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Summary

Point-of-Care diagnostic and implantable devices have been on the rise over the
last twenty years due to their numerous benefits in healthcare delivery. In this
context, nano-graphitic carbon sensors, along with other types of carbon-based
sensors, have emerged as optimal candidates, because they can be assembled into
densely packed arrays of microelectrochemical sensors with high performance in
neurotransmitters detection.

The fast-Scan cyclic voltammetry method is one of the best-known methods for
measuring electrochemically active neurotransmitters. One of the important aspects
of electrochemical measurements is the buffer solution used in the electrochemical
sensing of neurotransmitters. However, the effect of the buffer solution has not
yet been studied in FSCV measurements. The aim of this thesis is to investigate
how buffer concentration can affect the characteristics of neurotransmitters such as
sensitivity or impedance of the sensors.

Several experiments were performed in which bioanalytes with different charac-
teristics (dopamine, serotonin and melatonin) were dissolved in a buffer solution
(phosphate-buffered saline), varying the concentration of the latter. These mea-
surements were performed with the fast-scan cyclic voltammetry technique and
using a custom-made experimental apparatus. The sensor was combined with an
integrated readout circuit. The current signal was measured and then digitised
using a data acquisition instrument. The results were extracted and analysed with
custom-made programs. With this work, the understanding of the electrochemical
behaviour of neurotransmitters during sensing experiments can be improved for
future applications.
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Chapter 1

Introduction

In recent decades, electrochemical sensors have been extensively researched as a
useful tool in the context of point-of-care diagnostic and implantable devices, as
they can provide numerous benefits in healthcare delivery. In particular, carbon
materials are biocompatible, possess rich surface chemistry, a favourable electro-
chemical activity and high resistance to bio-fouling, making them an optimal choice
for building electrochemical sensors. Another desirable outcome in biomolecule
detection is the implementation of a large-scale sensing system consisting of multiple
microscopic, carbon electrodes packed in close proximity to each others. In addition,
these sensors made out of carbon materials should also be capable of having an
adjustable temporal resolution, which is particularly useful for measurements in
complex biological systems, where the temporal dynamics of the bioanalytes can
vary greatly. An example of this behaviour is the fluctuation of dopamine (DA)
inside the brain. In the tonic mode (the extracellular level of the baseline DA), slow
changes occur over the course of minutes and hours, whereas fluctuations in the
phasic mode are of the order of a few seconds [1, 2, 3]. Sensors made of thin-film
carbon materials with a graphitic structure have emerged as a possible solution
that has all the above properties [4].

It is also important to mention that the content of bioanalytes in a biological
system can be remarkably low, for example, in the case of phasic and tonic DA it
is in the order of 10nM and 100nM [5, 6, 7, 8|. It is known that the sensitivity of
nano-graphitic (NG) sensors is influenced by defects and functional groups on their
surface. For this reason, another important research focus is the development of
units with higher sensitivity to the presence of bio-analytes. This type of approach
has an upper physical limit, which is reached when the spatial density of the defects
becomes too high and the material is converted into completely disordered carbon.
A second type of sensitivity improvement is achieved by optimising the detection
integrated circuit (IC) and the waveform used in fast-scan cyclic voltammetry
(FSCV) measurements [9]. The changes in the signal lead to an increased number
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Introduction

of adsorbed molecules and thus to a higher output signal. Another factor that can
influence the sensitivity of the sensor is the choice of buffer solution used.

The chemical composition of these solutions can be the cause of this influence
and it is possible to have a change in sensitivity caused by a variation in the ion
concentration of the buffer. For this reason, several experiments were conducted
to determine how a change in the ion concentration of a common buffer solution,
phosphate buffered saline (PBS), could affect the sensitivity of the NG sensors.
The experiments used the FSCV technique, in which the redox current resulting
from the presence of a neurotransmitter was extracted from the total signal by
subtracting the background current originating from the sensor. The optimised
waveforms were used to detect the bioanalytes, while the traditional waveform was
chosen to record the background current. In addition to the study of the variation
of the sensitivity, some observations of the capacitive response of the sensors were
also conducted in order to see the influence on the impedance of the sensors.

The procedure for developing the electrochemical sensing units, as determined by
previous studies, is reported first, followed immediately by a description of their
properties. After this first part, the techniques used to perform the measurements
and the deviations from conventional FSCV standards are described, as well as a
description of the experimental apparatus setup. The third and final part of this
work deals with the results obtained and their significance. In particular, it will
be shown how the different buffer ion concentrations can lead to different type of
behaviours when detecting some bio-analytes on the sensor surface, depending on
the chemical characteristics of the latter ones.



Chapter 2

The electrochemical sensing
unit

2.1 The nano-graphitic microsensor

Carbon materials are widely used for biomolecule detection due to their various
properties such as biocompatibility, rich surface chemistry, favourable electrochemi-
cal activity and strong resistance to bio-fouling. In addition, the implementation
of a large-scale sensing system consisting of multiple microscopic, closely packed
carbon electrodes is the goal of biomolecule detection applications. One promising
way to achieve this is to fabricate thin-film carbon materials on top of dielectric-
coated substrates using standard microfabrication techniques.

Once the sensor is fabricated, the output signal must be amplified and digitised by
the IC and the combination of the sensor and detection circuit forms the complete
electrochemical sensing unit.

This biochip family can perform parallel measurements that can be used in a variety
of applications, such as point-of-care diagnostics [10] or in the study of chemical
signals in living cells [11].

2.1.1 Synthesis of the nano-graphitic sensor

The first thing to choose is the type of substrate. In this case, it is a dielectric-
coated silicon one, because it is inexpensive, available in large dimensions and
compatible with standard microfabrication techniques. The disadvantage of the
silicon substrate is that its thermal stability limits the production temperature
to 1100°C, resulting in a material with a completely disordered sp? structure and
consequently slow electron transfer kinetics and poor sensing properties [12, 13].
To achieve fast electron transfer kinetics, it is desirable that the resulting thin-film
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The electrochemical sensing unit

materials have graphitic structures instead. The process to achieve this is often
referred to as metal-induced graphitisation and consists of a high-temperature
thermal treatment (pyrolysis [12, 14, 15, 16, 17, 18, 19, 20]) performed in the
presence of a metal catalyst (such as nickel) that promotes the solid-state conversion
of amorphous carbon to graphene [21].

L—- NG carbon

a Su-8 b amorphous

resist carbon
o= - - <=
ST ST = i G === =

Figure 2.1: Schematic illustration of the main steps of the micro-scale NG carbon
islands synthesis [4]

The starting point of the fabrication is the thermally grown SiO, substrate onto
which the SU-8 resist material is deposited (2.1a). The successive generation of the
amorphous carbon islands is carried out in a two-step process. First, the resist is
broken down into islands with the correct shapes and dimensions using electron
beam lithography (EBL). Then the SU-8 islands are annealed in a non-oxidising
environment at 450°C to induce their carbonisation (2.1b). The resulting islands
consist of an amorphous sp? hybridised carbon [22, 23, 24] that is converted into
the desired NG carbon material by metal-induced graphitisation. This final process
involves two main steps, the deposition of an ultra-thin (sub-2nm) nickel film as a
metal catalyst in an ultra-high vacuum (UHV) environment (2.1c), followed by the
annealing of the sample at 1100°C (2.1d).

Figure 2.2: Cross-section TEM images of a NG carbon film on SiO, at different
magnifications [4]

The thickness of the catalyst was chosen in order to have a certain density of
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The electrochemical sensing unit

structural defects in the resulting material, which determines the sensitivity and
the charging current of the electrochemical sensor [13, 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35].

Two things can be observed: the nickel is segregated near the SiO, interface in
the form of nanoparticles (2.2b) [36] and there is a preferential orientation of the
graphitic planes that is parallel to the substrate (2.2a). This second property is
obtained by applying in-plane tensile strain to the islands during heat treatment
and this strain is achieved by relying on the adhesion of the island to the substrate
and on the mismatch in the coefficient of thermal expansion (CTE) between them
[37, 38].

NG sensor

SU-8 protection

Figure 2.3: NG microsensor optical image [4]

Finally, the microsensors are fabricated using standard microfabrication techniques.
The low-resistance Cr/Au metal contacts are obtained with a combination of EBL,
e-beam evaporation and lift-off. EBL is then used to pattern the SU-8 resist in
order to define the area of the sensor and to prevent the metal contacts from being
touched by the solution during the in vitro experiments [4].

2.1.2 Structural properties

It has already been mentioned that the characteristics of the sensor depend on its
structural properties. In order to optimise the fabrication, different studies were
conducted. Raman spectroscopy was used to estimate the density of structural
defects on the sensor surface [39]. In particular, by analysing the G and D peaks
(2.4), it was possible to determine the average density of point defects (ngp = 1/L%)
and the average graphitic crystallite size (L2), where Lp and L, are the average
distance between point defects and between line defects, respectively. Furthermore,
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the shape of the G and 2D peaks (2.4) confirmed that the NG films were on stage
(i) of the graphene amorphisation trajectory and far from stage (ii) of it [40, 41].

D G 2D

Intensity (a.u.)

Y

1000 1500 2000 2500
Raman shift (cm™)

Figure 2.4: Raman spectrum of a NG microsensor [4]

Once the defects were quantified, it was possible to determine their influence on
the redox and background currents of the sensors. The results were obtained by
normalising them to the DA concentration and to the surface area. This one was

determined using only the geometric area, as the root-mean-square (RMS) was less
than 10nm (2.5).

B
=
—

\ =
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I

RMS roughness =~ 10 nm

Figure 2.5: AFM topographic image of a NG microsensor [4]

The results showed that the sensitivity was not affected by the crystallite size, but
instead increased linearly with the average density of the point defects. It appears
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The electrochemical sensing unit

that each point defect promotes adsorption and electron transfer and thus, it act as
a single active electrochemical site, increasing the FSCV sensitivity of DA (2.6) [4].
Another important value was the signal to background current ratio (SBR), which
was evaluated by taking into account the "intrinsic" background current, i.e. the
current obtained by removing the effect of the parasitic background current (caused
by the coupling between the substrate and the metal contact of the sensor [19])
from the measured current.

3
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Figure 2.6: Relations between Sga (sensitivity per unit area), L2 and ngp [4]

It has been observed that the SBR does not grow correspondingly when the Sga
is increased. This was because the number of point defects also determined an
increase in the capacitance of the material in an ionic solution and the intrinsic
background current is proportional to the magnitude of this capacitance. Besides
the point defects, other factors also determine the amplitude of the background
current and thus the SBR, as point defects alone are not sufficient to explain the
exact fluctuations in the data. On the other hand, it could be seen that the SBR
increased monotonically with the average size of the graphitic crystallites (2.7).
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Figure 2.7: Relations between Sga, L? and SBR [4]
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This can be attributed to a reduction in sensor capacitance and thus of the
background current. In particular, the experimental results showed how the
apparent capacitance (Cypy), i.e. the capacitance normalised to the area of the
sensor, decreased as the crystallite sizes increased for a given density of point
defects.

It is important to have a higher signal-to-noise ratio and thus a better SBR to
increase the sensitivity of the sensor. The model presented corresponded to a linearly
increasing SBR with respect to the defect ratio (D.R.), with D.R. = nygp/Necp and
Nep = %3 + L%, leading to the conclusion that maintaining a high density of point
defects while increasing the graphitic crystallite size will produce sensors with an
improved detection limit (2.8) [4].

150 0.2
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Figure 2.8: Relations between C,,,, SBR and defect densities (Nop and D.R.) [4]

2.2 The detection circuit design concept

The other part of the electrochemical sensor is the detection IC. This one is funda-
mental for measuring the bioanalyte concentration using the redox current and the
background current generated by the sensor.

Sensors can operate over a range of a few mV/s to hundreds of mV /s, and the
operating region of the circuit must be chosen accordingly. When working with
a slow potential sweep (SPS), the IC must operate in weak inversion, while for
experiments with rapid potential sweep (RPS), strong inversion is required due to
the high temporal resolution required. Also to be considered are the dimensions of
the sensor, which were built with a geometric area of less than 625um?, and finally
the noise requirements to detect the lowest possible concentrations (about 10nM
for RPS and 100nM for SPS) [42].

Once built, the biochip can maintain the required performance, while being con-
figured for optimal power consumption as needed, depending on the temporal
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resolution requirements of the sensing experiments. Another important feature of
the IC was the ability to perform parallel multichannel measurements on different
sensors. The use of CMOS technology for building this type of circuits is what made
possible to have electrochemical biochips with superior capabilities, that consume
lees power and have a smaller footprint on top of providing better performances.



Chapter 3

Methods

3.1 Fast-scan cyclic voltammetry for neurotrans-
mitters detection

FSCV is an electrochemical method for detecting and measuring the concentration
of neurotransmitters, such as DA, in real time. FSCV is widely used to study the
dynamics of neurotransmitter release and uptake in the brain. A special micro-
electrode made of carbon material is used as the working electrode. This one is
inserted into the region of interest, such as the specific brain region where release
is expected.

In this measurement technique, a fast voltage sweep is applied to the electrode.
As the voltage is cycled, the analyte is oxidized and reduced on the electrode
surface. During oxidation, it loses electrons; during reduction, it gains electrons.
These electron transfers produce characteristic electrochemical signals that can be
measured with the FSCV setup. The current flowing in response to oxidation and
reduction is then recorded by the system. The resulting I-V waveform, known as
the cyclic voltammogram, shows characteristic peaks that correspond precisely to
a particular bio-analyte.

Before FSCV can be used for in-vivo detection, a calibration step is required. This
involves measuring the current response to known concentrations of an analyte to
establish a relationship between the current signal and its concentration. The cali-
bration curve is then used to convert the currents recorded during the experiments
to their concentration values.

FSCV allows researchers to monitor the concentration changes of neurotransmitters
in real time during different experimental conditions or behavioral tasks. It pro-
vides valuable insights into the dynamics of their release and their role in various
brain functions. It is an indispensable tool for neuroscientists studying chemical
signaling in the brain and can be used in various research areas, including addiction,
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learning, memory, neuropsychiatric disorders and more. It also offers high temporal
resolution, allowing researchers to detect rapid changes in levels associated with
specific events or stimuli.

3.1.1 Cyclic voltammetry

As anticipated, the electrochemical sensing technique used for the sensing system
is based on the use of cyclic voltammetry.

The currents measured are those that result from the use of a linearly varying
potential applied to the sensor (3.1a). The use of a time linear potential sweep
facilitates the generation of the cyclic voltammograms from the measured data and
also provides the ability to adjust the temporal resolution of the measurements by
varying the repetition rate of the potential waveform. This technique also leads to
an undesirable result, which is the generation of a background current signal. This
is the sum of two contributions, the charge and discharge of the sensor capacitance
in an ionic solution and the pseudocapacitance, related to the electrochemical
interactions of the ionic solution with the redox-active species on the sensor surface
(e.g., quinone-like species) (3.1b) [43].

A
Vv A
UPLU- - J . Iquinsnc |
e e
: |
1 |
I
LPL : - 1UF‘L -
: LoV
B N S NN
LPLT— . N
— — |
tr.'- t;I
(a) (b)

Figure 3.1: Schematic of a triangular potential waveform and of the resulting I-V
characteristic of the background current [42]

The presence of a bioanalyte provides another contribution to the resulting overall
signal, a redox current, which is the signal of interest and it is much smaller than
the background one(3.2) [42]. Another aspect to consider is that the larger the
background current, the stronger the noise of the measurement, so that the limit
for the lowest detectable concentration becomes more stringent [10, 44, 45].
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Figure 3.2: Total signal with a bio-analyte in the solution and final voltammogram
[42]

The 1.4, is defined as the sensor capacitance times the sweep rate. Consequently,
this limitation is particularly significant when measuring low concentrations of
bioanalytes using RPS. It has been observed that the scaling of the potential
sweep rate affects both the amplitude of the background current (/.,,) and the
redox current (/redor). While the amplitude of ., increases linearly with the
potential sweep rate, the amplitude of I,.4,, is affected in different ways depending
on whether the measurement is made at a RPS or a SPS. When the potential sweep
rate is large enough, the redox reaction is adsorption-limited [46] and a delay time
(tq) is introduced to increase the adsorption of the analyte and thus the amplitude
of I eqor- If tgq is chosen accurately, I,.q0» also increases linearly with the potential
sweep rate. The S-B ratio, defined as I,; peak/Icap, remains constant but is typically
smaller than in the SPS case. Another consideration is that the digitization error
of the detection circuit is a bigger problem when detecting bio-analytes in RPS
because the background current is much larger.

When extracting I,.q0, from the total current, it is also important to consider that
the background current is not time-invariant, but changes in an unpredictable
manner. When measuring low-concentrations of bioanalytes, an optimal solution
is to record the overall shape of the background current and then use it in the
analysis. The final I,.4,, shape is obtained by simply subtracting the recorded
background current from the total signal. The need to subtract the background
means that FSCV is an inherently differential technique and is therefore well suited
for measuring rapid changes in neurotransmitter levels.
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3.1.2 Measurement setup

The in vitro measurement setup consists of the flow chamber, the injection pumps,
the electronic board as interface and an external computer (3.3a).

(a) (b) PBSinlet

Injection pump NG sensors

< = . {
““Flow chamber _ L i3 Outlet
(c) DAinlet
Biochip A — Outlet
module |
o | —— Ag/AgCI
External DAC Electronics board PBS inlet A

Figure 3.3: Detailed in vitro measurement setup and microfluidic chamber [42]

A custom-made microfluidic chamber with two inlets and one outlet in a Y-shape
was used, which also housed the Ag/AgCl reference electrode (3.3c).

Due to the low currents of the microsensor, a two-electrode scheme was deemed
appropriate. The connection between the sensor and the detection IC was made by
some micromanipulator probes (3.3b) [34].

Figure 3.4: Custom-made program for data extraction

Finally, a customised program was developed in MATLAB for recording and
analysing the data (3.4).
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3.1.3 Measurement optimizations
Dopamine detection

It has been said that in experiments under a RPS, one way to increase the number
of bioanalyte molecules absorbed on the sensor surface, and thus the sensitivity, is
to incorporate a hold time. As an undesirable consequence, the temporal resolution
is reduced. Since DA is a positively charged molecule, it has also been shown that
its adsorption on the sensor surface is enhanced by electrostatic attraction when
the potential applied during ¢4 is held at a more negative value [47, 48].

In FSCV measurements using a conventional waveform, the potential is scanned
from a negative to a positive value and back to the initial value, oxidising DA
to Dopamine-ortho-quinone (DoQ) during the forward scan and reducing it back
during the reverse scan. The upper and lower potential limits (UPL and LPL)
must be carefully selected to include the full shape of the oxidation and reduction
peaks of the bioanalyte.

HO NH

HO

Dopamine

Dopamine o-quinone

Figure 3.5: DA redox reaction [48]

The starting point for waveform optimization was the traditional triangular wave-
form, where the potential was scanned from -0.4V to 1.3V with a frequency of 10
Hz at 400Vs~!. The frequency was chosen so that t4 at the holding potential would
be long enough to achieve good DA adsorption on the surface before being rapidly
stripped for detection. The negative value for the holding potential arises for two
reasons: the value must be negative to attract positively charged DA molecules
and it must be low enough to capture the entire reduction peak. At the same time,
it must not be too negative, since oxygen begins to reduce at -0.6V, producing
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radical byproducts. Similarly, the positive value must be high enough to include
the oxidation peak, but not too high to avoid water oxidation (1.5V). Finally, the
value of the scan rate resulted from a compromise between being large enough
to obtain good stable currents (DA adsorption increases linearly with the scan
rate) without being so high as to distort the peak and make them spread to higher
potential values [48].

With respect to this conventional waveform, an earlier study of the NG sensor used
for this work showed how its shape can be changed to increase the sensitivity. The
first parameter varied was the UPL. A decrease in the UPL had no visible effect
on the background shape, while the peak oxidation and reduction currents were
greatly increased (3.6).
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Figure 3.6: UPL and LPL variation effects on the triangular waveform [9]

The same study was performed with the LPL. In this case, only negligible effects
were visible when switching to less negative potential values (3.6). No other key
features of the voltammogram showed visible changes, but it is important to note
that this type of behavior of the NG sensor is in contrast to other carbon sensors
[48].

One of the main problems in trying to improve the sensitivity with the triangular
waveform are some sources of interference. These include the current fluctuations
generated by quinone-like species. These current variations become important
when the local pH level changes significantly [49, 50]. Eliminating this interference
was essential to achieve lower detection limits.

The solution was to develop an N-shaped waveform (3.7). This new type of wave-
form produced similar results in terms of UPL and LPL effects, but it was essential
to reduce the magnitude of the current associated with quinone-like species in both
the background (3.7) and cyclic voltammogram (3.7) recordings. This waveform
engineering was a direct consequence of the disparate voltage dependence charac-
teristics of the NG micro-sensors.
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Figure 3.7: N-shaped waveform with background and cyclic voltammogram [9]

The sensitivity dependence of the NG sensor on the UPL could be attributed to
a change in the number of adsorbed DA molecules. DA is positively charged at
the physiological pH due to the protonation of the amine side chain [51, 52] so the
electrostatic force induced by the positive UPL is critical to establish the number
of adsorbed molecules.
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Figure 3.8: Time evolution of the ox peak height for different UPL with 1uM
DA [9]

The number of adsorbed molecules decreases with time until equilibrium is reached;
the initial value is almost the same for all measurements; finally, a larger UPL

causes a larger repulsive force, which pushes away more molecules with each cycle
until equilibrium is reached (3.8) [9].
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Serotonin detection

Serotonin (5HT), like DA, is a neurotransmitter found in the brain and plays a role
in psychiatric and neurological disorders. The problem with FSCV measurement of
5HT is that the carbon sensors become fouled in the process and this phenomenon
is due to the presence of side reactions that generate byproducts [53, 54, 55, 56].

The cyclic voltammogram obtained with the conventional waveform is characterised

by the presence of a shoulder adjacent to the primary oxidation peak, which is due
to these side reactions (3.9) [57].
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Figure 3.9: Serotonin cyclic voltammogram with a traditional waveform and UPL
of 1.15V, 1.0V, 0.8V and 0.6V [57]

More specifically, the secondary peak could be associated with the redox reactions
of tryptamine 4,5-dione, as its standard potential was estimated to be -0.21V. This
particular compound is formed by a chemical reaction involving water (3.10 III)
and it was also observed that the secondary peak increased up to a UPL of 0.8V
and then decreased.
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\@[j/\/ 5

N
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Figure 3.10: Serotonin primary and secondary redox reactions [57]

17



Methods

This specific value corresponds to the onset of water oxidation at pH 7.4; this water
reaction is the cause of the formation of chemically active species that deplete the
intermediate compound and cause the secondary peak in the cyclic voltammogram
to turn into a broad shoulder peak (3.9). The strategy to obtain better results was
to develop a waveform with a potential sweep rate that avoids the water oxidation
reaction [57].

Also in this case, an N-shaped waveform was developed. Since the onset of water
oxidation is at 0.8V, measurements were made with a UPL below this value, also
taking into account that at least 0.6V are necessary to capture the entire 5HT
primary oxidation peak at a scan rate of 200Vs—1. At the same time, the standard
potential of the secondary reaction byproduct is -0.21V, setting the minimum for
the LPL at 0.2V [57]. Based on the same reasoning, it was also found that oxidation
of this compound is greatly reduced with a holding potential of at least -0.1V,
while sensitivity to 5SHT remains constant at values below 0.2V (3.11).
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Figure 3.11: Example of engineered waveform and voltammogram for serotonin
detection [57]

The combination of the NG sensor and the constructed waveform resulted in a
detection limit of about 5nM, which is below physiological levels in the brain
[57]. Moreover, an additional result was an improvement in the sensor’s resistance
to fouling. This phenomenon usually manifests itself already after the first few
trials [56], but during the study with the new waveform the sensitivity was almost
unchanged even after fifteen trials.

Melatonin detection

Melatonin (MT) is another important hormone associated with important roles
such as circadian rhythm regulation and has anti-inflammatory properties for the
immune system. There are few methods to measure MT changes in real time
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with high specificity and the ability to do so during inflammation could provide
important information about the immunomodulation.

MT is an electroactive indoleamine that is easily oxidised at carbon electrodes.
The products formed by this oxidation electopolimerise in solution, which can lead
to strong adsorption and to sensor fouling [58]. To maintain the low detection limit
while avoiding electrode fouling, a special waveform is required.
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Figure 3.12: Melatonin oxidation reactions [59]

The first reaction of MT during the measurements is the loss of an electron (3.11
I), followed by another oxidation process consisting of the loss of an electron and a
proton, leading to the formation of a highly reactive quinonimine (3.11 IT). This
causes electropolymerisation in the solution and can lead to contamination of the
sensor by adsorption of unwanted products [58].

Several studies with carbon-fiber micro electrodes showed the presence of three
distinct peaks when using the traditional waveform: the primary one at 1.0V (3.11
I), a small secondary one at 1.1V during the back scan (3.11 II) and a third one at
0.6V caused by electropolymerisation in solution (3.11 III). The position of these
peaks was determined by the value of the scan rate, with a higher value that could
shift them at higher potentials [58].

Various parameters were varied to minimise fouling of the sensor. Increasing the
UPL resulted in an increase in both the primary peak and the tertiary fouling peak
(3.11 A). On the other hand, increasing the holding potential resulted in a greater
decrease in the oxidation peak associated with fouling than in the primary one:
the fouling peak became negligible at a holding potential of 0.2V, which was then
chose as the LPL (3.11 B).
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Figure 3.13: UPL and LPL effects of the sensitivity [59]

A final consideration is that MT’s oxidation process on carbon-based surfaces is
diffusion controlled and for this reason it was confirmed that a frequency of 10Hz
was the optimal choice [58]. The final waveform developed for MT provided a
reduction in fouling, resulting in a much more stable detection over time and a
smaller detection limit [59].

3.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (ELS) is largely used in chemical sensing
and biosensing as it provides kinetic and mechanistic data of various electrochemical
systems. A system in an equilibrium condition is perturbed by applying a sinusoidal
signal over a large range of frequencies and the response is observed. EIS works
as a "transfer function" that models the output signal to the input one; this is
because there is a linear relation between the two and the system behaviour is time
invariant. EIS is able to provide information for various kind of processes that
exhibits highly different time behaviours [60].

This technique consists in the simulation of an electrochemical system as an
equivalent electrical circuit, composed just by passive and distributed components,
different for every type of simulated process. EIS can deconvolute a complex system
in a combination of individual processes that can be easily analysed when working
in the frequency domain instead of the time one. The frequency range is limited
by the available technology, but it usually goes from 10uHz to 1MHz. In practice
the actual frequency range is selected in an experimental logic [60].

For the measurements the perturbation must be of a small amplitude in order to
obtain an almost linear response, because in a real system, as the one analysed
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during this project, the current-voltage relationship is not actually linear. The
validity of the data can be evaluated by using the Kramers-Kronig relations, which
are used to find the impedance real part starting from the imaginary one and vice
versa. This dependence between the two is fundamental and it depends on four
factors: the system must be linear, i.e. input and output signals must involve the
same frequency; the response must be completely input-dependent; the system
must come back to its original state after the perturbation is ended and the real
and imaginary part must be of finite values over the all frequency range. This last
parameter can be checked only by introducing some approximations.

The obtained data can then be analysed and plotted in different formats; the two
most common ones are the Bode plot and the Nyquist plot. For the latter one
the imaginary part of the impedance is plotted against the real part of it at each
excitation frequency. This type of representation has two shortcomings: there is a
lack of direct frequency-impedance matching and there is a non-distinct display of
the spectrum in the high frequency range. On the other hand, there are two different
Bode plot, one where —phase = f(log(f)) and one where log(|Z]) = f(log(f)). In
these case there is a matching between the excitation frequency and the phase or
the module of the impedance, with the addition that, being in logarithmic scale, a
broad frequency range of data is clear (3.14) [60].
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Figure 3.14: Nyquist and Bode plots examples [60]
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Chapter 4

Results

The goal of the project was to determine how the different ion concentrations
of the buffer solution would have affected the sensitivity of the sensor. Several
experiments were conducted using different sensors. In these measurements, two
parameters were varied: the concentration of the buffer solution and the type of

bioanalyte.

4.1

Prior to the actual measurement of the effects of the ion concentration, a calibration
step was performed to observe the dependence of the redox current on the bioanalyte

concentration.

Calibration curve

DA calibration curve

Equation y=a+b*x
Plot Oxidation peak
1.0 Weight Instrumental
] Intercept —0.02671 £ 0.04516
Slope 9.83101E-4 + 8.84887E— P -
Residual Sum of Square 0.85901 - g
Pearson's r 0.98806 P
ﬁ R-Square (COD) 0.97627 - -
(] Adj. R-Square 0.96836 -
Q.05 =~
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Figure 4.1: Calibration curve associated to the DA voltammogram

The first step of the experiment was a conditioning operation. This consisted of

DA concentration (nM)
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injecting 1X PBS (at a rate between 0.2mL/min and 2mL/min) into the chamber
while monitoring the response of the sensor, i.e. the background current. During
this process, the background varies in its dimensions until the final, almost stable
shape is reached. When this process is performed for the first time with a new
sensor, it takes different lengths of time. When using a sensor already conditioned
in a previous experiment instead, this part will take about 20/30 minutes.

For the actual experiment, the flows of PBS and the analyte were used alternately:
first PBS was injected at 30mL/min for 15 seconds, then the flow was switched to
the analyte at 30mL/min for 20 seconds, and finally it was switched back to PBS
to clean the sensor after detection. The same procedure was repeated for different
concentrations of the bioanalyte. The final result showed the linearity of the sensor
over a wide range of concentrations (4.1).

DA normalized voltammogram

Redox current
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Figure 4.2: Example of cyclic voltammogram for DA

Furthermore, several observations can be done by looking at the voltammogram
(4.2). Its shape is characteristic of each detected molecule, with some specific
parameters that can be used to identify the detected bioanalyte, i.e. they can
be considered as its fingerprint. In the example of figure (4.2) it is possible to
see how the two peaks are symmetrical and go back to zero. Another feature is
that the peak current for the oxidation of DA is larger than that for the reduction
of DoQ, with a ratio between them I,,,, =~ 0.8. In addition, the position of the
actual oxidation peak (= 0.32V') and the distance between the two (AE, ~ 0.33V)
are also determined by the type of the target analyte and of the waveform. The
smaller the ratio between the two peaks and the larger AE), are, the slower the
electron transfer and the worse the sensor works [46, 61]. Finally, a last important
parameter is the amplitude of the oxidation peak. The larger the value, the more
sensitive the sensor is. A good way to measure this value is the SBR, which is

23



Results

calculated for a concentration of 1pM as follows:

2IO.CB
SBR = 4.1
[O:vBack + [ReBack - Ipar ( )

Where I, is defined as the amplitude of the oxidation peak, Ip.pect and Irepack
as the amplitudes of the oxidation and reduction background currents, and I,
as the parasitic current. In the presented work, the aim was not to have a sensor
with the best possible sensitivity, so an SBR of ~0.2, was considered acceptable.

The difference in height of the two peaks is particularly important. In a reversible
reaction there would be no difference, so it is a non-reversible reaction [46]. This
is due to the difference in adsorption of DA and Do(Q. DA adsorbs much more
strongly on carbon electrodes than Do(Q), in other words DoQ is more likely to be
desorbed from the surface before being reduced back to DA [62].

The results of this first set of experiments are summarised in the following table

(4.1).

Latio | Ox peak FWHM (V) | Ox peak position (V) | AE, | SBR
| 0.8 | 0.17 \ 0.32 | 0.33 | 0.20 |

Table 4.1: DA calibration curve results

4.2 EIS measurements

In addition to the FSCV measurement, an EIS study was also carried out with
several sensors.
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Figure 4.3: Example of a sensor Bode plots (module)
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Figure 4.4: Example of a sensor Bode plots (phase)

Based on the Bode plots, it could be confirmed that the structural properties
of the NG sensors gave them an almost capacitive behaviour. In particular, for
the frequencies of interest in the FSCV measurements, i.e. below 3kHz, the
frequency response plot showed a slight decrease of less than 10% (4.3), while
the phase response for 1X PBS was around -90° and became slightly smaller at
lower concentrations (4.4). These results demonstrated that the sensors were
maintaining their desired behaviour in the range of interest, but deteriorated at
lower concentrations of ions in the buffer solution. Compared to conventional
carbon sensors, which have a mixture of resistive and capacitive behaviour, the
difference typical of these NG sensors is still visible [63, 64].
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Figure 4.5: Example of Nyquist plots
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After the Bode diagrams, the Nyquist ones were also useful to obtain important
information. Their patterns involve a semicircle and then a straight line; these
two behaviours represent the two frequency ranges in which the electrochemical
process is determined by the charge transfer phenomena and the mass transfer
one, respectively. For a reaction to be reversible, the charge-transfer resistance
(Ret), i.e. the diameter of the semicircle, becomes insignificantly small and the
so-called Warburg impedance (Zy) is dominant over almost the entire frequency
range. In this case, the semicircle is not well defined because the mass transfer
phenomena is predominant. The reported Nyquist diagrams confirm what was also
seen in the Bode diagrams. The sensors are characterised by an almost capacitive
behaviour, which approaches a mixed resistive-capacitive behaviour with decreasing
concentration of ions in the buffer solution (4.5).

4.3 Bioanalytes analysis

4.3.1 Background recordings

Prior to measuring the analyte response when the buffer ion concentration was
varied, the background current was recorded using the conventional waveform (from
-0.4V to 1.3V or 1.2V with a repetition rate of 60Hz and a ramp rate of either
400V /s or 200V /2). Interestingly, the shape of the background current varied with
the buffer ion concentration (4.6).
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Figure 4.6: Background current recordings for different sensors

As expected, a similar behaviour was obtained for both the recorded cases. The first
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parameter change observed was the difference between the peak of the background
current and the point at which it flattens out (Al,), i.e. the voltage at which the
capacitive behaviour of the sensor becomes apparent. While the second point was
fixed at all buffer concentrations (=~ 0.6V) and had an almost constant value, the
position and value of the peak seemed to depend on the concentration in different
ways. (4.7).
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The relevant parameters extracted from the obtained results are also listed in tables

Figure 4.7: Al,, measured for the different backgrounds

(4.2) and (4.3).

PBS concentration | Current peak value (nA) | Ay, (nA)
0.10X 517.66 146.90
0.15X 523.59 154.90
0.20X 526.61 165.06
0.50X 561.37 199.27
0.75X 576.39 212.82
1.00X 588.08 224.66

Table 4.2: Background recording results for a 400V /s ramp rate
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PBS concentration | Current peak value (nA) | Ay, (nA)
0.10X 148.50 13.83
0.15X 149.58 14.96
0.25X 151.39 18.90
0.50X 159.84 26.23
0.75X 165.45 29.73
1.00X 168.40 31.16

Table 4.3: Background recording results for a 200V /s ramp rate

4.3.2 Dopamine measurements

The first bioanalyte analysed was DA, a catecholamine. It is the simplest possible
one, consisting of a catechol structure with one amine group attached via an ethyl
chain. It is also a positively charged molecule.

2 500nM DA, Normalised voltammogram
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Figure 4.8: 500nM DA cyclic voltammogram for different PBS concentrations

A solution of 500nM DA was measured for all previous buffer concentrations (4.8)
with the DA optimised waveform (from -0.4V to 0.7V with 400V /s ramp rate and
10Hz repetition rate). Several observations could be made. First, the sensitivity

of the sensor increased with an exponential trend while the PBS concentration
decreased (4.9).
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Ox peak height

500nM DA, N-shaped waveform, Oxidation peak height
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Figure 4.9: Oxidation peak height trend for DA

This exponential increase was also associated with a very similar increase in the
measured SBR, indicating that the detection limit could be lowered (4.10).
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Figure 4.10: Signal to background ratio trend for DA

At the same time, the voltage gap between the oxidation and reduction peaks
(AE,) also followed a similar exponential trend, with the difference that it was

more pronounced at the lower concentrations, while it was almost constant at the
higher ones (4.11).
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500nM DA, N-shaped waveform, AEp
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Figure 4.11: AE, trend for DA

This change in values could be attributed to two different factors. A change in the
ion concentration of the buffer solution caused both the oxidation and reduction
peaks to shift to lower potentials. At the same time, the lowest concentrations of
PBS also led to a shift of only the reduction peak to a higher potential, increasing
the AE, and resulting in a slower electron transfer kinetics (4.12).
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Figure 4.12: Oxidation peak position trend for DA

The slower electron transfer kinetics was also confirmed by looking at the rise
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time, which was nearly constant for the higher buffer concentrations and increased
linearly with decreasing ion in solution (4.13). At the same time, there were no
changes in the area ratio between the two peaks or in the shape of the peaks (the
FWHM remained constant in all measurements).

500nM DA, N-shaped waveform, Rise time
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Figure 4.13: Rise time trend for DA

The relevant parameters extracted from the obtained results are also shown in
table (4.4).

PBS concentration 0.10X | 0.15X | 0.20X | 0.50X | 0.75X | 1.00X
Ox peak height 1.0000 | 0.7878 | 0.6639 | 0.3952 | 0.3175 | 0.2658
SBR 0.30 0.24 0.20 0.12 0.10 0.08
AE, (V) 0.3743 | 0.3579 | 0.3364 | 0.3240 | 0.3261 | 0.3230
Ox peak position (V) || 0.2818 | 0.2774 | 0.2706 | 0.2788 | 0.2926 | 0.3009
Rise time (s) 9.4 / 8.7 6.3 4.6 4.6
FWHM (V) 0.17 | 017 | 017 | 017 | 017 | 017
1L atio 0.8118 | 0.8000 | 0.8148 | 0.8125 | 0.8077 | 0.8182

Table 4.4: DA measurement results
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4.3.3 Melatonin measurements

A second set of measurements was performed with a different type of bioanalyte,
MT, which is neither a catecholamine nor a charged molecule.

1uM MT, Traditional waveform, Normalised voltammogram

Normalised current

Figure 4.14: 1uM MT cyclic voltammogram for different PBS concentrations

The optimised waveform MT was used to measure the analyte (from 0.2V to 1.1V

Voltage (V)

with 200V /s of ramp rate and a repetition rate of 10Hz).
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Figure 4.15: Oxidation peak position trend for MT
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The cyclic voltammogram showed a different behaviour than in the DA case. The
sensitivity of the sensor was completely unchanged, while the ion concentration of
the buffer solution varied (4.14).

Moreover, the characteristic quantities, which were also analysed during the DA
experiments, remained unchanged for all different concentrations. The only observ-
able difference was the same shift of the oxidation peak to lower voltages when the
ion buffer concentration was decreased (4.15).

The extracted numerical results are also shown in table (4.5).

PBS concentration | Ox peak position (V) | Ox peak height
0.10X 0.70 0.9727
0.25X 0.72 0.9328
0.50X 0.74 0.9719
1.00X 0.76 1.0000

Table 4.5: MT measurement results

4.3.4 Serotonin measurements

Finally, another type of bioanalyte was examined. In this case, the 5HT molecule

was observed, which is a charged molecule like DA but not a catecholamine, like
MT.

500nM 5HT, Normalised voltammogram

0.9 4

0.6

0.3

0.0

-0.3

Normalised redox current

-0.6 1

02 00 02 04 06 08
Voltage (V)
Figure 4.16: 500nM 5HT cyclic voltammogram for different PBS concentrations
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Also in this case, a solution of 500nM was injected at the same buffer concentrations
and measured with the optimised 5HT waveform (from -0.2V to 0.7V with 200V /s
of ramp rate and 10Hz of repetition rate) (4.16). A different behaviour was observed
for this type of molecule than for the other two categories.

500nM 5HT, N-shaped waveform, Oxidation peak height
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Figure 4.17: Oxidation peak height trend for 5HT

The sensitivity of the sensor showed a linear decrease with decreasing buffer ion
concentration (4.17).
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Figure 4.18: Signal to background ratio trend for 5HT

As expected, this linear decrease was also associated with a comparable behaviour

of the SBR (4.18).

PBS concentration
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500nM 5HT, N-shaped waveform, AE,
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Figure 4.19: AL, trend for 5HT

Unlike DA, the AE, remained nearly constant for each measurement and showed
no dependence on the buffer ion concentration in the solution (4.19).
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Figure 4.20: Oxidation peak position trend for 5HT
Looking at the position of the oxidation peak (4.20), a similar type of decrease was

observed, which means that the reduction peak also followed the same trend to
show a nearly constant AE,.
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500nM 5HT, N-shaped waveform, Rise time
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Figure 4.21: Rise time trend for 5HT

Finally, the rise time showed a non-linear behaviour, with a faster response for the
lower buffer ion concentrations.

The same constant behaviour was also observed in this case for both the ratio
between the peak areas and their shape.

The relevant parameters extracted from the results obtained are also shown in

table (4.6).

PBS concentration 0.10X | 0.15X | 0.25X | 0.50X | 0.75X | 1.00X
Ox peak height 0.3224 | 0.3928 | 0.4802 | 0.5878 | 0.7858 | 1.0000
SBR 0.035 | 0.044 | 0.053 | 0.066 | 0.085 | 0.110
AE, (V) 0.1787 | 0.1703 | 0.1925 | 0.1774 | 0.1885 | 0.1700
Ox peak position (V) || 0.3749 | 0.3796 | 0.3870 | 0.3895 | 0.4051 | 0.4071
Rise time (s) 3.9 4.3 / 5.8 6.35 7.1

FWHM (V) 0.13 0.13 0.13 0.12 0.12 0.12

Lratio 0.8182 | 0.8333 | 0.8000 | 0.7778 | 0.8077 | 0.8235

Table 4.6: 5HT measurement results

4.3.5 Results discussion

Some considerations can be made. First of all, the only part of the background
current that was significantly affected was the peak associated with the quinone-like
species, i.e. the peak of the background current just before the 0V potential. A
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first hypothesis is that this change is due to a change in the pH of the buffer
solution. It has already been mentioned that these current fluctuations attributed
to quinone-like species are highly dependent on pH changes. It was confirmed that
different ion concentrations in the buffer solution resulted in a different final pH
value and thus a different current value (4.22).

PBS concentration vs pH
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Figure 4.22: pH values of the buffer solution with different PBS concentration

Furthermore, when looking at the voltammogram, there is an effect that is similar
for all three types of molecules studied: a decrease in the ion buffer concentration
results in a shift of the oxidation peak in the voltammogram to lower voltages. The
hypothesis was that this shift is due to a change in the reference potential of the
Ag/AgCl electrode used as a gate. This value depends on a voltage jump between the
metal of the wire and the buffer solution; a change in the ion concentration modifies
this voltage jump and thus the value of the reference potential. Unfortunately, in
the case of the catecholamines, there was also an increase in the voltage spread
between the oxidation and reduction peaks that is opposite to this phenomenon and
when comparing the other two types of molecules, the shift was more pronounced
in one case. For this reason, it is possible that more factors are involved in this
shift.

Furthermore, when looking at the different types of molecules, it was also observed
how differently they react when the ion concentration in the buffer solution is
varied. Neutral molecules (such as MT) were not affected by this in any way. At
the same time, charged molecules reacted in different ways depending on whether
they were catecholamines (such as DA) or not (such as 5HT). For this reason, the
chemical composition of the different bioanalytes must be studied in more detail in
order to better understand the reasons for the different response to the ions in the
solution during the sensing measurements.
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Chapter 5
Conclusions

The experimental work started with the use of already optimized sensors, made with
the necessary knowledge to have optimal characteristics and thus good sensitivity
to the presence of bioanalytes in solution. The main objective of the project was to
observe the behaviour of these sensors while changing the concentrations of buffer
solution and bioanalytes. The FSCV method was used with optimised waveforms
that increased the sensitivity and reduced the noise caused by side reactions.
The first part of the project focused on testing the linearity of the sensor when
the neurotransmitter concentration was increased or decreased. As expected, the
sensors reacted completely linear in the tested concentration range, i.e. in a range
that is also possible in the human brain.

In the second part of the work, the buffer ion concentration was changed and the
reaction to this change was observed.

Initially, the sensor response to the applied sinusoidal signal confirmed the desired
capacitive behaviour for the standard buffer concentration. At the same time, as
the ion concentration in the solution decreased, the sensors began to show a mixed
resistive-capacitive behaviour, which is further from the optimal response, but
still compares well to the fully mixed resistive-capacitive behaviour typical of the
common carbon-based sensors.

Subsequently, the different bioanalytes were diffused on the sensor surfaces and
their responses to the change in buffer ion concentration led to the conclusion
that the chemical composition of the molecules under consideration was crucial for
the sensitivity of the sensors to their presence. It was observed that the change
in ion concentration affected the reference electrode, resulting in a shift to lower
voltages of the oxidation and reduction peaks in the voltammograms for lower ion
concentrations. This variation was different for the different types of bioanalytes,
leading to the conclusion that the change in reference potential was not the only
factor determining it. At the same time, dopamine, which is both a catecholamine
and a charged molecule, showed an increased sensitivity to lower ion concentrations
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and poorer electron transfer kinetic. Melatonin, which is neither a catecholamine
nor a charged molecule, remained unaffected by the changes in buffer concentration.
Finally, with serotonin, which is a charged molecule, the sensitivity decreased when
decreasing the ion concentration in the buffer solution.

Further studies must be conducted to better understand the chemistry behind the
different responses of the sensor to the different types of bioanalytes in order to
optimise the detection process.
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Appendix A

Chemicals

All chemicals were purchased from Sigma Aldrich.

The bioanalytes, like DA, were first dissolved in 1X PBS to form stock concentrations
of 2mM. The 1X PBS (pH of ~7.4) was obtained by dissolving, in 2 litres of
deionised water, 16g of sodium chloride, 2.88g of sodium phosphate diabasic, 480mg
of potassium phosphate monobasic and 400mg of potassium chloride.

The lower PBS concentrations were formed by diluting the 1X one in deionised
water and were then used to dilute the stock solutions of bioanalytes to the desired
concentrations.
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