal levels and hypothetically be
linked to the prevalence of neurological disease in the elderly population.

The effect of glutamate arises from its binding with specific receptors located
on surfaces of glutamatergic cells (Danbolt 2001). Glutamate receptors can
be divided into two groups: ionotropic and metabotropic glutamate receptors
(iGluR and mGluR, respectively). The iGluRs are responsible for the fast
transmission of signals whereas the mGluRs are slower and more modulatory
(Riedel et al. 2003). The first group, iGluRs, consist of N-methyl-D-aspartic acid
(NMDA) and non-NMDA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and kainaite, receptor families, which all are cation-specific ion
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channels (Ozawa et al. 1998). The second group, mGluRs, are coupled to so
called GTP-binding proteins1 and their role is to modulate and fine-tune the
glutamatergic transmission (Conn & Pin 1997).

Despite its important function as a neurotransmitter, impairments in the
regulation of glutamate release and uptake can result in various neurological
conditions. For example. glutamate has been connected to late life major
depressive disorder (Hashimoto et al. 2016, Bruno et al. 2017). It has been
suggested that dysfunction in astrocytic glutamate uptake could be behind
certain symptoms in depression (Bechtholt-Gompf et al. 2010). Moreover, even
though the research related to Parkinsons’s disease is often focused around
dopaminergic systems, there is evidence that glutamate is related to especially
the nonmotor symptoms, such as anxiety, pain, depression and cognitive
impairment (Barone 2010).

The reason for the role of glutamate in neurological and neurodegenerative
disorders is its excitotoxicity (Dong et al. 2009). This means that increased
levels of glutamate (or other excitatory neurotransmitters) due to dysfunction
of the uptake mechanisms or leakage from damaged (pre-synaptic) neurons can
lead to cell death. In the case of glutamate, this has been linked to excessive
Ca2+ influx via either NMDA receptors, Ca2+ permeable AMPA receptor or
voltage-gated Ca2+ channels (Choi 1988, Ozawa et al. 1998). Also mGluRs
are likely to have an effect on the glutamate neurotoxicity via their function as
modulators in glutamatergic signaling (Pin & Duvoisin 1995).

Some basal, i.e. resting, levels of glutamate measured from live animals are
presented in Table 2.4. In most of these studies, the glutamate concentration is
in low micromolar level. However, it has been argued that these values are too
high taking into account the effectiveness of the glutamate transport systems
and the actual basal levels would be in nanomolar range (Herman & Jahr 2007).
It is also possible, that especially when crosslinking is utilized as the enzyme
immobilization method, the crosslinking agent affect the substrate specificity
of the enzyme leading to too high estimates for glutamate concentrations
(Vasylieva et al. 2013).

In addition to the measurements of the basal levels, there have been in vivo
studies where amperometric biosensors have been utilized for monitoring for
example the extracellular glutamate levels over sleep and waking states in
rats (Dash et al. 2009) and the effects of certain medication to the cognitive
deficits and pathology in Alzeimer’s disease in mice (Hunsberger et al. 2015).
Even though there is evidence that the current glutamate sensors can perform
measurements at second-to-second level, there is still room for improvement in
the temporal resolution to monitor both the release and uptake of glutamate:
it has been suggested that the complete transport cycle takes only 70 ms
(Wadiche et al. 1995). Together with the uncertainties in the basal glutamate
levels mentioned above, this highlights the need for the development of more
accurate, fast and sensitive glutamate sensors.
1GTP: guanosine triphosphate, also known as G-proteins

43



Theoretical Foundation

Table 2.4. Basal glutamate levels measured from live animals by using Pt/GluOx sensors.

Target area Resting level (μM) Reference
Rat striatum 29 ± 9.0 (Kulagina et al. 1999)
Rat striatum 18.2 ± 9.3 (Oldenziel et al. 2006b)
Rat striatum 1.4±0.2 (Day et al. 2006)
Rat frontal cortex 1.6±0.3
Rat striatum 7.3±0.9 (Rutherford et al. 2007)
Rat prefrontal cortex 44.9±4.7
Rat medial prefrontal cortex 3.7-4.3 (Mattinson et al. 2011)
Rat hippocampus 3 (Stephens et al. 2011)
Rat cortex 1.2 ± 0.3 (Vasylieva et al. 2013)
Mouse striatum 5.0 (Hascup et al. 2008)
Mouse prefrontal cortex 3.3
Primate motor cortex 0.2-74.4 (Quintero et al. 2007)
Primate pre-motor cortex 6.7-8.9

Electrochemical detection of glutamate
Unlike dopamine, another important neurotransmitter, glutamate is not in-
nately electroactive and it cannot be measured electrochemically at neutral
pH without the use of enzymes. As has been discussed previously, GluOx
can be utilized to produce H2O2 for indirect measument of glutamate. The
requirements for the sensor include in addition to supporting the activity and
stability also good characteristics for detection of H2O2. Moreover, owing to
the fast uptake of glutamate, sensors aimed for in vivo use have to be be very
fast in detecting the analyte.

Glutamate is often measured at relatively high anodic potentials (see Tables
2.5). There are, however, several electroactive species, including ascorbic
acid, uric acid and dopamine, that can be electrochemically oxidised at these
potentials and can cause interference. For example basal levels of ascorbic acid
in rat hippocampus regions CA1, CA3 and dentate gyrus have been estimated to
range from approximately 133 μM to 276 μM (Ferreira et al. 2018), exceeding the
basal levels measured for glutamate (Table 2.4). A widely utilized method for
blocking the interference is to utilize perselective (polymeric) membranes, such
as Nafion, m-phenylenediamine, o-phenylenediamine, polypyrrole or polyaniline
(see comparison by Wahono et al. (2012) and references therein). Another
option for countering the interference is to use a multisite electrode where
GluOx is immobilized only on certain part of the device and the signals with
and without the enzyme are compared to obtain the response for glutamate
(Burmeister & Gerhardt 2001). Moreover, it is also possible to co-immobilize
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ascorbate oxidase to diminish the interference from ascorbic acid (Özel et al.
2014, Sardesai et al. 2015, Uzunoglu et al. 2016). It should be noted, however,
that similarly to GluOx also ascorbate oxidase requires oxygen to retain its
catalytic activity which might affect the biosensor operation. In all the bi-
enzyme studies referenced here, ceria has been utilized as an extra source for
oxygen to overcome the oxygen deficiency issue.

Moreover, in important point to note is that all studies presented in Table
2.4 were performed with microelectrode arrays with (bulk) Pt electrodes
where glutamate was immobilize by utilizing crosslinking with glutaraldehyde.
Interfering species (uric acid, ascorbic acid) were blocked by coating the
electrode either with Nafion or with m-phenylenediamine. This shows that
despite the ongoing work to develop new nanomaterial-based applications for
glutamate detection in vivo they are still not routinely utilized.

Selected studies about enzymatic glutamate sensors utlizing GluOx (first
generation) from the last 10 years including the results obtained in this work
are summarized in Table 2.5. The selection was based on including only studies
where Pt was utilized in the sensor fabrication. The number of publications
related to fabrication of glutamate sensors is significantly smaller compared to
those regarding detection of H2O2 in Table 2.3.

Even though enzyme-free electrochemical detection of glutamate has not been
reported in neutral pH, there are two papers by Jamal et al. where different
Ni structures have been utilized for glutamate measurements in alkaline pH
without the enzyme. In Jamal et al. (2013) the authors constructed Ni nanowire
arrays with and without Pt and succesfully measured glutamate with these in
1 M NaOH. They also used Ni oxide on glassy carbon electrode for fabrication
of non-enzymatic glutamate sensor operated in 0.1 M NaOH (Jamal et al.
2018). In both of these approaches, the electrochemical signal arised from the
reaction between Ni oxyhydroxide which is only stable in alkaline pH. Thus,
it is not possible to utilize these sensors in vivo. Moreover, the glutamate
concentrations measured in both publications were in millimolar range, which
is too high to be useful for physiological measurements. However, these type
of sensors might still have applications in the food industry where glutamate
concentrations are likely to be higher than in the CNS.

2.4 Biocompatibility of Electrochemical Sensors

In short, biocompatibility can be defined as the ability of implanted material
to be in contact with tissue without causing excessive harm to it. A more
detailed detailed description has been provided by Williams (2008):

Biocompatibility refers to the ability of a biomaterial to perform its desired function
with respect to a medical therapy, without eliciting any undesirable local or systemic
effects in the recipient or beneficiary of that therapy, but generating the most
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appropriate beneficial cellular or tissue response in that specific situation, and
optimising the clinically relevant performance of that therapy.

Implantation of any device into the body causes always an initial trauma with
a response from the surrounding tissue. The healing processes and interaction
of the living system with the implant, also known as foreign body response,
have been reviewed comprehensively for example by Anderson (2001) and
Anderson et al. (2008) and are presented here only on general level. The initial
stages of the response consist of protein adsorption and thrombus (blood clot)
formation upon contact between blood and the implant. These form the so
called provisional matrix initiating the wound healing processes, which can
occur already within minutes from the insertion of the medical device. The
initial response is followed by acute and chronic inflammation, which are both
characterized by specific cell types. Both are also part of the normal wound
healing process and only persistent inflammatory responses can be considered
as an indicator for infection. The formation of granulation tissue marks the final
stage of the normal healing process for implanted material. Granulation tissue
can eventually lead to the formation of fibrous capsule around the implant.
This is especially detrimental to sensor applications since the encapsulation
can prevent the analyte from reaching the sensor surface and consequently
decrease the sensitivity (Wisniewski & Reichert 2000).

The response to the trauma upon implantation depends on the organ and
tissue type (Anderson 2001). As the neurotransmitter measurement in vivo are
mainly aimed to be conducted in the brain, the discussion here is focused on
the response of the brain cells and tissue to the implanted sensor. In addition
to neurons, the brain consists of glial cells and vascular tissue. Astrocytes and
microglia, which belong to the group of glial cells, are the main cell types to
react to trauma and be involved in the healing process, i.e. the foreign body
response (Polikov et al. 2005). The main response arises from activation of
astrocytes, i.e. gliosis, and subsequent formation of cellular sheath or glial scar,
the counterpart of the fibrous capsule in the CNS, around the sensor (Turner
et al. 1999).

It has been shown by Biran et al. (2005) that in addition to the formation
of the glial scar, the chronic implantation of microelectrode arrays into the
brain tissue causes a sustained inflammatory response with activated microglia
and loss of neurons as well as their projections adjacent to the microelectrode.
They concluded that especially for recording electrodes it would be important
to manipulate the inflammatory response of the brain tissue to ensure the
operation of the implant. Turner et al. (1999) have proposed that the glial
scar formation could be minimized by improving the implantation methods
and by utilizing smaller, smoother and rounder probes. Moreover, mechanical
insertion of the sensors to the brain tissue will damage neurons and capillaries
causing a so called "kill zone" where the neuron density is lower than what
would normally be expected (Edell et al. 1992). This might be significant for
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sensors targeted for measuring neurotransmitter concentrations since depletion
of neurons from the vicinity of the implant could lead to too low signal similarly
to the encapsulation of the device. Similar conclusions have been made by
Kulagina et al. (1999) who addressed the higher basal levels of glutamate
measured with a microsensors compared to those obtained by microdialysis
to the smaller damage caused to the tissue and consequent higher neuronal
activity.

Even though biocompatibility is by definition often linked only to materials
interactions with cells and the ability to for example promote cell growth,
another aspect related to sensors operating in biological environments is bio-
fouling. This means that cells and proteins can accumulate on the sensor
surface in vivo which can in the worst case lead to device failure. As mentioned
above, protein adsorption and cell attachment is, however, part of the normal
wound healing process and foreign body response. Moreover, it has been shown
by Oldenziel et al. (2006a) that biofouling of redox hydrogel-based biosensor
affects the oxygen sensitivity as well as the sensitivity to the analyte of the
device.

As a conclusion, an ideal material for neurotransmitter sensors would be
integrated into the brain tissue without scar formation that could decrease its
sensitivity. This is in line with an elaborated definition for biocompatibility by
Ratner (2011):

BIOCOMPATIBILITY: the ability of a material to locally trigger and guide non-
fibrotic wound healing, reconstruction and tissue integration.

Even though the results obtained in this study show that cells retain their
viability when cultured on the carbon nanostructures, it is not possible to
comprehensively answer whether these materials utilized would promote in-
tegration and minimize the encapsulation by the glial scar. More detailed
investigations with for example stem cells or in actual brain tissue should be
conducted.
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3. Results and Discussion

This chapter covers the most important results obtained in this study with
relevant discussion. The sections are organized so that they answer the research
questions (RQs) presented in the first chapter. The first part presents the
physical and electrochemical characterization of the materials utilized in this
study. Next, the suitability of these materials for detection of H2O2 is evaluated.
The results related to GluOx immobilization are reviewed in the third section
followed by the fourth section where glutamate detection with the developed
sensors is inspected. The fifth sections covers assessing the biocompatibility of
the materials. Finally, the results presented in previous section for different
types of materials are compared in the sixth section.

3.1 Physical and Electrochemical Properties

In this study, one of the main focus was to investigate how the addition of Pt
affects the physical and electrochemical properties of carbon (nano)structure,
especially ta-C and CNFs. The most important observations are presented in
this section.

3.1.1 Structure of a-C/Pt films

The effect of Pt addition in the ta-C film composition and structure was
inspected with Raman spectroscopy, XPS, HRTEM and AFM.

Even though Raman spectroscopy does not often give reliable information
on the sp3 fraction of the film, the I(D)/I(G) ratio can be correlated with the
sp2/sp3 proportion. Increase in the I(D)/I(G) ratio is connected to increase in
the sp2 content of the film. Results from Raman spectroscopy for ta-C and
carbon/Pt films in Figure 3.1A show that the the signal intensity decreased
with addition of Pt. On the other hand, I(D)/I(G) ratio was increased when
adding Pt into the ta-C matrix. This increase occured regardless of the type
of the type of the Pt cathode (from 0.56 to 0.66 for separate Pt and carbon
cathodes as in Publication I and from 0.7 to 0.96 for buried Pt cathode as in
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Figure 3.1. A) Raman spectra for ta-C and a-C/Pt with fitted I(D) and I(G) peaks. B)
a-C/Pt XPS wide spectrum. C) a-C/Pt XPS high resolution spectrum for Pt 4f.
D) a-C/Pt XPS high resolution spectrum for C 1s. Adapted from Publication
I.

Publication II). Thus, the addition of Pt into the ta-C matrix increased the
amount of sp2 fraction in the film and changes the structure into amorphous
carbon (a-C). These films are hereafter referred as a-C/Pt. Increasing the
thickness of ta-C layer up to 100 nm has been shown to have an opposite
effect as it significantly decreases the I(D)/I(G) ratio (McCann et al. 2005,
Protopopova et al. 2015, Palomäki et al. 2017). Palomäki et al. (2017) also
stated that increasing the thickness of the film increases the mobility gap,
decreases the average current flow through the film and consequently hinders
electron transport in the bulk. It is proposed, as a possible future subject, that
by combining the addition of Pt and varying the thickness of the a-C/Pt film
it could be possible to tailor its electical and electrochemical properties.

The presence of Pt in the a-C/Pt films was verified via XPS. Results from
the analysis performed on the Pt-gradient samples showed that the a-C/Pt
films consist of approximately 77.4 at-% carbon, 12.9 at-% oxygen, 6.4 at-%
platinum, and 1.9 at-% nitrogen. The amounts of O and N as well as residual
fractions of Si and Ti were similar to those detected in ta-C film without Pt
(Palomäki et al. 2015). Interestingly, the XPS analysis indicated that Pt was
not present as a monolayer in the samples but as separate nanoscale particles
or islands. First, the amount of Pt was too low to result in a continuous layer.
Secondly, it has been proposed by Tougaard (1998) that it is possible to obtain
information about the in-depth distribution of an element from the shape of
the background tailing in XPS spectrum. Thus, it can be estimated from the
Pt peaks and their background tails that the depth distribution of the Pt atoms
covered more than just one or two monolayers.

The distribution of Pt was further inspected with HRTEM by utilizing a-C/Pt
films deposited on salt crystals. Surprisingly, clear coarsening and formation
of larger Pt island was observed during the imaging (Figure 3.2). First, the
structure showed only finely dispersed Pt particles in the carbon matrix. When
the sample was kept under the electron beam, the structure became gradually
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Figure 3.2. HRTEM micrographs of ta-C films with intrinsic Pt gradient at A) t = 0 s, B)
t = 4 s, C) t = 120 s and D) t = 300 s. Adapted from Publication I.

coarser as larger Pt islands started to form. The coarsening occured relatively
fast as the time scale from Figure 3.2A to 3.2D was only approximately 5
minutes. It is suggested that the initial structure with dispersed Pt is highly
metastable and the electron bombardment gives Pt atoms enough energy for
surface diffusion. The driving force for the formation of the islands is the
minimization of surface energy. It should be noted that even though it was
stated that the XPS analysis indicated Pt being present as islands in samples
it is likely that the structure of the film analyzed in XPS resembled more the
original film as shown in Figure 3.2A.

The surface roughness of ta-C and a-C/Pt samples was estimated by utilizing
AFM (Figure 3.3). For both films, the roughness was approximately 1 nm
which was higher compared to that of Pt thin film (0.4 nm). It was proposed in
Publication II that this was a consequence of the Ti adhesion layer used under
the carbon films but not under the Pt samples. Interestingly, the roughness
was not affected significantly by the different cathode configurations utilized
in preparing the a-C/Pt samples. Moreover, conductive AFM measurements
showed that adding Pt into the carbon film increased current flow through the
sample. This further supports the suggestion that it is possible to tailor the
electrical properties of the a-C film by doping it with Pt.

Similar effect as seen during HRTEM imaging was also observed in AFM
measurements after potential cycling with high enough upper potential limit.
The AFM topography maps in Figure 3.3 show that potential cycling in 0.15
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Figure 3.3. A) Effect of the potential cycling on the roughness of the a-C/Pt when compared
to (non-cycled) ta-C and pristine a-C/Pt. AFM images of a-C/Pt B) before
and C) after the potential cycling to 1.4 V. Adapted from Publication I.

M H2SO4 with high upper potential limit (1.4 V vs. Ag/AgCl/KCl sat’d) has
an effect on feature size compared to the pristine sample. The particle size
is significantly larger after the cycling to 1.4 V as can be seen from the scale
bars in Figure 3.3B and C. Moreover, the surface roughness was significantly
increased compared to the pristine sample (Figure 3.3A). Potential cycling
is known to cause Pt roughening through dissolution and redeposition of Pt
atoms (Untereker & Bruckenstein 1974). It has been shown that there exists a
potential threshold for the dissolution both experimentally for polycrystalline
Pt (Topalov et al. 2012) and by DFT calculations for Pt(111) (Hansen et al.
2008). Thus, the coarsening of the structure was proposed to arise from
dissolution and redeposition of Pt particles occuring only when the upper limit
for potential cycling was high enough.

The main issue with the a-C/Pt films was poor reproducibility in the sample
fabrication process. The batch quality was evaluated by CV in 0.15 M H2SO4
and only those showing good Pt characteristics (see Figure 3.6) were utilized
in further experiments. The different Pt cathode configurations explained in
Section 1.2.1 (Sample Fabrication) were developed to enhance the reproducibil-
ity but unfortunately only minimal improvement was gained. The core reasons
behind this issue and especially how to overcome it are still under investigation
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and will be hopefully addressed in the future.

3.1.2 Structure of Ni-CNFs and Pt-CNFs

Structure of the CNFs grown from Ni catalyst with an underlaying ta-C film (Ni-
CNFs) has been extensively characterized previously in our group (see review
by Laurila, Sainio & Caro (2017) and references therein). Briefly, the addition
of the ta-C layer affects the growth process of the Ni-CNFs and no bamboo-like
structure can be seen in HRTEM imaging. Instead, the structure consists of
stacked graphene sheets. Interestingly, the ta-C layer is completely consumed
for the growth as an extra carbon source. Moreover, it has been shown by
Sainio, Nordlund, Gandhiraman, Jiang, Koehne, Koskinen, Meyyappan &
Laurila (2016) that etching with concentrated nitric acid does not completely
remove the Ni catalyst particles from the CNF tips but cleaves and oxidizes
them instead. The etching affects also the functional groups on the CNFs and
decreases especially the amount of carboxyl groups.

One advantage of nanomaterials is the increase in surface area. The spe-
cific surface area for the Ni-CNFs was assessed by utilizing BET method in
Publication IV. Compared to Ni and ta-C thin films the area of Ni-CNFs was
1.9 or 3.2 times higher, respectively. The ta-C films have very low roughness
(1.15 ± 0.14, see Publication II) which is likely to explain their low surface
area. Interestingly, when the electrochemically active area was estimed by
utilizing Randles-Sevcik equation (see Section 3.1.3 and Equation 3.1) the
results indicated that this was considerably smaller than the specific area from
BET measurements. As it is not feasible to measure the area with BET method
or the electrochemically active area for each sample, geometric area was utilized
throughout this study to calculate, for example, current densities. It should be
noted that this might cause some error especially when comparing the current
density magnitudes between thin film and either type of CNF samples.

The CNFs grown from Pt catalyst with ta-C layer underneath (Pt-CNFs)
were first presented in Laurila, Sainio, Jiang, Isoaho, Koehne, Etula, Koskinen
& Meyyappan (2017). The structure of the fibers differs significantly from
that of the Ni-CNFs. First, even though the Ti adhesion layer is still intact
(despite the formation of Ti silicides) there are finely dispersed Ti particles
along the fibers. Their amount, however, decreases towards the tips of the
fibers. Secondly, the shapes and sizes of the Pt particles at the tips of the fibers
vary randomly (Figure 3.4B). Finally, compared to the Ni-CNFs, the graphene
sheets show less ordering near the Pt catalyst particles. These results were
proposed to be a consequence of repulsive interaction between carbon and Pt.
The characterization of Pt-CNFs was continued in Publication V and it was
shown that the length of the fibers varied considerably from sample to sample.
It was stated in Laurila, Sainio, Jiang, Isoaho, Koehne, Etula, Koskinen &
Meyyappan (2017) that the typical length for the fibers was from a few hundreds
of nanometers up to micrometer scale. These fibers were, however, prepared
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Figure 3.4. A) SEM micrograph of Pt-CNFs showing the vertically aligned fibers with Pt
particles at their tips. B) Top view of the Pt-CNFs. C) HRTEM micrograp of
the Pt-CNFs. Note the variation in the fibers heights when compared to the
SEM micrograp in A). D) Higher magnification HRTEM micrograph showing
that some of the catalyst particles are single crystals (white lines are added to
help quide the eye). Adapted from Publication V.

with growth time of 60 minutes whereas those utilized in Publication V were
grown only for 30 min. Nevertheless, The SEM and HRTEM micrographs
in Figure 3.4 demonstrate that the length varied from tens of nanometers to
couple of hundreds of nanometers even though the growth time was the same.
This illustrates the stochastic nature of the CNFs growth and highlights the
difficulty to evaluate the true surface area for each sample.

The amount of Pt in the Pt-CNFs was estimated to be 7.0 ± 0.2 % from the
XPS spectrum (Figure 3.5A and B). The fit performed for the Pt 4f doublet
showed that approximately 75 % of the Pt was in metallic form and the rest as
oxides. Moreover, the amount of Ti was 5.5 ± 1.5 % (averaged here from larger
number of sample than in Publication V where the Ti amount was given as 7.2
%) which is significantly higher than the residual amount in the a-C/Pt films.
First, this is proposed to reflect the intact Ti adhesion layer as well as the
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Figure 3.5. A) Pt-CNF XPS wide spectrum. C) Pt-CNF XPS high resolution spectrum
for Pt 4f. D) Pt-CNF XPS high resolution spectrum for C 1s. Adapted from
Publication V.

dispersed Ti particles along the fibers. Secondly, the large error is suggested
to arise from the lenght distribution of the fibers. The shorter the fibers, the
more contribution from the adhesion layer and Ti particles in the fibers. This
is further supported by HRTEM micrographs in Laurila, Sainio, Jiang, Isoaho,
Koehne, Etula, Koskinen & Meyyappan (2017) where it was shown that the
amount of Ti particles decreases towards the tip of the fibers. Consequently,
with longer fibers the amount of Ti available for probing with XPS is lower.

3.1.3 Electrochemical properties

Compared to bulk Pt, ta-C has significantly larger water window spanning
over 3.5 V. When Pt is added into the ta-C structure it starts to dominate
the electrochemical properties and the voltammogram for a-C/Pt represents
that of polycrystalline Pt (Figure 3.6A). With extensive cycling at high scan
rate (1 V/s) in, for example, H2SO4 it is possible to obtain graphs with the
typical Pt characteristics (surface oxidation and reduction, hydrogen adsorption
and desorption) as shown in Figure 3.6B. Interestingly, during the cycling, in
addition to the emerging Pt feature, the oxide reduction peak is shifted to
anodic direction. This is suggested to arise from coarsening of the structure
as mentioned when discussing the results related to coarsening from AFM
measurements.

Some evolution of the voltammogram is also observed for Pt-CNFs during
potential cycling in 0.15 M H2SO4 (Figure 3.6C). The effext is not, however,
as pronounced as it is for the a-C Pt as the Pt features are already visible
at the beginning of the cycling. It is possible that there is some dissolution
and redeposition of Pt but it is not as significant as for the a-C/Pt. It is also
possible that the changes observed in the voltammogram upon cycling arise
from the Pt particles being cleaned from impurities. This is further supported
by the appearance of the small peak in the hydrogen desorption region at -0.03
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Figure 3.6. A) Comparison of water windows in 0.15 M H2SO4 at 50 mV/s for ta-C, a-C/Pt
and Pt thin film. B) Evolution of Pt features for a-C/Pt during potential
cycling in 0.15 M H2SO4 at 1 V/s.C) Evolution of Pt features for Pt-CNFs
during potential cycling in 0.15 M H2SO4 at 50 mV/s. Note the different scan
rates utilized in A and B.

V vs. Ag/AgCl which is typically detected only on clean Pt surfaces (Climent
& Feliu 2011). Moreover, even though the HRTEM micrograph in Figure 3.4D
shows that some of the Pt particles at the tips of the fibers are single crystals,
the electrochemical behavior in 0.15 M H2SO4 resembles that of polycrystalline
Pt.

The electron transfer properties for different sample types were inspected
utilizing outer sphere probes. Figure 3.7A shows the voltammogram for a-C/Pt
in 1 mM ferrocenemethanol (FcMeOH, 0.15 M H2SO4 as supporting electrolyte)
at different scan rates. The peak separations (ΔEp) and oxidation peak current
densities (jp,ox) are collected in Table 3.1 together with those from similar
experiments for ta-C and Pt thin films.

Ferrocene and its derivatives are widely utilized in electrochemical studies as
outer-sphere probes to study electron transfer processes on different electrode
materials. The requirement for these probes is that there is no strong interaction
between the reactants or products with the electrode surface (Bard & Faulkner
2001, pp. 116). However, there are studies showing that ferrocene derivatives
can actually adsorb on both Pt and carbon materials (Bond et al. 1987, Cuharuc
et al. 2016). Thus, the results for Ni-CNF and Pt-CNF characterization
presented in Figure 3.7B and C, respectively, were done in 1 mM hexaamine
ruthenium ([Ru(NH3)6]3+) with 1 M KCl as supporting electrolyte. The ΔEp
and jp,ox for Ni-CNFs and Pt-CNFs are included in Table 3.1. However, it
should be noted that it has been also proposed that [Ru(NH3)6]3+ could adsorb
on Pt even more compared to ferrocene derivatives (Mampallil et al. 2014).

For both ta-C and a-C/Pt as well as for Ni-CNFs and Pt-CNFs the ΔEp is
sufficiently close to 59 mV indicating reversible electrochemical reaction (Bard
& Faulkner 2001, pp. 186). For Pt thin film the values vary between 61.1 mV
and 71.6 mV which can still be classified as reversible behavior. The jp,ox are
also presented against the square root of the scan rate in Figure 3.7D. For all
the thin film sample types (ta-C, a-C/Pt and Pt) the curves are linear with
R2 > 0.99, which means that the electron transfer is diffusion limited and this
does not change with addition of Pt into ta-C matrix. Moreover, as the jp,ox
values for each scan rate are comparable for a-C/Pt and Pt samples, it can
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Table 3.1. Summary of peak separations (ΔEp) and oxidation peak current densities (jp,ox)
and the ratio between electrochemical and geometric surface area (Aechem and
Ageom, respectively) for ta-C, a-C/Pt, Pt thin films, Ni-CNFs and Pt-CNFs.
Current densities were calculated by utilizing Ageom.

ΔEp (mV)
ta-C a-C/Pt Pt Ni-CNF Pt-CNF

10 mV/s 56.6 61.1 61.1 62.3 58.5
50 mV/s 55.8 57.5 63.9 65.1 58.5
100 mV/s 57.4 57.9 65.9 57.6 59.7
200 mV/s 57.7 57.9 69.8 53.9 59.5
400 mV/s 60.5 59.7 71.6 53.8 59.8

jp,ox (μA cm-2)
ta-C a-C/Pt Pt Ni-CNF Pt-CNF

10 mV/s 52.1 42.9 69.4 1.4 61.6
50 mV/s 120.9 113.2 158.7 67.1 150.1
100 mV/s 117.2 161.4 224.4 108.6 306.4
200 mV/s 245.3 225.0 322.7 148.9 421.4
400 mV/s 344.0 313.3 459.8 194.7 620.0

Aechem/Ageom (%)
ta-C a-C/Pt Pt Ni-CNF Pt-CNF
94.8 65.1 72.3 43.0 88.2

be proposed, relaying on the work by Streeter et al. (2007), that the diffusion
to Pt particles in the a-C/Pt film resembles that of a planar diffusion field
instead of that of isolated islands, as stated in Publication I.

A slight deviation from linearity for the jp,ox vs. square root of the scan rate is
observed for Ni-CNFs (R2=0.97). In addition, the current density magnitudes
for all scan rates are also the smallest. As the deviation is very small, however,
it is still safe to say that the electron transfer is mainly limited by diffusion.
For Pt-CNFs the current density magnitudes are almost as high as for the Pt
thin film and the jp,ox vs. square root of the scan rate shows good linearity
(R2 > 0.99).

Owing to the reversible electrochemical behavior, the jp,ox values could be
utilized in Publication IV and V to evaluate the electrochemically active surface
area via Randles-Sevcik equation:

Ip (2.69×105)n2/3AD1/2v1/2C0, (3.1)

where Ip is the (oxidation) peak current, n is the number of electrons trans-
ferred in the reaction (here n = 1), A is the electrochemically active surface
area, D is the diffusion coefficient (7.8 10-6 cm2 s-1 and 7.7 × 10-6 cm2 s-1 for

57



Results and Discussion

Figure 3.7. A) a-C/Pt in 1 mM FcMeOH in 0.15 M H2SO4. B) Ni-CNFs and C) Pt-CNFs
in 1 mM [Ru(NH3)6]3+ in 1 M KCl. D) jp,ox vs. square roots of the scan rates
for ta-C, a-C/Pt, Pt thin film, Ni-CNFs and Pt-CNFs.

FcMeOH and [Ru(NH3)6]3+, respectively) and C0 is the bulk concentration of
the probe (here 1 mM for both FcMeOH and [Ru(NH3)6]3+).

The electrochemically active surface areas for ta-C, a-C/Pt, Pt, Ni-CNF and
Pt-CNF averaged from measurements at different scan rates (Aechem) divided by
the geometric area (Ageom) are collected in Table 3.1. The ratios Aechem/Ageom
are less than 100 % for all sample types including the two nanofiber-containing
materials. It is noted that the values presented in Publication IV were calculated
so that they include contribution from the background current and are too
large which is especially significant when the electrochemically active surface
areas are compared to the geometric areas. This has been corrected in Table
3.1. Even though it is often stated that use of nanomaterials increases the
physical surface area and this was also shown be the case for the Ni-CNFs via
the BET method, it seems that this is not true for Aechem.

3.2 H2O2 Detection

The second objective, after studying the physical and electrochemical properties
of the Pt-carbon nanostructure hybrids, was to evaluate whether these materials
could be utilized for the detection of H2O2.
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Figure 3.8. Cyclic voltammograms at 50 mV/s in blank PBS and in PBS containing 1 mM
H2O2 for A) ta-C, B) a-C/Pt C) Ni-CNF and D) Pt-CNF. All the solutions
were degassed before measurements except for the dashed line in D) showing
the responses in the presence of O2.

The cyclic voltammograms for ta-C and a-C/Pt (prepared with separate
carbon and Pt cathodes) in blank PBS and in PBS containing 1 mM H2O2
are compared in Figure 3.8A and B. The current density magnitudes for a-
C/Pt were significantly higher in both anodic and cathodic ends even before
addition of H2O2. This showed that incorporating the Pt particles/islands
into ta-C have, in addition to changing its structure to a-C, a significant
effect on the electroanalytical properties of the films. Pt seemed to dominate
the electrochemical response even though its concentration in the film was
significantly smaller compared to carbon (see results from XPS analysis).

Even though both sample types showed oxidation of H2O2, the required
overpotential for its onset was approximately 0.7 V vs. Ag/AgCl for ta-C
compared to 0.2 V vs. Ag/AgCl for the a-C/Pt. As the objective of this study
was to develop sensors for measurement of glutamate, it is important to be
able to measure H2O2 at potentials were interfering species are not oxidized
(or reduced) simultaneously. It has been shown by Palomäki et al. (2015)
that dopamine, one of the main interfering neurotransmitters in glutamate
measurements, is oxidized on ta-C at 0.39 V vs. Ag/AgCl. Since the onset
for H2O2 oxidation was higher than this on ta-C, it was omitted and only
Pt-containing carbon thin films were studied further as prospective sensor
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materials. However, it should be noted that dopamine detection and oxidation
potential were not inspected with the a-C/Pt thin films due to very limited
number of samples and the issue about the possible interference should be
addressed in the future. On the other hand, it was also decided to measure
H2O2 reduction instead of its oxidation. At the potentials utilized in study,
no oxidation of the interfering species is expected to occur. The main reason
for this was to avoid the need for utilizing any additional layers that could
decrease the temporal resolution of the sensors.

For further comparison, Figure 3.8C and D show the cyclic voltammograms
for Ni-CNFs and Pt-CNFs, respectively, measured in blank PBS and PBS
containing 1 mM H2O2. The oxidation and reduction current densities in
both cases were comparable to those obtained with the a-C/Pt. Moreover,
the shape of the curves for Pt-CNFs is similar to that for a-C/Pt in Figure
3.8A indicating the presence of Pt (higher current density in the anodic end
for a-C/Pt arises from O2 evolution at higher upper potential limit).

In Publications IV and V the detection of H2O2 with Ni-CNFs and Pt-
CNFs, respectively, was compared to that obtained with CNFs grown from
nanodiamonds (ND-CNFs). The main idea for this was to investigate whether
the detection would be possible without the metal particles. It was observed
in Publication IV that the ND-CNFs indeed showed comparable catalytic
activity towards H2O2 reduction and oxidation with Ni-CNFs. On the other
hand, the results presented in Publication V indicated that majority of the
response arised from the Pt particles. Thus, it remains unclear what is the
exact contribution of the CNF structure when it comes to H2O2 detection.

Electrochemical experiments are often conducted in degassed solutions to
avoid interference from dissolved oxygen. However, biosensors utilizing oxidase
enzymes require O2 to produce H2O2 (Equation 2.1). Thus, it is important
to be able to detect H2O2 in non-degassed solutions as well. Dashed lines
in Figure 3.8D show the voltammograms for Pt-CNF H2O2 in the presence
of O2. The effect of O2 was especially evident in the cathodic end where
oxygen reduction (ORR) shifted the whole curve down both in the absence and
presence of H2O2. Moreover, an additional peak appeared at approximately
-0.2 V vs. Ag/AgCl. When inspected in more detail, there was, in fact, a
small shoulder at the same potential in the degassed solution in the H2O2
containing solution. A similar shoulder is also visible in Figure 3.8A but at
-0.3 V. The difference in the potential arises from the experimental setup as
the reference electrode utilized in a-C/Pt (and ta-C) experiments presented
here was a pseudo Ag/AgCl and not a glass capillary Ag/AgCl/KCl sat’d
electrode. The potential difference between these reference electrodes in PBS
was approximatey 100 mV which explains the shift.

The nature of the peak was further studied in Publication V. Chlorides have
been shown to inhibit both H2O2 oxidation (Hall et al. 2000) and ORR on Pt
(Katsounaros et al. 2013). PBS contains large amounts of chlorides (140 mM)
to mimic physiological conditions and it was assumed that removing them
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Figure 3.9. Voltammograms for A) Pt-CNFs and B) flame annealed polcrystalline Pt in
degassed and O2-bubbled phosphate buffer (PB) as well as O2-bubbled PBS at
scan rate of 50 mV/s. The subscripts K and Na refer to buffers prepared with
potassium and natrium phosphate salts, respectively. Adapted from Publication
V.

could help explaining the previous results. Voltammograms for Pt-CNFs and
flame annealed polycrystalline Pt in degassed and O2-bubbled phosphate buffer
without chlorides (PB) as well as O2-bubbled PBS are presented in Figure 3.9.
When comparing the results for the O2-saturated solutions for PB and PBS it
can be seen that the onset and peak for ORR was shifted from 0.2 V and 0
V to 0 V and -0.2 V, respectively. This shift was proposed to arise from the
chlorides inhibiting ORR. When there are no chlorides present in the solution,
ORR coincides with the reduction of Pt oxides. The results obtained with
Pt-CNF were further verified by repeating them with polycrystalline Pt. It is
noteworthy, that even without the chlorides, the resistivities of PB solutions
were only slightly higher than that of PBS (Table 1 in Publication V).

In addition to the onset and peak shift for ORR, there was also increased
current in the anodic end for both Pt-CNFs and polycrystalline Pt in O2-
saturated PBS compared to PB (both degassed and O2 bubbled). This extra
current was proposed to arise from H2O2 produced during incomplete reduction
of oxygen. When the potential cycling of polycrystalline Pt was repeated in
PBS with 0.2 V vs. Ag/AgCl as the lower potential limit there was no increase
in the current in the anodic end, which supported the suggested production of
H2O2 from incomplete ORR.

According to the results presented above, it was proposed that the extra
peak appearing at 0.2 V vs. Ag/AgCl in the non-degassed solution during
H2O2 arised from chloride-inhibited ORR. However, there is a small shoulder
at the same potential visible also in the degassed solutions (Figure 3.8B and
D). Equation 2.5a indicates that O2 is produced into the solution at anodic
potentials during H2O2 oxidation. Thus, even though the solution has been
originally purged to remove O2 it cannot be completely eliminated and the
origin of the shoulder was likely ORR.

Similarly to the H2O2 detection, the effect of O2 was also briefly inspected
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Figure 3.10. A) H2O2 detection with A) a-C/Pt in deaerated PBS at -0.2 V vs. Ag/AgCl,
B) Ni-CNFs in deaerated PBS at -0.5 V vs. Ag/AgCl C) Pt-CNFs in deaerated
PBS at -0.15 V vs. Ag/AgCl and D) Pt-CNF PBS at -0.15 V vs. Ag/AgCl
in the presence of oxygen. The data points were obtained by averaging the
current between 0.5 s and 1 s after the current step exept for in B where the
averaging was done between 1 s and 2 s.

by utilizing ND-CNFs. The response in O2 bubbled solution differed only
slightly from the blank (degassed) solution indicating that the ORR activity
and related complications arised mainly from Pt.

Another effect of the chloride inhibited ORR was observed when H2O2 was
measured amperometrically. Figure 3.10A, B and C present current densities
for a-C/Pt, Ni-CNFs and Pt-CNFs, respectively, averaged between 0.5 s and
1 s (a-C/Pt and Pt-CNFs) or between 1 s and 2 s (Ni-CNFs) from the onset
of the potential step (see Table 1.3). The measurements were all performed
in deaerated PBS. All the samples showed one linear range either from 50
μM (a-C/Pt and Ni-CNFs) or 1 μM to 1000 μM with comparable sensitivies.
However, when H2O2 was measured with Pt-CNFs in the presence of O2 there
were two separate linear ranges, first from 1 μM to 100 μM and the second from
100 μM to 1000 μM with sensitivities of 0.43 μA μM-1 cm-2 and 0.26 μA μM-1

cm-2, respectively. In Publication V, the higher sensitivity for the lower range
was proposed to arise from the additional H2O2 produced during the incomplete
ORR. At low concentrations of H2O2 the effect was more pronounced but at
concentrations above 100 μM its contribution is masked under the response
arising from the added analyte.

As the temporal resolution is an important parameter in development of
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sensors for neurotransmitters, it is shown in the inset of Figure 3.10A that it
was possible to obtain concentration dependent response for a-C/Pt samples
already at 0.05 s after the onset of the potential step. The same applied also
for Ni-CNFs and Pt-CNFs. It should be noted, however, that in amperometric
experiments the cell time constant τ consisting of the uncompensated resistance
Ru and the double-layer capacitance Cdl limit the measurement time scale:

τ Cdl ×Ru. (3.2)

The time point for sampling should be > 5τ to avoid large contribution from
charging current (Bard & Faulkner 2001, pp. 163). The Ru in PBS for the
samples utilized here is approximately 100 Ω. In Sainio et al. (2015) it was
estimated that the Cdl values for the ta-C and Ni-CNFs were 63 μF cm-2 and
1055 μF cm-2, respectively. It is reasonable to assume that the capacitance
is in similar range also for a-C/Pt and Pt-CNFs. When taking into account
the sample geometric area (r = 2 mm) τ = 0.013 s and 5 × τ = 0.066 s for
Ni-CNFs (Equation 3.2). If these are taken as the largest possible values, it is
safe to say that for example the averaging done between 0.5 s and 1 s does not
have significant contribution from the charging current.

To obtain more information about H2O2 oxidation and reduction on a-C/Pt,
RDE experiments were conducted and presented in Publication I. Figure 3.11A
and B show the anodic and cathodic going scans at 50 mV/s for Pt thin film
in 0.15 M H2SO4 with 1 mM H2O2 as a reference. Briefly, it can be seen that
rotation rate dependent limiting currents were reached for both reduction and
oxidation of H2O2, as expected. However, for the a-C/Pt samples the results
were less straightforward.

The reactions for H2O2 oxidation and reduction on Pt as proposed by Kat-
sounaros et al. (2012) have been presented in equations 2.5 and 2.4, respectively.
From these equation it can be seen that adsorption of OH is crucial for both
reactions. The Pt islands in the samples can be considered as nanosized parti-
cles (Figure 3.2) which affect the adsorption strength of OH when compared to
bulk Pt (Tae Hwang & Shik Chung 1993, Han et al. 2008). It was discussed in
Publication I that this was a likely cause for the differences in the RDE results
for a-C/Pt and Pt thin films. Moreover, it was shown experimentally that OH
adsorption is indeed stronger on a-C/Pt when compared to polycrystalline Pt
and that the strength was affected by the upper potential limit. The higher
the limit, the more the structure was coarsened and consequently the particle
size increased (adsorption strenght decreased). However, it was stated that to
obtain definitive information about the reasons behind the a-C/Pt behavior
observed during the RDE measurements, further experiments would be needed.

In addition to a-C/Pt, also Pt-CNFs were studied with RDE (Publication V).
Figure 3.11E and F show results from RDE experiments in PBS containing 5
mM H2O2 for Pt-CNFs and Pt thin film, respectively. The effect of chlorides
is clearly visible here as well, especially when comparing the voltammograms
obtained for the Pt thin films in A and B. One effect of the chlorides inhibiting
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Figure 3.11. RDE experiments to study H2O2 reduction and oxidation. Cathodic (A) and
anodic (B) scans for Pt thin film in 0.15 M H2SO4 containing 1 mM H2O2.
Cathodic (C) and anodic (D) scans for a-C/Pt in 0.15 M H2SO4 containing
1 mM H2O2. The dashed vertical lines mark the cathodic shift of the zero
crossing point for the cathodic going scan indicating the strong OH adsorption.
E) Cathodic and anodic scans for Pt-CNF in PBS containing 5 mM H2O2. F)
Cathodic and anodic scans for Pt thin film in PBS containing 5 mM H2O2.
Adapted from Publications I and V.

the H2O2 reactions was the pre-wave that can be observed for both Pt-CNF
and Pt thin film between 0 V and 0.1 V vs. Ag/AgCl.

Some selected studies related to H2O2 detection with materials containing
both Pt and carbon were presented in Table 2.3. In general, the sensitivities and
limits of detection obtained in this study were in the same order of magnitude
as those obtained by other groups. On the other hand, there is large variation
in the linear ranges. The temporal resolution obtained for the a-C/Pt and
Ni-CNFs was superior compared to (the few) literature values presented in the
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table.
An interesting point to note, is that all the other studies presented in the

table were performed in chloride-free phosphate buffer whereas we utilized PBS.
Moreover, in most cases the solution was degassed prior to the experiments
and stirred during them. As discussed here, both oxygen and chlorides affect
the detection of H2O2 with Pt, especially if it is done at low enough potentials.
Stirring the solution enhances the mass transport to the electrode but, on the
other hand, might also give too optimistic results as it is likely not possible to
do that with the final application, especially if the sensor is to be operated in
vivo.

3.3 Glutamate Oxidase Immobilization

Since the carbon materials utilized in this study showed good response for
electrochemical detection of H2O2, the next step towards glutamate sensors
was to show that GluOx can be immobilized on them.

The effect of plasma oxidation and surface functionalization with self assem-
bled monolayers (-COOH, -NH2 and -OH groups) of Si on GluOx activity was
studied in Publication III. It was discussed that their advantages over for
example glutaraldehyde and carbodiimide crosslinking include them being easy
to prepare, their versatility, stability and good reproducibility. Functionalizing
with amino groups improved the enzyme activity significantly and it was re-
tained over time period of 7 weeks. The amino functinalization was further
studied on ta-C with and without pre-treatments (plasma and anodization).
There was, however, a significant decrease in GluOx activity after one week
from immobilization for both pre-treatments. The isoelectric point for GluOx is
6.2 (see Table 2.2) and thus it is likely that some of it was initially immobilized
via electrostatic interaction to NH3

+. It was proposed that, as XPS results
indicated increase in the amount of protonated amines (NH3

+) on the surface,
the decreased stability could arise from GluOx being washed away during
storage and PBS washes utilized in the activity measurements.

Even though the amino functionalization of ta-C appeared promising and
when applied for a-C/Pt (prepared with the Pt cathode buried in carbon) it
was possible to measure glutamate, the sensitivity of the sensor was relatively
low (2.9 nA μM-1 cm-2). This was explained by the self-assembled monolayers
utilized for the amino functionalization affecting the detection of H2O2 and
subsequently also the detection of glutamate.

Carbodiimide crosslinking with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
iimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) was initially
discarded based on possible self-crosslinking of the enzyme. The crosslinking
is based on formation of peptide bonds between carboxyl and amino groups.
The reaction is initiated by activation of carboxyl groups. In Publication III
amino-functionalized surfaces were suggested as the best option for enzyme
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Figure 3.12. A) Enzyme activity for GluOx immobilized on Pt-CNFs with and without
EDC/NHS crosslinking. B) Effect of etching the Ni-CNFs in concentrated
HNO3 on enxyme activity. C) Comparison of enzyme stability immediately, 2
weeks and 5 weeks after immobilization on ta-C, Ni-CNFs, Pt-CNFs and Pt
thin film. Adapted (A and C) from Publication VI.

immobilization. However, if EDC/NHS immobilization were to be utilized
with such surfaces, the carboxyl groups being activated would be those on
the enzyme structure. Since the enzyme also contains amino groups, incuba-
tion in EDC/NHS-containing solution could lead to enzyme self-crosslinking.
Thus, this method was not suitable for aminofunctionalized a-C/Pt surfaces.
The CNFs, however, contain innate carboxyl groups which made it possible
to first activate them with EDC/NHS and add the enzyme after removing
the crosslinker-containing solution. Figure 3.12A shows that the utilizing
EDC/NHS crosslinking indeed improved the enzyme activity for Pt-CNFs.

It was shown in Publication IV that it is possible to immobilize GluOx on
Ni-CNFs via carbodiimide crosslinking (Figure 3.12B). Etching the samples
with concentrated HNO3 increased the activity significantly. It has been shown
in Sainio, Nordlund, Gandhiraman, Jiang, Koehne, Koskinen, Meyyappan &
Laurila (2016) that the treatment of ta-C grown CNFs with HNO3 actually
decreases the oxygen functionalities and especially the carboxyl groups. It
was proposed in Publication IV that the acid treatment results in optimized
amount of binding sites for the enzyme. McMahon et al. (2006) have shown
that GluOx loading increases the Michaelis constant (Km) due to electrostatic
repulsion between glutamate and the enzyme at neutral pH (GluOx pI = 6.2,
see Table 2.2). Thus, against intuition, it could be that decreasing the amount
of carboxyl groups, i.e. binding sites for GluOx, increases the sensitivity to
glutamate by decreasing the electrostatic barrier.

Comparison of GluOx activity and stability over 5 weeks period for ta-C, Pt-
CNFs, Ni-CNFs and Pt thin film is presented in Figure 3.12C. It was discussed
in Publication VI that the large decrease in activity for Pt was due to GluOx
being immobilized via weak secondary bonds in the absence of carboxyl groups
whereas on Pt-CNFs and Ni-CNFs the enzyme was stabilized via the formation
of covalent bonds. This further showed the advantage of utilizing EDC/NHS
crosslinking for the enzyme immobilization especially for the CNF samples.
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Figure 3.13. A) Glutamate detection with Ni-CNFs in PBS at -0.5 V vs. Ag/AgCl. The
inset shows that the signal for glutamate separated from the blank curve
already below 0.05 s B) Linear response for glutamate from the measurement
with Ni-CNFs (averaged between 10 s and 11 s after the onset of the potential
step). Adapted (A) from Publication IV.

3.4 Glutamate Detection

As discussed above, it was stated in Publication III that functionalizing with
amino groups resulted in improved activity for GluOx. Since it was also shown
that the functionalized surfaces could detect H2O2, they were also utilized to
measure glutamate at 0.6 V vs. Ag/AgCl. The response was linear from 10
μM to 500 μM with sensitivity of 0.0029 μA μM-1 cm-2 (R2 = 0.9984). At
this point of the study, the aim was to show, as a proof-of-consept, that the
carbon thin films are suitable for glutamate biosensors without considering
issues related to interfering species. Thus, measuring at potential where H2O2
was not considered as was done at the later stages of the study.

In Publication IV, the sensitivity to glutamate was improved by almost
10-fold to 0.019 μA μM-1 cm-2 with Ni-CNFs. GluOx was immobilized via
the carbodiimide crosslinking to the carboxyl groups on the CNFs instead
of utilizing the amino functionalization which had been shown to affect the
detection of H2O2. Moreover, to avoid the simultaneous oxidation of inter-
fering electroactive species without utilizing any additional blocking layers,
the detection was conducted at -0.5 V vs. Ag/AgCl where the current arised
from H2O2 reduction instead of oxidation. Even though the sensitivity was
improved significantly, the linear range for glutamate was sligthly narrower
ranging from 20 μM to 500 μM. The theoretical limit of detection (LOD) was
calculated to be 0.00077 μM (S/N = 3) according to Equation 3.3:

3×σ/s, (3.3)

where σ is the standard deviation of the blank curve current in the steady
state region, s is the sensitivity and Ageom is the sample geometric area.

Similarly to the detection of H2O2, it was shown that when measuring
glutamate the signal separated from the blank curve already at 0.05 s. However,
concentration dependence was obtained only around 1 s. The decreased
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Figure 3.14. A) Glutamate detection with Pt-CNFs in PBS at -0.15 V vs. Ag/AgCl. B)
Glutamate detection with Pt-CNFs in PBS at 0.6 V vs. Ag/AgCl. In both A
and B the data points have been obtained by averaging the current density
between 0.5 s and 1 s. Adapted from Publication VI.

temporal resolution was proposed to be caused by the enzymatic reaction. It
was also stated that because of the nature of biological signaling it is more
important to detect the very fast changes in the levels of transmitter instead of
measuring exact concentrations. This means that more weight should be put
on the temporal resolution than the linear range when designing glutamate
sensors.

Glutamate detection was also shown to be possible with Pt-CNFs with GluOx
immobilized via carbodiimide crosslinking in Publication VI. As with H2O2
two detection potentials, -0.15 V and 0.6 V vs. Ag/AgCl. Similarly to H2O2
there were two (apparent) linear ranges when the step potential was -0.15
V. The sensitivity between 1 μM and 100 μM was 0.27 μA μM-1 cm-2 (R2 =
0.88) whereas between 100 μM and 1000 μM it was 0.021 μA μM-1 cm-2 (R2 =
0.52). However, as indicated by the R2 values, the goodness of the fits can be
considered somewhat controversial, especially at the higher range. Even at the
lower range where the results show more linearity, there is some noise affecting
the fitting. The lack of linearity was attributed to ORR consuming oxygen
from the vicinity of the sensor and hindering the production of H2O2. This
becomes especially problematic at higher concentrations where naturally more
O2 would be needed to reoxidize the prosthetic group from FADH2 to FAD.

At 0.6 V the Pt-CNFs exhibited only one linear range for detection of H2O2
between 1 μM and 1000 μM with sensitivity of 0.14 μA μM-1 cm-2. However,
when detecting glutamate at the same potential the linearity was lost above
100 μM due to proposed saturation of the enzyme. The sensitivity between 1
μM and 100 μM was 0.035 μA μM-1 cm-2 (R2 = 0.96).

In addition to detection of glutamate, it was stated in Publication VI that
glutamate itself may foul Pt surfaces to some extent and affect the response
especially at anodic potentials. Figure 3.15A shows that when a flame annealed
polycrystalline Pt electrode was cycled in chloride-free phosphate buffer (pH
6.7) and 1 mM glutamate was added into the cell, the hydrogen adsorption and
desorption features were decreased as a sign of adsorbed impurities (Climent &
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Figure 3.15. A) Flame annealed polycrystalline Pt in blank, chloride-free phosphate buffer
with 1 mM glutamate. The experiment was originally conducted against RHE
and the conversion to Ag/AgCl scale was done by using Nernst equation
and solution pH (6.7). B) Amperometric measurement with Pt-CNFs where
no GluOx has been immobilized at 0.65 V vs. Ag/AgCl with injections of
glutamate stock solution (10 mM). The inset shows that the addition of
glutamate into the cell resulted in linear increase in current (density) between
100 μM and 1000 μM with sensitivity of 0.0001 μA μM-1 cm-2. Adapted from
Publication VI.

Feliu 2011). Moreover, the increased current in the anodic end upon addition
of glutamate indicated adsorption of impurities (or here glutamate) from the
solution. It was proposed that the current did not arise from non-enzymatic
oxidation of glutamate but its desorption from the surface by formation of Pt
oxides (Johnson & LaCourse 1990). In addition to polycrystalline Pt, similar
fouling effect was also observed with Pt-CNFs. Figure 3.15B shows that when
glutamate was injected into the cell during amperometric measurement at 0.65
V vs. Ag/AgCl the current (density) increased linearly between 100 μM and
1000 μM with sensitivity of 0.00001 μA μM-1 cm-2. Despite the low sensitivity,
this is of great importance since Pt is frequently utilized in glutamate sensors
operated at anodic potentials (Table 2.5).

The glutamate sensors presented here were compared in Table 2.5 with some
selected studies from the existing literature. Due to the significantly smaller
number of studies on glutamate detection, the selection criteria were not as
strict as for the table where H2O2 sensors were compared. Mainly, to be
included in the table, the sensor had to contain Pt in its structure. The
sensitivities for the sensors presented in this study were in general one order
of magnitude smaller compared to those obtained by other groups. On the
other hand, especially the limit of detection for Ni-CNFs was significantly
lower. Similarly to the detection of H2O2, there was a large variation in the
linear ranges between different sensor applications. Moreover, as with H2O2
detection, especially the Ni-CNFs showed superior temporal resolution.

It should be noted that all the studies found from literature for glutamate
detection with first generation biosensors were based on oxidation of H2O2,
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which makes the comparison less straightforward. On the other hand, the
glutamate sensors were in most cases inspected in PBS in the presence of
oxygen, unlike the studies for the detection of H2O2.

Finally, to conclude this section, the suitability of the sensor presented in this
study for in vivo measurements of glutamate is discussed. It was brought up in
Section 2.3 that basal levels measured from different brain areas of live animals
are in low micromolar range. However, it has been also argued that the actual
concentrations could be significantly lower. The LOD values obtained for the
carbon-based sensors in this study varied considerably between the samples
types (Table 2.5). Even though the Ni-CNFs showed very low LOD (0.8 nM)
that of a-C/Pt was 10 μM which limits utilizing this sample type in glutamate
detection. Consequently, further development should concentrate on utilizing
CNFs, which is also supported higher enzyme activity on them when compared
to thin film samples (Figure 3.12).

3.5 Response in Biological Environment

As the materials developed during this study proved to be suitable for fabrica-
tion of glutamate sensors, the final step was to obtain some initial information
about their biocompatibility. It should be noted that the tests presented
below are by no means comprehensive and no definitive conclusions about the
materials suitability for long term implantation can be made from the data
provided here.

The biofouling properties of a-C/Pt films were inspected in Publication II
using ta-C and Pt thin films as references. Figure 3.16 presents the cyclic
voltammograms recorded at 400 mV/s in 1 mM FcMeOH for the samples
before and after 24 h immersion in protein solution containing 10 mg/ml
bovine serum albumin (BSA) or deionized water. After immersion in BSA,
when the cycling was performed utilizing H2SO4 as the electrolyte solution,
the ΔEp was increased from initial 75 mV to 130 mV for ta-C and from 69 mV
to 226 mV for Pt thin film. The a-C/Pt sample was completely blocked by
the immersion and no peak separation could be observed. In order to study
whether the protein layer could be removed from the surface, cleaning cycling
was performed between -0.4 V and 1.3 V vs. Ag/AgCl for 100 cycles in H2SO4.
The effect of the cleaning was only minimal on a-C/Pt and ta-C. On the other
hand, for Pt the initial peak separation was recovered. For all samples the
peak current densities were decreased. The magnitudes were recovered to some
extent for Pt sample but not ta-C.

Immersion in deionized water instead of BSA solution did not have such a
large effect on the ΔEp values. However, the peak current densities for Pt
thin film sample were decreased indicating that there might have been some
adsorption of impurities from the solution.

Conducting the experiments in acidic environment could have lead to denat-
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uration of the protein which might have affected the results. Thus, similar
experiments were also performed by utilizing PBS (pH 7.4) as the electrolyte
for the FcMeOH solution. For ta-C, the ΔEp was similarly increased as when
the cycling was done in H2SO4. However, this time both a-c/Pt and Pt thin
film were blocked by BSA. The results for Pt were not surprising as it was
shown that H2SO4 can, to some extent, clean the surface from BSA and recover
the initial response. When the samples where immersed in deionized water the
results were similar to the ones obtained earlier. Both ta-C and a-C/Pt were
affected only minimally, whereas Pt thin film was fouled equally regardless of
the immersion solution.

Figure 3.16. Biofouling experiments with ta-C, a-C/Pt and Pt thin film in H2SO4 (left
column) and PBS (right column). The solid lines are represents experiments
where sample has been immersed in deionized water and dashed lines those
where the immersion solution containes 10 mg BSA. Adapted from Publication
II.

In addition to measuring FcMeOH, also the effect of BSA adsorption on H2O2
detection was inspected with Pt and a-C/Pt. The ta-C films were omitted

71



Results and Discussion

as they did not give a clear peak for oxidation of H2O2. Both immersion
solutions decreased the current densities for both samples but the effect was
more prominent for BSA compared to deionized water. Despite the FcMeOH
results showing blocking of the surface for both sample types after immersion
in BSA, it was still possible to detect H2O2. This was proposed to arise from
the smaller size of H2O2 compared to FcMeOH molecules.

Finally, the higher tendency of Pt thin film for fouling was also demonstrated
by quartz crystal microbalance (QCM) exmperiment where BSA was injected
into system after a period in protein-free, neutral PBS. BSA was clearly
adsorbed on all the samples but fouling for Pt was 10 % higher compared to
ta-C and a-C/Pt. Moreover, only minimal amount (5 %) of BSA was washed
away from all surfaces upon injection of protein-free PBS.

It was concluded in Publication II that especially in neutral PBS the a-C/Pt
films were less prone to protein fouling making them a promising candidates for
biosensor development. Moreover, as Pt is typically stongly fouled, there is a
high motivation for minimizing its amount, i.e. area, on the electrode surface.

Biocompatibility of the carbon-based samples was studied via cell culture. It
was initially shown in Publication IV that rat glial cells (C6 cell line) could
be cultured directly on acid treated Ni-CNFs without any additional coatings
to enhance cell attachment or prevent stacking of the fibers. Such coatings
have been previously utilized by Nguyen-Vu et al. (2006, 2007) but there is risk
that this might affect the immobilized enzyme and thus also the the biosensor
function by creating a diffusion barrier.

The assesment of biocompatibility was continued in Publication VI where
both mouse neural stem cells (mNSC) and similar C6 cells as in the previously
mentioned publication were cultured on Ni-CNFs and Pt-CNFs with ta-C and
Pt thin films as references. The SEM micrographs in Figure 3.17 demonstrate
that the C6 cell morphology on ta-C, Pt and Pt-CNFs was similar with rounder
cell bodies and randomly oriented protrusions. However, on Ni-CNFs both the
cell bodies and the surface extensions were more elongated compared to the
other types of samples. It is also noteworthy, that the average size of C6 grown
on Pt-CNFs was smaller than that on the other sample types.

Inspecting the cells at higher magnification (Figure 3.18) revealed for both
C6 and mNSC that growing the cells on Ni-CNFs increased the number of
filopodias significantly whereas their amount on Pt-CNFs was comparable to
that on ta-C and Pt thin films. The difference between especially the two
types of CNFs was proposed to arise from the different dimensions of the fibers.
The diameter of the Ni-CNF fibers has been shown to range from 50 nm to
500 nm and their height spanning from some hunders of nm up 1 μm (Sainio,
Jiang, Caro, Koehne, Lopez-Acevedo, Koskinen, Meyyappan & Laurila 2016).
The Pt-CNFs have diameters below 100 nm (Laurila, Sainio, Jiang, Isoaho,
Koehne, Etula, Koskinen & Meyyappan 2017) and their height varies between
60 nm and 600 nm (Publication V). It was speculated that owing to the
large difference in the sizes contacts with the filopodia with the fibers were
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Figure 3.17. C6 glial cells cultured on A) Pt, B) ta-C, C) Pt-CNFs, and D) Ni-CNFs.
Adapted from Publication VI.

also different: on Ni-CNFs a single filopodia was likely to contact only one
fiber (or collapsed fiber) whereas on Pt-CNFs a filopodia could have contacts
with several fibers allowing more free movement. Interestingly, formation of
microbundles was observed for Ni-CNFs (earlier reported also by Nguyen-Vu
et al. (2007)) but not for the shorter and narrower Pt-CNFs. This might have
affected the interdistance between the fibers which might in turn affect the cell
attachment and spreading (Arnold et al. 2004). However, it was not possible
to make any definitive conclusions from the results presented in Publication VI
about the fibers size effect on responses of the cells and more detailed studies
should be conducted in the future.

Cell viability and the cytotoxic effects of the materials being studied are
often inspected by utilizing a method called MTT. However, it has been shown
that such measurement is not compatible with carbon nanostructures due to
MTT reaction products aggregating with nanotubes (Wörle-Knirsch et al. 2006,
Casey et al. 2007). Thus, in Publication VI the cell viability was estimated
by counting the cells from the fluorescence microscopy images (not shown
here). Despite the different morphology for the C6 cells grown on Ni-CNFs as
discussed above, the number of both cell types was approximately the same on
all sample types. Together with the morphology evaluation this indicated that
both Ni-CNFs and Pt-CNFs as well as the reference samples exhibited good
biocompatibility.

Even though the results obtained in this study indicate that the carbon
materials, especially Ni- and Pt-grown CNFs, show good initial biocompat-
ibility with C6 and mNSC cells, more studies are needed to verify that the
nanomaterials are suitable for use in in vivo biosensors. Moreover, here the
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Figure 3.18. Filopodias of C6 glial cells cultured on A) Pt, B) ta-C, C) Pt-CNF, and D)
Ni-CNF. Adapted from Publication VI.

tests were performed without the enzyme and it would be important to show
that the carbodiimide crosslinkers utilized in the immobilization do not affect
the biocompatibility.

3.6 Conclusions

To conclude this chapter, the different materials inspected as candidates for
electrochemical glutamate sensors are compared in this section. Six types of
materials were inspected in this study: ta-C, a-C/Pt, Pt thin films, Ni-CNFs,
ND-CNFs, and Pt-CNFs (see respective publications in Table 1.1). The main
focus was on a-C/Pt, Ni-CNFs and Pt-CNFs as these were found to exhibit the
best characteristics for the detection of H2O2 and consequently also glutamate.

Straightforward comparison of the physical properties of the samples is not
easy as some of them were thin films whereas some had CNFs grown on them.
An important point to note, however, is that both a-C/Pt and Pt-CNFs had
relatively low percentual amounts of Pt in their structures: 6.4 at-% and 7.0 at-
%, respectively. Regardless, when both sample types were subjected to potential
cycling in 0.15 M H2SO4 they exhibited polycristalline Pt -like characteristics.
As Pt is classified as a critical material, utilizing either a-C/Pt or Pt-CNFs
could help minimizing its amount in the biosensor structure compared to bulk
Pt. In addition, all the six sample types inspected here exhibited reversible
electron transfer kinetics when studied with outher-sphere probes (FcMeOH or
[Ru(NH3)6]3+). This is especially interesting when comparing ta-C and a-C/Pt
as adding Pt changed the structure significantly.
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From the six different sample types utilized in this work, only ta-C was not
considered suitable for the detection of H2O2. In addition, ND-CNFs and Pt
thin films were utilized mainly as references and thus no sensitivity, LOD or
linear range for H2O2 reduction or oxidation were defined for them. For the
remaining three sample types, these values can be found from Table 2.3. In
brief, the sensitivities for H2O2 detection with a-C/Pt, Ni-CNFs and Pt-CNFs
were all in the same range. They were also comparable with values collected
from the literature. The best sensitivity for H2O2 reduction was obtained with
Pt-CNFs (0.43 μM-1 cm-2). However, the linear range with this good sensitivity
was only between 1 μM and 100 μM and it was approximately halved between
100 μM and 1000 μM. All the other sample types exhibited only single linear
ranges. The widest one (1-1000 μM) was obtained with Pt-CNFs for oxidation
of H2O2. Even though the samples appeared equally suitable for the detection
of H2O2 with their comparable sensitivities and linear ranges, the LOD value
for Ni-CNFs was 26 μM which is three orders of magnitude higher than that
for the Pt-CNFs and a-C/Pt.

GluOx was immobilized on the samples by either functionalizing the surface
with aminogroups (a-C/Pt) or by utilizing EDC/NHS crosslinking (Ni-CNFs
and Pt-CNFs). The former method resulted in considerably poorer stability for
the enzyme and also lower sensitivity to glutamate. Since glutamate detection
is significantly affected by the immobilization method, it is not straightforward
to make a meaninful comparison of the results obtained for glutamate detection
with a-C/Pt and the two types of CNFs.

Similarly to the results obtained for the detection of H2O2, sensitivity, LOD
or linear range for glutamate detection with a-C/Pt, Ni-CNFs, and Pt-CNFs
are compared in Table 2.5. As discussed above, the sensitivity to glutamate was
two orders of magnitude lower for a-C/Pt compared to Pt-CNFs. Moreover, the
Pt-CNFs had an order of magnitude higher sensitivity compared to Ni-CNFs.
One explanation for this could be the ORR contribution to the current since
when glutamate detection was inspected at anodic potentials (current from
H2O2 oxidation) with the Pt-CNFs the sensitivity was in the same range as
that obtained for Ni-CNFs.

Interestingly, even though the obtained LOD for H2O2 detection with the
Ni-CNFs was very high, that calculated for glutamate detection with the same
sample type was 0.0008 μM, which is one of the lowest found in the literature.
This highlights the issue with defining LOD from the standard deviation of
the blank as this it depends strongly on the experimental conditions, e.g.
stirring or the use of Faraday cage, as well as filtering of the data. Also sample
preparation might affect the LOD which is the likely explanation in this case
since the experimental conditions for H2O2 and glutamate measurements with
the Ni-CNFs were the same. It could be more meaningful to utilize the actual
lowest measured concentration as the detection limit. However, since LOD is
widely utilized in the literature, the values were also considered in this study.

Unfortunately, due to the low amount of available samples during this study,
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cell culture experiments could not be conducted with the a-C/Pt samples. Thus,
it is not possible to make any conclusions about their biocompatibility. There
was, however, a clear difference between especially the formation of filopodia
between the thin film (Pt and ta-C) and both CNF samples. It is assumed
that if cells would be viable on a-C/Pt they would morphology-wise exhibit
similar characteristics than obtained with Pt and ta-C. The most important
result from the cell culture experiments is that the different surface structures
can be used for controlling the host response. However, to make any profound
suggestions further investigations are required.

As a conclusion, the most interesting and promising properties for glutamate
biosensors were obtained with the CNF samples regardless of the catalyst
metal. On the other hand, when considering implantable devices, Ni should
be avoided as it might cause allergy. Thus, according to the results obtained
in this study, the best option for future development of glutamate biosensors
would be the Pt-CNFs. However, it should be noted that that application-wise
the thin a-C/Pt might offer better compatibility with various microfabrication
techniques.
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4. Summary

The main objective of this study was to develop fast and sensitive sensors for
the detection of glutamate. The main materials chosen to be studied were
carbon nanostructures, such as ta-C and CNFs, with incorporated Pt. The
effects of adding Pt into the structure on the physical and electrochemical
properties were also investigated.

It was shown that Pt changes the structure of ta-C into a-C. Moreover, it was
proposed that together with varying the thickness of the carbon layer, addition
of Pt could be utilized to tailor the properties of the thin films. Interestingly,
when the samples were studied under HRTEM, the structure was coarsened
owing to the electron bombardment and consequent surface diffusion of Pt
particles. Similar effect was also observed with AFM after cyclic voltammetry
with high enough upper potential limit.

Compared to the CNFs grown from Ni, a more traditional catalyst metal,
the Pt-grown CNFs showed smaller dimensions (height and diameter) and less
ordered structure. Moreover, it was noticed especially for the Pt-CNFs that
due to the highly stochastic growth process, the lenghts of the fibers varied
markedly even within the same batch.

Electrochemical characterization showed that both a-C/Pt and Pt-CNFs
exhibit polycrystalline Pt-like features. For a-C/Pt defined characteristics
were obtained only after prolonged potential cycling. This was suggested to
arise from the coarsening of the structure. Even though the fraction of Pt
was significantly lower compared to carbon, it dominated the electrochemical
response which could be exploited escpecially in the detection of H2O2. More-
over, when characterized with outer sphere redox probes the samples showed
reversible, diffusion limited electron transfer kinetics and the behavior was not
significantly affected by the inclusion of Pt.

All the sample types inspected (a-C/Pt, Ni-CNFs and Pt-CNFs) were shown
to be suitable for the detection of H2O2. To avoid interference from electroactive
species, the detection was done at potentials where H2O2 was reduced instead
of oxidizing it. This was also done in orded to avoid adding any additional
layers to the sensor structure which might decrease the temporal resolution.
In degassed solutions all the samples showed wide linear ranges Pt-CNFs
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outperforming the other two types of materials. However, it was shown that
in non-degassed solutions ORR and inhibition from chlorides affected the
reduction of H2O2 resulting in two separate linear ranges.

In order to measure glutamate, GluOx enzyme had to be immobilized on the
samples. For a-C/Pt the enzyme immobilization was realized via functionalizing
the surface with amino groups. However, this decreased the sensitivity to H2O2.
Thus, for the CNFs carbodiimide crosslinking was utilized instead. When
compared to Pt thin films, both activity and stability of GluOx were improved
on Ni-CNFs and Pt-CNFs.

The carbon nanostructures with immobilized GluOx were also shown to be
suitable for the detection of glutamate. The sensitivities were, in general, an
order of magnitude smaller than those obtained for H2O2 at similar potentials.
This is likely explained by the enzyme activity and its ability to produce H2O2
from glutamate. Diffusion of glutamate to the enzyme and that of H2O2 from
the enzyme to the sensor surface might also affect the glutamate sensitivity of
the sensors. Moreover, the sensitivities were also smaller than literature values
which was likely a consequence of utilizing reduction potentials instead of
oxidation. However, measuring glutamate at potentials where also interfering
species are oxidized means that additional blocking layers need to be added to
the sensors structure consequently decreasing the temporal resolution.

In addition, when studying materials for the detection of both H2O2 and
glutamate, it is important to pay attension to the experimental conditions. Most
of the studies related to H2O2 detection have been conducted in chloride-free,
degassed solutions and transferring the results to physiological environment
with high amounts of chlorides and dissolved oxygen is not straightforward,
as shown in this study. Moreover, it was shown that glutamate itself can
contaminate Pt surfaces which should be considered when using the material
in sensor structures.

The biocompatibility tests presented here provided initial evidence that the
carbon nanostructures would be suitable for use in in vivo. No additional coat-
ings, that could affect the GluOx immobilization and consequently glutamate
detection, were required for cell attachment. Moreover, the cells cultured on
the samples showed good viability. However, it is important to note that it is
not possible to make any definitive conclusions about the long term biocom-
patibility or for example glial scar formation from these results. Moreover, the
results from biofouling experiments with BSA indicated that the a-C/Pt films
were fouled less compared to Pt thin films in neutral PBS. Thus, in addition to
decreasing costs, minimizing the use of Pt with the carbon-Pt nanostructures
can enhance the sensor performance in biological environments.

Even though it was shown here that the studied materials are suitable for
fabrication of electrochemical glutamate biosensors, some more work should
be conducted in the future. As was discussed in the results section, the
reproducibility of the a-C/Pt thin films was poor. Since the samples showed
great promise as biosensor material, solving these issues is of high importance.
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A detailed study related to the effects of the interfering species should also
be carried out. Moreover, the biocompatibility results showed were, as stated
above, by no means conclusive and more in depth analysis related to for example
the effect of the nanofiber dimensions would provide valuable information about
the use of the carbon materials in sensor applications. Future research efforts
should also be directed towards miniaturizing the sensors structure in order to
apply them in biological environments such as tissue slices and eventually also in
vivo. This could be realized for example by utilizing micro- and nanofabrication
techniques to construct needle-like structures.

Finally, to the author’s knowledge, there are only three commercial glutamate
biosensors for in vivo measurements currently available by Pinnacle Technology
Inc, Sarissa Biomedical Ltd and Center for Microelectrode Technology (Cen-
MeT) Service Center. Applications by Sarissa and Pinnacle are based on Pt/Ir
wire (or carbon fiber) with perselective membranes whereas CenMeT utilizes
ceramic-based microelectrode arrays with Pt electrodes. The shelf-life for the
biosensor by Pinnacle is only 21 days and the operation time for continuous
glutamate monitoring is 36 hours. Sarissa, on the other hand, promises shelf-life
of 4 months for their device and they do not give any time limit for sensor use
in vivo. CenMeT does not give any estimations about the stability or shelf-life
for their sensors on their webpage. Moreover, only Pinnacle gives an estimate
about the temporal resolution of their sensors, which at four seconds is still
far from that needed to monitor the fast glutamate transients. Finally, the
sizes of the sensors vary between manufacturers. The smallest diameters are
offered by Sarissa: their carbon fiber sensor has diameter of 7 μm and their
Pt/Ir wire sensors have either 25 μm or 50 μm diameter. Pinnacle has both
80 μm and 180 μm diameter sensors of which the latter is in the same size
scale with a microdialysis probe. CenMet does not define the dimensions for
their ceramic-based sensors unabiguosly but approximating from the provided
images they are similar to Pinnacle sensors. As the tissue damage caused by
the implanted device can affect the response, minimizing it by designing even
smaller sensors should be one of the objectives for future development. As a
conclusion, the small number of commercial applications and their focus on the
very traditional approach in construction of the sensors, i.e. first generation
biosensors with permselective layers to block interfering species, highlights the
need for further research and development of glutamate sensors.
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