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In this thesis the development of an electrochemical sensor for sensing of Dopamine on the
basis of redox cycling was pursued. A 3-dimensional, plane-parallel electrode array was
designed, consisting of bottom and top electrodes, where pores provide a spatial confinement
and electrode interface to the measurement solution. In a micromechanical bottom-up
process, a multi-layered formation of electrically conducting gold structures and insulating
silicon nitride passivation was created by optical lithography, vapor deposition and plasma-
enhanced chemical vapor deposition. Pore-channels of 5 um diameter were opened by
reactive ion etching. The produced sensors were evaluated by redox-cycling measurements
on potassium hexacyanoferrate via cyclic voltammetry and amperometry. Stable sensors
could be produced with an inter-electrode distance of 300 and 400 nm and were further
evaluated by amperometric measurements in a fluidic setup, investigating the temporal and
spatial resolution on concentration-changes of dopamine in solution. The electrode fouling
process of dopamine on gold electrodes could be shown for a concentration of 1 mmol/I
dopamine. Repetitive potential switches between oxidative and reductive potential could not
initiate a reversal of the process. For an in-vitro evaluation of the produced sensors
dopaminergic PC12 cells were cultivated on the sensor surface and the release of physiological
dopamine by the cells was induced by potassium chloride and dopamine. The designed sensor
could be evaluated to a sensitivity for dopamine of 10 umol/Il, a fast response time and a
cycling efficiency larger than 84 %. To further enhance the sensitivity, a modification towards
smaller pores was done by nanosphere lithography. Polystyrene nanospheres of 500 nm
diameter were deposited on the sensor by spin-coating and air-water-interface self-assembly
and served as a shadow mask for the pore etching. Pore structures in the range of 202 nm and
141 nm mean pore diameters could be created. For the modification towards a flexible sensor
array, the existing design was transferred to a polymer-based insulation and substrate
material by exchanging silicon nitride with polyimide, resulting in a functioning flexible

electrode array embedded in polyimide.



Die Entwicklung eines elektrochemischen Sensors fiir die Erfassung von Dopamin durch
Redoxcycling ist die wissenschaftliche Zielsetzung dieser Arbeit. Ein dreidimensionales,
planparalleles Elektrodenarray wurde designt, bestehend aus einer Boden- und Top-
Elektrode, wobei Poren eine rdumliche Eingrenzung und Grenzflache zwischen Elektrode und
Messlosung herstellen. In einem mikromechanischen Bottom-Up-Prozess wurde ein
mehrlagiger Aufbau aus elektrisch leitenden Goldstrukturen und isolierender Siliziumnitrid-
Schicht mittels optischer Lithografie, Gasphasenabscheidung und Plasmaverstarkter-
Chemischer-Gasphasenabscheidung hergestellt. Porenkanale von 5 um Durchmesser wurden
durch Reaktives lonendtzen getffnet. Die hergestellten Sensoren wurden durch Redoxcycling-
Messungen an Kaliumhexacyanidoferrat(ll) mittels zyklischer Voltammetrie und
Chronoamperometrie evaluiert. Stabile Sensoren konnten mit einer Zwischenpassivierung von
300 und 400 nm hergestellt werden und wurden weiter durch Messungen in einem Fluidik-
Versuchsaufbau auf die zeitliche und raumliche Auflosung der Reaktion auf verdanderliche
Konzentration von geléstem Dopamin bewertet. Der Prozess des Elektroden-Foulings von
Goldelektroden durch Dopamin konnte an 1 mmol/l Dopaminlésung gezeigt, jedoch durch
wiederholten Potentialwechsel zwischen Oxidations- und Reduktionspotential nicht
rickgangig gemacht werden. Um eine Bewertung produzierter Sensoren in in-vitro-
Bedingungen vornehmen zu kénnen, wurden Dopamin-produzierende PC12-Zellen auf dem
Sensor kultiviert und die physiologische Ausschiittung von Dopamin durch die Zellen mittels
Kaliumchlorid und Dopamin ausgelost. Fir den entwickelten Sensor konnte eine
Nachweisgrenze fir Dopamin von 10 umol/l, eine schnellen Reaktionszeit und eine Cycling-
Effizienz groRer 84 % bestatigt werden. Um die Sensitivitat des Sensors weiter zu erhéhen
wurde eine Modifikation hin zu kleineren Porendurchmessern mittels Nanospharen-
Lithographie vorgenommen. Polystyrol-Nanospharen von 500 nm Durchmesser wurden durch
Aufschleudern und Grenzflachen-Selbstanordnung auf die Sensorflache aufgebracht und
dienten als Schattenmaske fiir das Porendtzen. Porenstrukturen zwischen 202 und 414 nm im
Mittel konnten hergestellt werden. Fir eine Modifikation hin zu flexiblen Sensoren wurde das
bestehende Design auf ein polymerbasiertes Isolations- und Verkapselungsmaterial tiberfiihrt
durch den Austausch von Siliziumnitrid durch Polyimid und ein funktionierendes flexibles

Elektroden-Array hergestellt.
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Introduction

“As long as our brain is a mystery, the universe, the reflection of the structure of the brain, will

also be a mystery.” Santiago Ramon y Cajal

To solve a mystery has been the fundamental driving force for all scientific endeavors. In
medical sciences, the curiosity for the workings of the body is paired with the need to repair
and cure. Since the rise of modern medicine, science and technology, astonishing progress in
medical technology has been achieved. Organs can be transplanted, even grown in a lab, be
paired with or replaced by artificial implants like heart valves, artificial spinal disks or complete
joints. Even the most complex organs like the eye can be repaired by active neuronal implants,
which translate signals, bypassing the defect structure [1] and hearing can be restored by
cochlear implants [2]. The brain, more inaccessible as it is the control center of the entire body
and the most complex organ, has been slow to reveal its structural functionality and
investigations mainly rely on external imaging technologies and a cure for neurological
diseases is mostly founded in pharmacological treatment. With the successful establishing of
the invasive technology of Deep Brain Stimulation, where a neurostimulator is permanently
implanted in the brain and an electrical current is applied to the target region, diseases like
Parkinson's, Tourette Syndrome, Epilepsy and Dystonia can effectively be alleviated [3]. For
Parkinson's disease as the second most common neurodegenerative disease after Alzheimer's
disease [4], a direct correlation between symptoms and neurotransmitter concentration could
be established [5]. Next to the electrical signaling, the biochemistry of the brain is of
paramount importance for understanding the functioning of the brain, were
neurotransmitters are the chemical communication system. Many neurotransmitters like
Dopamine, Serotonin, Epinephrine and Norepinephrine are electro-active and undergo
electron-transfer reactions, which can be used to infer the concentration by the electrical

current induced [6].

Progress in microfabrication technology has made microelectromechanical system (MEMS)
devices an attractive tool for electrical and chemical investigation and a wide field of devices
and research areas has developed around microelectrodes and their use in diagnostics, drug
delivery, minimally invasive surgery or neuro prosthesis. One of the most successful
applications is the Blood Glucose Monitor, a BloMEMS utilizing a chemical reaction to induce

an electric current for measurement of the amount of glucose in a blood sample. [7]


http://www.azquotes.com/quote/557674
http://www.azquotes.com/quote/557674
http://www.azquotes.com/author/22025-Santiago_Ramon_y_Cajal
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The current application of Deep Brain Stimulation is an open-loop stimulation without
feedback from the underlying brain activity and the success is measured by the alleviation of
motor symptoms. In 2012, the first real-time concentration measurement of Adenosine during
a DBS implantation surgery was performed [8]. In the ongoing attempt to create a closed-loop,
feedback driven neurochemical monitoring and stimulation system, successful developments
could be made with a wireless instantaneous neurotransmitter concentration system device
(WINCS) [9] and a responsive neurostimulator for treatment of epilepsy, which induces
stimulation prior to a seizure to prevent its onset [10]. To further the progress of intelligent
closed-loop DBS, not only to optimize the electrode placement, but to help understand the
functioning of brain on a biochemical level by measuring change in brain chemistry, stable,

implantable, smart electrode systems are needed.

Therefore, the objective of this thesis was the development of an electrochemical sensor for
sensing of Dopamine on the basis of redox cycling. A 3-dimensional electrode array was
designed, containing a bottom and top electrode, where pores provide a spatial confinement
and electrode interface to the measurement solution. In a micromechanical bottom-up
process, a multi-layered formation of electrically conducting gold structures and insulating
silicon nitride passivation was created by optical lithography, vapor deposition and plasma-
enhanced chemical vapor deposition. The successfully produced sensors could be evaluated
by redox-cycling measurements on potassium hexacyanoferrate via cyclic voltammetry and
amperometry. Functioning sensors could be produced with an inter-electrode distance of 300
and 400 nm and were further evaluated by amperometric measurements in a fluidic setup,
investigating the temporal and spatial resolution on concentration-changes of dopamine in
solution. The known electrode fouling process of gold electrodes by dopamine could be shown
for a concentration of 1 mmol/l dopamine and repetitive potential switches between oxidative
and reductive potential could not initiate a reversal. For an in-vitro evaluation of the sensors,
dopaminergic PC12 cells were cultivated on the sensor surface and the release of physiological
dopamine was successfully induced by potassium chloride and dopamine in solution. The
designed sensor could be evaluated to a sensitivity for dopamine of 10 umol/I, a fast response
time and a cycling efficiency larger than 84 %. To further enhance the sensitivity, a
modification towards smaller pores was done by nanosphere lithography. Polystyrene
nanospheres of 500 nm diameter were deposited on the sensor by spin-coating and air-water-

interface self-assembly and served as a shadow mask for the pore etching. Pore structures in
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the range of 202 to 141 nm median pore diameter could be created. For the modification
towards a flexible sensor array, the existing design was transferred to a polymer-based
insulation and substrate material by exchanging silicon nitride with polyimide, resulting in a

functioning flexible electrode array embedded in polyimide.






Theory and Background

This thesis work covers various subject areas, ranging from basic physics and micro-technology
to biochemistry, biology and medical application. A general overview of required theoretical
knowledge and background information, as well as processes applied and materials used is

given in this chapter.

In this chapter Parkinson's Disease and therapeutic approaches, like modulation of brain

activity by Deep Brain Stimulation, are introduced.

Parkinson's Disease (PD) is one of the most prevalent afflictions of the central nervous system.
In Germany alone, approximately 300 000 people are affected, with 20 000 new incidences
every year and the main occurrence in the age range between 50 to 79 years [11]. Named
after the English physician James Parkinson, who was the first to describe the symptoms in

1817 [12], the disease has been studied at length but remains incurable to this day.

The origin of the disease can be hereditary, acquired or idiopathic, meaning no cause is known
and the onset is spontaneous. The idiopathic version is by far the most frequent, with 80 % of
all cases [11]. The cardinal symptoms include resting tremor, bradykinesia (slowed
movements), rigidity (increased muscular tone), postural instability and gait impairment [13],
which can be ascribed to disruptions of the motor cortex. These movement disorders are
attributed to a progressive loss of dopaminergic neurons in the midbrain, involving the basal
ganglia, thalamus and cortex. Figure 1 shows the motor circuit for the modulation of leg

movement with areas involved on a cross section of the brain as a schematic display.
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Figure 1: The motor cortex and circuit for modulation of leg movements. [14]

The suppression of movements by inhibition of transition combined with a disrupted

suppression of transition result in the parkinsonian motor symptoms [15] .

In addition to the degeneration of dopaminergic cells, an abnormal accumulation of proteins
in neurons (Lewy pathology ) is found to be responsible for the non-motor symptoms like

depression, sleep disorder, olfactory dysfunction, constipation and rapid eye movement [16].

Pharmacological dopamine replacement therapy by orally administering levodopa (L-Dopa),
the precursor to dopamine and norepinephrine, or dopamine agonist substances, is the major
approach to treating early stage PD. These substances are very effective in treatment of motor
symptoms but about 60 % of patients develop serious complications due to response
fluctuations and a wearing-off effect after 5 years of levodopa therapy [13]. Most non-motor
symptoms show no response to a dopamine replacement therapy [17] and are known to
contribute largely to the quality of life in PD patients [3]. Therefore, the direct modulation of
basal ganglia activity by an implanted stimulation electrode has become the therapy of choice

in advanced PD.

2.1.2 Modulation of Brain Activity by Deep Brain Stimulation

Deep Brain Stimulation (DBS) is a procedure, where a neurostimulator is permanently

implanted in the brain parenchyma (functional tissue area) and a chronic, high-frequency
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electrical current is applied to the tissue. The neurostimulator electrode rod, called lead, is
connected via extension wires, which are tunneled subcutaneously to an implanted pulse
generator, located below the collar bone. Figure 2 shows a schematic of the DBS system in

place.

Lead
Electrode

Subcutaneous
extension

Pulse .
generator V4

Figure 2: DBS system composed of electrode lead, extension wires and pulse generator. [18]

The pulse generator is powered by a battery and sends electric signals of a preset frequency,
amplitude and pulse width to the stimulator electrodes. The current lead model (3389) and

neurostimulator (Activa PC) by Medtronic Inc. are shown in Figure 3.

T
‘.....-uu“.‘
| S——

- 2

Figure 3: a) Lead model 3389 and b) neurostimulator Activa PC by Medtronic PLC.

s

The electrode is made of a flexible urethane cylinder with 1.27 mm diameter and 4
platinum/iridium circumferential cylindrical contacts at the end. The neurostimulator Activa
PC offers a current-controlled stimulation mode, which is preferable to a voltage-controlled

stimulation, in which the stimulation effects could be involuntary variable. [19]
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The lead positioning is crucial for the therapeutic success and the electrode is positioned via
image guidance by magnetic resonance imaging (MRI), to locate distinctive landmarks in the
brain as well as blood vessels and ventricles, which need to be avoided. The established target
areas for DBS in PD are the subthalamic nucleus (STN) and globus pallidus internus (GPi)
[20],[21],[22] . In combination with a brain atlas and MRI imaging, the electrode trajectory is
planned and verified by a microelectrode, which proceeds the stimulation electrode and is
used for local recording of tissue activity to help locate the exact position [23], [24]. The
surgical procedure also requires the direct feedback of the awake patient once the stimulation
electrode is positioned and tested, to confirm the successful targeting and placement as well
as the absence of side effects. After fluoroscopy confirmed the placement of the lead, surgery
is completed and postoperative MRI and computed tomography are used to further verify the
correct positioning. Misplaced stimulation electrodes and tissue damage by the

microelectrode can be cause for serious side effects [25], [26] . Section based on [10]

In general, DBS uses a continuous frequency pulse train in the range of 100-250 Hz.
Parameters like amplitude, pulse width and frequency need to be programmed
postoperatively in a timely trial-and-error process involving the patient and physician. In the
last few years, computer models have also been used to determine the optimal parameters

with regard to location and current spread. Section based on [27].

Uni- and bilateral stimulation, with 1 lead in each brain hemisphere, is possible. The electric
field can be shaped, the flow of current directed and the area of stimulation limited by using
the neurostimulator as anode and the lead as cathode or by performing bipolar stimulation,
which can be achieved when another electrode contact serves as anode [28], [29]. The latter
is possible with segmented electrode arrays instead of circumferential cylindrical contacts.

Figure 4 shows a schematic of segmented DBS electrodes.

i y
V$4 »
/9 L4 h
y 4 ¢

Figure 4: DBS electrode configurations. a) Quadripolar circumferential, b) Multipolar 32 contacts, c)
Eight contact electrode with multiple independent current control. [29]
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The neurological mechanisms and effects of DBS are still being debated, while it is successfully
applied for PD, Essential Tremor, Dystonia, Depression, Tourette syndrome and Epilepsy.
Further treatment of headache, addiction, dementia and stroke recovery are being
investigated [30]—[33]. DBS increases the output of the stimulated area and activates adjacent
fiber pathways. This results in a complex pattern of excitatory and inhibitory modulation of
the basal ganglia thalamocortical circuit and regulates neuronal activity by preventing
pathologic activity. This in turn alleviates the processing of information and reduces PD

symptoms. Section based on [19].

This chapter introduces the neurotransmitter dopamine, briefly describes the cellular release
and the basic requirements and techniques for in-vitro cultivation of dopaminergic cells in

culture.

Dopamine (3,4-Dihydroxyphenylethylamin) is a compound of a benzene with two hydroxyl

side groups and a side-chain amine (Figure 5). It belongs to the group of catecholamines.

HO NH,

HO

Figure 5: Chemical structure of Dopamine.

Catecholamines are found in the peripheral sympathic nervous system, in the adrenal medulla
and various areas of the central nervous system. The precursor to dopamine, 3,4-dihydroxy-
phenylalanine (L-Dopa), is physiologically synthesized from the amino acid tyrosine and
activated to dopamine via decarboxylation. L-Dopa is also the common drug used for the
treatment of motor symptoms in early Parkinson's disease, since it is incorporated by
dopaminergic cells and augments the striatal dopamine by an increased amount of dopamine
released [34]. Dopamine is, in turn, the precursor for the neurotransmitters noradrenaline
and adrenaline [35]. It is synthesized by neuronal dopaminergic cells and stored in vesicles for

release into the synaptic cleft via membrane fusion of vesicle and presynaptic membrane.
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This release can be initiated via action potential membrane depolarization and calcium-
selective channels as well as via dopamine receptors in the membrane. After release and
diffusion to the postsynaptic membrane, dopamine molecules bind to specific dopamine
receptors. Depending on the receptor type, binding has an activating or an inhibiting effect. 5
receptor types are known. Receptor type 1 and 5 are proven to have an exciting effect,
whereas receptor types 2-4 are inhibiting. Within the basal ganglia, the dopamine receptors
are mainly of type 1. Where type 1 and 5 are expressed, extracellular dopamine binding
induces a signal cascade, resulting in membrane depolarization and further vesicle release
[36]. Once the signal is transmitted, the dopamine molecules are reabsorbed into the
presynaptic cell via dopamine transporter channels and stored in vesicles again or catabolized

via deamination. Section based [37],[38],[39].

As the hydroxyl groups in the dopamine molecule are released easily, dopamine can be
oxidized and reduced in a two-electron transfer. This intrinsic redox nature makes it well
suited for electrochemical detection [37]. Electrooxidation of dopamine in physiological pH
induces a complicated chemical reaction, that transforms the oxidized dopamine (DA) to
dopamine-o-quinone (DAQ). This compound is highly reactive and gets transferred and
oxidized further to dopaminechrome (DAC). This product can further undergo polymerization
reactions on unprotected electrode surfaces, adhere to those and cause the so called
electrode fouling, a loss of sensitivity and electrode activity [40], [41], [42]. The electrode

fouling strongly correlates with pH and dopamine concentration in the measurement [41].

For the in-vitro research on dopaminergic cells, the PC12 culture line was isolated from a
chemically induced, transplantable pheochromocytoma of a rat in 1976. This cancer is located
in the adrenal medulla and secretes catecholamines like dopamine. As in human dopaminergic
cells in the substantia nigra, PC12 cells in culture produce dopamine, release it upon
depolarization of the cell membrane and incorporate it again. The PC12 cell line is well

researched, easy to cultivate and robust. Section based on [43], [44].

Since dopamine is released following the depolarization of the cell membrane, it is possible to
stimulate the release with potassium. The addition of positively charged potassium ions
decreases the negative charge on the extracellular membrane and depolarize the membrane.

As a result, calcium channels open and dopamine release is induced.
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The cultivation of any cell line has to be performed under the standard conditions of a cell
culture laboratory with environmental settings suited to the specific cell line. Sterility is a
prerequisite in cell cultivation. Therefore, ultraviolet germicidal irradiation is a standard
process to sterilize materials and surfaces for cell culture. Short wavelength ultraviolet
irradiation is based on the destruction of DNA and RNA by UV light, resulting in the inactivation
of microorganisms and inhibition of replication. UV irradiation proved to be highly effective

against contaminations like viruses, bacteriophages, bacteria, spores and protozoan cysts [45].

As PC12 cells are adhesive, adhesion has to be promoted outside the standard cultivation
flask. This is accomplished by the glycoprotein fibronectin, which is promoted by serum-
containing media, binds to the surface itself and mediates the mechanical anchoring between
the cell membrane and the substrate surface [46]. Additionally, the cell is able to bind to
positively charged surfaces, such as plastic, via absorption of bivalent cations onto the surface
[47]. This process can be initiated on negatively charged surfaces through attachment factors,

such as poly-lysine.

Poly-lysine is a poly-amino acid, promoting the cell attachment to solid surfaces, such as glass.
It can be in a poly-I- or poly-d-lysine configuration, depending on the chirality of the central
carbon atom. Several lysine molecules collectively form a poly-lysine molecule, which
promotes positively charged amino groups at binding sites. Negatively charged oxygen groups
of the cell membrane, as well as the glass substrate can be connected via ionic bonds and poly-
lysine functions as a mediator between the negatively charged surface and the negatively

charged cell membrane [48].

In this chapter the basic electrochemical background, as well as the measurement techniques

amperometry, cyclic voltammetry and redox cycling, are reviewed.

Electrochemistry is the science around the transfer of electrons at the electrode-solution
interface, combining the electron movement in solid materials with the ion movement in

liquids.

Two electrodes surrounded by electrolyte solution is the basic example of an electrochemical

cell and provides the interfaces necessary for the investigation of the occurring effects. In a
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galvanic cell, spontaneous electrode reaction takes place when the electrodes are connected
by a conductor, in electrolytic cells an external potential needs to be applied. With two
electrodes two independent half-reactions can be observed. The electrode where the reaction
of interest takes place is the working electrode (WE), the second is the reference electrode
(RE). Several external and electrode variables can influence the rate of an electrode reaction.

Figure 6 gives an overview of such contributing variables in an electrochemical cell.

-
C) External variables
Electrode Temperature (7)
variables Pressure (P)
Material Time (1)
Surface area (A)
Geometry . .
Surface condition Electrical variables
Potential (E)
Mass transfer Current (i)
variables Quantity of electricity (Q)
Mode (diffusion,
convection, . . .)
Surface concentrations
Adsorption

Solution variables

Bulk concentration of electroactive
species (Cq, Cg)

Concentrations of other species
(electrolyte, pH, .. .)

Solvent

Figure 6: Variables affecting the rate of an electrode reaction. [49]

In a two-electrode setup, the current passes through WE and RE and creates a voltage drop
equal to the sum of voltage drop at both electrodes and solution resistance Rs, following

Ohm’s law:
V=I%R (1)

Therefore, the solution resistance Rs must be small and the voltage drop at the RE must be
negligible compared to the resistance of the WE. This is achieved by a much greater surface
area of the RE than the WE, resulting in a much smaller current density and voltage drop. Also,
the current flow must be kept small in order to reduce the resistance at the RE. Generally,
parameters for a two-electrode setup are /< 10 pA and Rs < 100 Q, so that /* Rs< (10-5A4) *
100Q or /* Rs< 1 mV.

For systems where V cannot be kept below 1 mV, a three-electrode cell must be used. The

third electrode is called counter electrode (CE) and functions as a current sink for the cell. The
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majority of the current passes through the CE and WE, thus lowering the potential drop
between the RE and WE. This setup allows the RE to be used as a reliable reference for the

potential control. Sections based on [49].

Electrochemical electrodes can be classified according to the potential dependency on the
electrolyte concentration. Electrodes of the first kind are simple metal electrodes immersed
in a solution containing their own ion (e.g., silver immersed in a silver nitrate solution). The
equilibrium potential of this electrode is a function of the concentration of the cation of the

electrode metal in the solution.

Electrodes of the second kind are a metal electrode assembly with the equilibrium potential
being a function of the concentration of an anion in the solution. Typical examples are the
silver/silver-chloride electrode and the calomel electrode. The potential of the metal is
controlled by the concentration of its cation in the solution, which is, in turn controlled by the
anion concentration in the solution through the solubility product of the slightly soluble metal

salt:

AgCl+e <> Ag+CI (2)

For a redox reaction
O+ne &R (3)

where n is the number of electrons exchanged, the relation between concentrations of O and

R can be related to the Gibbs free energy change AG as follows:
AG = AG® + RT In* (4)

where R is the gas constant and T [K] the temperature. Here, the maximum potential between

two electrodes or equilibrium potential can be derived
AG=-nFE (5)

and for unit activity for O and R the standard Gibbs free energy change for the redox reaction

can be given as
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AG® = —nFE° (6)

where E° [V] is the standard electrode potential and F the Faraday’s constant. With equation
(4) and (6) the correlation between potential and concentration for a cell reaction at a redox

electrode can be given as the Nernst equation:

E=E+Xn2
nF R

(7)

The Nernst equation allows the calculation of the electrostatic potential at the electrode for
a state of equilibrium without a current flow through the electrode-solution interface. If a
reaction needs to be induced, a so called overpotential n, the deviation of the cell potential

from its equilibrium value Eeq, must be applied:
n=~E-— Eeq (8)

If a potential is applied to an electrode and results in a current flow, the relation between

current and potential can be described by the Butler-Volmer equation:
=1, [e—afu — e(l—a)fn] (9)
where f is the coefficient %, and which employs the exchange current

Iy = FAK°C, e (10)

that is the derived of the current-potential characteristic, A [cm?] the area of the electrode, k°
the standard heterogeneous rate constant, C concentration of oxidized or reduced species at

the electrode surface and the dimensionless transfer coefficient a.

If a negative potential is applied to the WE, the energy level of the electrons in the electrode
material is raised and a phase shift from electrode to electrolyte molecule occurs. The
electrons migrate from electrode to electrolyte, cathodic current flows and the electrolyte
molecules are reduced (reduction current). Positive potential applied to the WE lowers the
energy level of the electrons in the electrode material. Since the lowest possible potential is
desired, electrons migrate from electrolyte into the electrode material, anodic current flows
and electrolyte molecules are oxidized. Figure 7 shows the contribution of anodic and cathodic

current to the overall current lo.
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Figure 7: Plot of anodic and cathodic contribution and overall current according to the Butler-Volmer
equation (9) at 25 °C. [50] modified.

Four major factors affect the reaction rate at the electrode-solution interface and the

resulting current and are shown in Figure 8 in the pathway of a general electrode reaction:

1. Mass transfer (e.g. of O from bulk to electrode surface)
2. Kinetics of electron transfer
3. Preceding and following chemical reactions

4. Surface reactions (e.g. adsorption, desorption)
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Figure 8: Pathway of a general electrode reaction. [49]
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The slowest process will determine the reaction and is called rate-determining step. If all
processes are fast, the electron transfer reaction will be the rate-determining step. In order
to ensure a diffusion-controlled mass transport for electrochemical experiments, either a
large concentration of reactive species in the electrolyte is given to eliminate migration,
measurements are completed in under 30 s to avoid convection, or microelectrodes are being

used [51].

Two types of charge-related processes occur at electrodes. One kind comprises reactions in
which charges are transferred across the electrode-solution interface. Electron transfer causes
oxidation or reduction to occur. Since such reactions are governed by Faraday's law (i.e. the
amount of chemical reaction caused by the flow of current is proportional to the amount of
electricity passed), they are called faradaic processes. Processes such as adsorption and
desorption can occur, and the structure of the electrode-solution interface can change with
changing potential or solution composition. These processes are called nonfaradaic
processes. Although charge does not cross the interface, external currents can flow when the
potential, electrode area, or solution composition changes. The effects of the nonfaradaic
processes must be taken into account in using electrochemical data to obtain information

about the charge transfer and associated reactions.

In order to understand the reaction kinetics involving an electrochemical process with
heterogeneous electron transfer a simplified equivalence circuit model of an electrochemical

cell can be used. Figure 9 shows an equivalent circuit:

Rs
—1
|

Figure 9: Equivalent circuit model of a simple electrochemical process. [51]
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According to Figure 9, electrons can be transferred across the electrode/solution interface via
two parallel pathways, the faradaic process, which is represented by the charge transfer
resistance R and diffusion (Warburg) impedance Z., connected in series, and the
charging/discharging of the electrical double layer Cy. In both cases, the current flows through
solution, which is represented by the ohmic resistance Rs. The second pathway is important
only if the electrode potential (or surface area) is changed rapidly. In this case, the kinetic
parameters can be determined only after separating faradaic current from the double layer
charging current. Under steady-state conditions, the charging current is negligibly small and
the range of accessible kinetic parameters is determined by the values of R«, Zw, and Rs.
Clearly, the charge transfer resistance can be measured accurately only if it is much larger

than the solution resistance.

The magnitude of solution resistance is less important when relatively slow kinetics are
measured. In contrast, fast electrode kinetics can be studied if the ohmic potential drop is
either very small (at ultramicroelectrodes under steady-state conditions) or fully

compensated. Section based on [51].

The electrode-solution interface can be seen as an electrical double layer (Figure 10), with the
electrical charge at the electrode surface and charged ions disbursed in the adjacent solution.
If a potential is applied to the electrode, the double layer is formed and a charging current
flows. Three models of the electrode-electrolyte interface are commonly found, the

Helmholtz, the Gouy-Chapman and the Gouy-Chapman-Stern model.

In the Helmholtz model, two sub-layers exist in the solution. The first consists of solvent
molecules and specifically adsorbed ions. Its boundary is called the inner Helmholtz plane
(IHP) and marks the location of the electrical centers (x1). The second layer consists of solvated
ions, which are completely surrounded by solvent molecules and therefore can only approach
up to x2. Their charges mark the outer Helmholtz plane (OHP). Non-specifically adsorbed ions
are disbursed in the diffuse layer, a three-dimensional region that expands into the bulk of
the solution, where the interaction with the electrode only involves long-range electrostatics.

This model features solvated ions as circular with a centrically located punctual charge.
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Figure 10: Electric double layer or Helmholtz plane. [51]

The Helmholtz model has been enhanced by Gouy and Chapman to describe the solvated ions
to be a point-like canonical ensemble and is named the Gouy-Chapman model [52]. It
accounts for thermal motion of solvated ions and describes a more extended, diffuse charged
layer, but is only accurate for concentrations below 1 mmol/l and small potentials. Otto Stern
combined the Helmholtz and Gouy-Chapman theories in a model, which regards a finite ion
size and the approach to the interface and is known as the Gouy-Chapman-Stern model. Here,
a compact Helmholtz plane exists directly on the electrode surface and a diffuse layer

distanced further in the bulk solution follows [53].

In electroanalytical experiments the potential at the WE is being controlled by a potentiostat.
This electronic hardware is a control amplifier that maintains the potential of the working
electrode at a constant level with respect to the reference electrode by adjusting the current

at the counter electrode.

In electrochemical measurements the response to a change of parameter such as applied
voltage or current or a change over time are observed. Depending on the parameter to be
measured and the alteration conducted, various standard electrochemical experiments can

be distinguished.

Chronoamperometry is a technique in which the potential of the working electrode is stepped
from an initial potential E1, where faradaic processes do not occur, to a potential E; where
oxidation or reduction takes place. The resulting current from faradic processes occurring at
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the electrode is monitored as a function of time. For the simple charge transfer reaction (eq.
3 in chapter 2.3.1) the potential E1 is chosen, so that the concentration of O at the electrode
is zero and the current induced by the potential step is only due to diffusion of O towards the
electrode and the reduction process initiated. The reduction at the electrode surface induces
a very large current, because it occurs instantly and this creates a concentration gradient,
which in turn produces a flux of reactant O to the electrode surface proportional to the
concentration gradient. A continued flux creates a so called depletion zone where O is absent

and the current as well as the concentration profile declines.

Figure 11 shows the waveform for a potential step and the current flow vs. time:

Figure 11: a) Potential step from E; to E;, b) Current flow vs. time. [49]

The current-time response for spherical electrodes is reflected in the Cottrell equation:

1/2
FADy'“Ch

l/2¢1/2

It)2i= (11)

where Do is the diffusion coefficient of the oxidized species and t the time. The building of a

depletion zone due to the reduction process is reflected in the inverse function t%/2.

Cyclic Voltammetry (CV) is a potential sweep method, in which the electrode potential is
changed linearly over time and the resulting current in relation is recorded. The potential
sweep becomes cyclic, when an initial potential E1 is being increased to a reversal potential E;
and swept back to E1and further to a potential E; at the reverse direction. Figure 12 shows the

waveform for a linear and cyclic sweep with starting and reversal potential, v is the scan rate.
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Figure 12: Waveforms used in linear sweep (a) and cyclic voltammetry (b and c). [51]

The choice of potentials is an important step in the experimental design, since they determine
the driving force for the electron transfer, the reaction to take place (oxidation or reduction),
the species formed and weather the reaction takes place under kinetic or mass transport
control. The scan rate determines the reaction time scale and is typically ranged between

mV/sec and up to kV/sec with microelectrodes. Section based on [51].

The current-voltage curve or cyclic voltammogram displays the reaction mechanism and the
gradient characteristic for the substance under reaction. Figure 13 shows a cyclic

voltammogram for a diffusion-controlled electron transfer on a planar electrode:

Figure 13. Cyclic voltammogram. [51]

With the changing potential, the concentrations for generated species changes and as such
the produced faradaic current in relation to the reaction taking place and concentration at the

electrode. For the case of a reduced species initially present, points 1-7 show the oxidation of
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the species and the resulting oxidation current, with the peak value Ip at the potential of point
3. After the reversal of the potential at point 5, the reduction of the previously oxidized species

takes place between points 8-10 and results in a reduction current.

The peak current Ip can be calculated for a planar electrode and diffusion controlled reaction

with the Randles—Sevcik equation:

n3/2p3/2

Ip = 0,4463 = ADy/* Cov1/? (12)

with n being the number of electrons transferred.

The shape of a voltammogram relates to the rate of electron transfer. If the mass transport is
diffusion controlled, the shape is that of Figure 13. If the mass transfer overcomes the electron
transfer rate, the voltammogram becomes drawn out (Figure 14), the peaks broaden and the
overpotential needed to drive the electron transfer rate increases, which results in a wider

peak separation. Section based on [51].

ks a>b>c>d

v d>c>b>a

Normalised Current

Figure 14: Voltammograms (current scale normalized) under a) electron transfer control, b-d) mass
transfer control. ks: electron transfer rate constant, v: sweep rate. [51]

In the method of fast-scan cyclic voltammetry (FSCV), CV is being done with frequencies in the
kHz [54] or even MHz [55] range, which no longer limits the sensitivity to mass transfer
processes, when the cycling frequency is faster than the diffusion and repeated cycling of
analyte molecules is possible. This technique also has an increased selectivity to analytes,

which can undergo repeated redox reactions versus those that only react in one way [56].
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Redox cycling is a measurement technique utilizing two working electrodes, each set above a
reductive or oxidative potential, thus driving both, a reduction and oxidation process and
recording the respective charge transfer. If placed closely enough for molecular diffusion, the
analyte species can shuttle between the two working electrodes and undergo a repetitive
oxidation-reduction process, thus be cycled between the electrodes (Figure 15). This requires

a reversible process and redox-active analyte.

Reference electrode

/ 1
Electrodes
Reduced

Oxidized
molecule molecule

Figure 15: Redox cycling process at two electrodes biased to oxidation/reduction potential. [56]

A redox active substance well suited for experimental measurements is potassium
hexacyanoferrate Ks4[Fe(CN)e]. This salt of monoclinic crystal structure is non-toxic, since it
does not release the cyanide from the complex. In aqueous solutions, the anion
hexacyanoferrate(ll) oxidizes to hexacyanoferrate(lll) in a reversible one-electron-transfer

reaction

[Fe(CN)g]* <> [FE(CN)s]> + e (13)

The inter-electrode distance h is an important design consideration, since it influences the
shuttling time Ts and the amplification, with the diffusion constant D as analyte specific

parameter, for plane-parallel electrode positioning and one-dimensional diffusion as

hZ
tS =

™ (14)
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and even allows the calculation [57] of the average cycling current for a single analyte

molecule

__neg _ negD

Icyc - 2_T5 ~ The2 (15)

with n being the number of electrons transferred and eo the elementary charge.

Another important design consideration is the spatial confinement of the analyte molecule,
which is dependent on the geometry and needs to consider open access for the electrolyte,
as well as diffusion barriers. Generally, the collection efficiency N is defined as the ratio of the

current at the generating and the collecting electrode [58]:

N = et (16)
Igen

Several design choices like interdigitated arrays, pore-based approaches and nanocavity

devices have been investigated over the past decade. Section based on [56].

This chapter introduces the Multi Electrode Array (MEA), also called Micro Electrode Array,
and gives an overview over different designs as well as the flexible version intended for

implantation.

The first multi electrode array was developed in 1972 by C.A. Thomas and intended for use on
neuronal cell cultures [59]. Over the years, a broad variety of arrays in different categories
were developed, materials tested and measurement setups designed, which cannot be

included in this brief introduction. A good overview is given in [60].

Multi electrode arrays are devices, that hold several electrical contacts, plates or shanks,
through which electrical signals can be recorded or stimulation can be initiated. These
contacts are housed in an insulating layer. The individual electrodes can be arranged
randomly, like in sealed metal wires or carbon fibers embedded in glass or epoxy resin.
Regularly spaced electrodes in ordered designs include paired electrode designs like a double
band assembly and interdigitated arrays (IDA). These planar designs were initially intended for

in-vitro experiments with neuronal cell cultures or tissue cultures.

23



Theory and Background

Compared to planar electrode arrays, 3D arrays have either shaped electrodes, that allow
penetration of tissue, or individual electrodes located not only next to each other but also

atop of each other. Figure 16 shows the variety of electrode arrangements mentioned above.

Generator Collector

Figure 16: Electrode arrangements: A) Schematic random array [51], B) paired electrode, schematic
double band assembly [51], C) schematic interdigitated array [61], D) 3-D MEA with tip-shaped glass
electrodes [60].

Using the third dimension in the MEA design allows the construction of a generator-collector
array, with individually addressable, plane-parallel electrodes in pairs, located next to each
other. In this design, an individual redox cycling (see chapter 2.3.2) electrode pair can be

generated next to neighboring electrode pairs.

Depending on the intended use, non-implantable (in vitro) and implantable (in vivo) designs
can be distinguished. Non-implantable designs tend to be rigid and planar, with thin MEAs to
allow imaging with microscopes. These designs are commercially available and consist of a
planar MEA with a fluidic compartment to hold the cell culture or tissue slice in medium. Figure

17 shows a standard model MEA by Multichannel Systems GmbH.
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Figure 17: Planar MEA for in vitro use. [62]

2.4.2 Flexible MEAs

The advances in technology and material for MEA production allow the transfer of the initial
in-vitro design towards implantable microelectrode arrays for in-vivo measurements. Here,
the biocompatibility, biostability and implantability are inevitable demands on the device,
next to functionality and durability. In order to minimize mechanical traumatization of the
tissue, flexibility is key in any implantable microelectrode device, since close contact to the
target tissue, like nerve tissue or sensory cells, is functionally necessary. Therefore, polymers
like polydimethylsiloxane (PDMS, silicone), polyparaxylene (PPX, Parylene) and polyimides
have successfully been applied for encapsulation and insulation of neuromodulation devices
like spinal cord stimulators or sensory implants like the cochlear implants or retina implants
[63]. A polyimide-based, flexible version of a multi electrode array is being used in the surface
electrocorticograms for cortical stimulation mapping [64]. Figure 18 shows the commercially

available device flexMEA36 from Multichannel Systems GmbH.

4
A

Figure 18: FlexMEA36, 36 TiN electrodes of 30um diameter in polyimide 2611. [65]
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This chapter introduces the materials and techniques used in the construction of MEA devices,
such as the redox cycling sensor developed in this thesis. The method utilized is called a
bottom-up process, since layer after layer of material is constructed on top of the other. The
structuring of material is done by lithography, the deposition by vapor deposition techniques

and the removal of material via dry and wet chemical etch methods.

Micromechanical manufacturing in a cleanroom environment is the standard for bottom-up
processes. The main advantage in a bottom-up process is the construction of small structures
in the nanometer range, that can be achieved due to the 3D material deposition. As such, it is
much simpler to locate two electrodes nanometers apart when they are insulated by a thin
layer in a vertical position, than to create them coplanar horizontally. Further, batch processes
can easily be realized by the bottom-up method and therefore have a significant advantage in
output number and cost. The choice of material is limited by the processes involved and has

to be coordinated with the technologies used and materials to be combined.

Glass as substrate material in the form of wafers is widely used, when the substrate does not
have to have the properties of a semiconductor, in which case silicon substrate with defined
crystal orientation is used and electrodes have to be isolated from the substrate.
Transparency, good chemical and electrical isolation and low cost are the main advantages of
glass substrate. Mostly, borosilicate glass, containing boric oxide, is used. It has a similar
thermal expansion coefficient to various metals and silicon [60] and can be cut into shape by

a wafer dicing saw with a glass blade.

Titanium is often used as an adhesion layer, as are chromium, molybdenum, tantalum,
tungsten or platinum. Adhesion layers are necessary, because the best electrically conductive
materials, such as gold, silver or copper, do not stick to SiO», and they facilitate the required
physical interlocking, chemical bonding or interdiffusion. Titanium forms a titanium-silicon
system immediately after deposition and thus a strong bonding. The negative enthalpy of
titanium is the source of this reaction and additionally provides a negative heat reaction with

SiO3, which results in the formation of Ti-Si and TiO,. In the absence of oxygen, like in a vacuum
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environment, the transition of titanium to gold is interconnected due to interdiffusion, which
creates intermetallic phases such as TiAuy, TiAu or TisAu [66]. Section based on [67]. Since
titanium has a high formation of oxidation, the following layer needs to be deposited

immediately afterwards.

Gold is chemically inert, an excellent electrical conductor, has a low resistivity and is easily
microfabricated, which makes it a commonly used metal for electrode materials [51][60]. In
addition, it is biostable and biocompatible [68]. With a Young's module of 35-44 GPa [69] it is
relatively soft. Gold crystalizes in a face-centered cubic crystal structure and grows in the
Volmer-Weber island growth mode, which creates single hemispherical islands, that percolate
at a film thickness of 8 nm and form a complete film at a thickness of 12 nm [70]-[72]. It has
a melting point of 1064,18 °C, but can start spreading of clusters below 727 °C [48][49]. Due

to the poor adhesion properties to other materials, adhesion layers have to be created.

Silicon Nitride (SisNa4), as well as silicon oxide (SiO3), are commonly used as insulating materials
in microtechnological devices. SisN4 has a dielectric constant of 7 and an electrical resistivity
of 10 Qcm [75], which makes it an excellent insulator. Additionally, it is a very effective
diffusion barrier for sodium and water. It is created by chemical vapor deposition (Chapter
2.5.3) as an amorphous material (SiNy), or in two hexagonal crystalline forms depending on
the temperature. It shows a high chemical resistance, resistance to oxidation and high
strength. In this thesis, the silicon nitride was deposited at low temperatures with the

precursors silane (SiH4) and ammonia (NHs) in the general reaction
3 SiH4 + 4 NH3 = SisNs + 12 H» (17)

for the temperature range of deposition from 700 — 1150 °C and a pressure of 1 atm. Section
based on [75]. At temperatures below 580 °C, as applied in this thesis, the amorphous SiNy is
created [76].

In the dry etching method of reactive ion etching (Chapter 2.5.4) fluorine gas compounds in
an oxygen atmosphere remove the SiNx with the process gases tetrafluormethane (CF4) or

methyl trifluoride (CHF3) in the simplified reaction

27



Theory and Background

SisNg + 12 F = 3 SiF4 + 2N, (18)

The use of CF4 as a fluorine source instead of CHF3 has shown to create a clean surface, where

CHFs leaves a coating of fluorocarbon polymer [77].

Chromium is being used as an adhesion layer as well as a sacrificial layer in micromechanical
technology. It can be deposited by vapor deposition, removed selectively by wet chemical
etching and is a cheap method to create a fully covering protective layer. By use of the
composition ceric ammonium nitrate (NH4)2CE(NOs)e : perchloric acid (HCIO4) : water (H20) in
10.9 % : 4.25 % : 84.85 % (Chrome etch n°1 by Microchemicals GmbH) chromium can be

removed selectively towards titanium, gold and silicon nitride and residue-free [78][79].

Polymers such as Polyimide have shown to be well suited materials for requirements like
compatibility to living tissue, long-term stability, low stiffness and electrical insulation.
Polyimide can be used as substrate and insulation layer, thus allowing the construction of
flexible MEAs (Chapter 2.4.2, Figure 18). Features like thermoxidative stability, high modulus
and mechanical strength, good insulating properties and chemical resistance make polyimide
an optimal material [63]. In addition, it can be applied via spin-coating in the form of a liquid
precursor. This allows the variation of the material thickness. During a prebake the solvent
can partly be driven out to enhance adhesion. The final curing, where the polymerisation
occurs, results in a loss of volume of about 50 %. The polyimide in this thesis is a type
biphenyldianhydride/1,4 phenylenediamine (BPDA)-(PPD) precursor, which is well suited for
microelectric applications [80] and commercially available as P12610 / P12611 from HD
MicroSystems GmbH. Figure 19 shows the structural formula with its specific sequence of

imide, ether groups and benzene rings:

Figure 19: (BPDA)-(PPD) based polyimide. [63]
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The method of photolithography is a standard in micromechanical manufacturing processes
and based on the selective exposure of a reactive material to electromagnetic radiation, which
causes a reaction, that in turn allows the selective removal of the material and thus a
patterning. The resolution is dependent on the type of radiation and its wavelength, it
increases with decreasing wavelength. Most commonly used are the near UV light (350-500
nm) of a Mercury lamp or the deep UV light (150-300 nm) of an excimer laser. Electron-beam,

ion-beam or X-ray lithography are particle-based forms of lithographic patterning.

The photolithographic process has three consecutive steps, resist deposition, exposure and
development. First, the reactive material, called resist, has to be deposited. This is done via
spin-coating. The resist consists of amorphous polymer, which changes structure during
radiation and becomes more or less soluble. Positive resist becomes soluble after radiation
exposure, as the polymer chains get ruptured by radiation, whereas negative resist is being
strengthened by radiation, as it randomly cross-links the polymer. Sensitizer is necessary to

control the chemical reactions and casting solvent keeps the resist in a liquid state. [51]

The spin speed (rounds per minute) determines the resist layer thickness. After spin-coating,
a pre-bake removes the solvent and leaves the polymer in its reactive state. The second step
is the exposure to the radiation. This step includes the transfer of the intended pattern onto
the resist by a shadow mask, mostly consisting of a chromium layer in the shape of the pattern
on a glass substrate. This lithography mask is placed between the radiation source and resist-
covered substrate in a so-called mask aligner unit, either in direct contact (hard contact) or in
close proximity (soft contact). The exposure time is an important parameter, since the resist
can be overexposed, resulting in larger structures and frayed edges, or underexposed,
resulting in a loss of structures due to incomplete reaction of the polymer. After the exposure,
the resist consists of soluble and insoluble areas. The development of the resist in the
appropriate solvent dissolves the soluble resist, leaving a pattern on the substrate. After metal
deposition, the remaining resist is removed by a strong solvent like acetone, which lifts the
metal on top as well, resulting in the intended pattern of deposited metal on the substrate.
Figure 20 shows an overview of the photolithographic process with gold deposition on glass

substrate as a schematic for positive resist.
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Figure 20: Photolithography process with positive resin to create gold structures. [51]

The optical resolution is dependent on the wavelength (A) and numerical aperture (NA) of the

optical system, according to the Rayleigh diffraction:

)
NA

with ki being an imaging technology constant > 0.7.

Therefore, the construction of smaller structures needs an increased numerical aperture or
decreased wavelength. This is achieved by use of particles (electrons, ions) instead of photons

or by X-ray lithography. Chapter based on [51].

The vapor deposition method is widely used in micromechanics to deposit materials on

structured surfaces. Physical and chemical vapor deposition can be distinguished.

In Physical Vapor Deposition (PVD) intense application of energy transforms a target material
from the solid state to a gaseous state, which then condenses onto the substrate and creates
a thin layer. The evaporation of material can be induced by various technological procedures,
like thermal or electron-beam evaporation, sputtering or pulsed laser deposition technique.
In thermal evaporation, the material contained in a conductive skillet is heated to a gaseous
state by either heat or current conduction, induction or a laser beam. In this resistance-heated
vaporization only materials with a low evaporation point like alumina, copper, silver or gold
can be evaporated. Electron-beam evaporation uses a focused electron beam to target the

material surface and evaporate material of a higher evaporation temperature.

In the sputtering technique, an ion bombardment is used to knock out atoms of the solid
target material. Here, an ionized atmosphere or a plasma needs to be created and the ions

are directed to the target material in an electric field. High-frequency (HF) sputtering is widely
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used, where the electrons following the alternating electrical field collide with the target
material, which becomes negatively charged and the ions follow the charge and knock out
atoms of the target material to be deposited. In ion-sputtering, mostly noble gases like argon

are used to avoid chemical interaction between ions and the target material.

Both techniques require a defined atmosphere, which allows the gaseous particles to travel
unhindered towards the substrate surface. This is accomplished by creating a vacuum
environment in the evaporation chamber, which reduces collisions of the gaseous particles

and thus agglomeration. Section based on [81].

Chemical Vapor Deposition (CVD) uses gaseous chemical compounds, precursor gases, which
are thermally, electrically or photonically activated to react and form the desired solid
material, which deposits onto a substrate. The reactions take place on the substrate surface,
which allows for the process to take place at higher pressures than with PVD. Next to thermal
CVD, where the reactions are initiated by high temperature surfaces inside the reaction
chamber, plasma-enhanced CVD (PECVD) is performed. Here, the gaseous phase in the
reaction chamber is ionized by either glow discharge or an alternating electrical field and the
ions are directed towards the substrate, where the desired compound is created. This
technique has the advantage of a high reactivity of the precursor gases and a resulting high
deposition rate in comparatively low temperature ranges. Parameters like chamber pressure,
precursor gas and carrier gas concentration, temperature and frequency of alternation of the
electrical field can be adjusted to create the desired deposition conditions. Section based on

[81].

In a dry etching process, the material removal reactions occur in the gas phase, not a liquid
like in wet chemical etching. Due to the advantages like etch directionality and thus transfer
of defined pattern into bulk material, cleanliness and compatibility to vacuum processing
technologies, the dry etching is a standard tool in microtechnology. Dry etching can be non-
plasma based or plasma based. Plasma-based dry etch utilizing radio-frequency-driven,
capacitatively coupled electrodes and suitable gases, which form chemically reactive species,
is called Reactive-lon-Etch (RIE). This process is mostly done in a parallel-plate reactor, where
the substrate plate functions as cathode and the chamber wall as anode. Figure 21 shows the

schematic of a RIE plasma chamber.
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Figure 21: Plasma chamber for RIE, with parallel plate setup. [82] modified.

The RIE process is made up of several reactions [83]:

Generation of the gas phase with ignition of plasma (glow discharge)
DC bias formation with electron transfer to the substrate (cathode)
Diffusion / forced convection of reactive ions to the substrate

Adsorption of reactive radicals to the substrate surface (ion bombardment)

A

Reaction between radicals and substrate surface material, enhanced by ion
bombardment

6. Desorption of the volatile reaction product

7. Exhaust with diffusion of reaction product into the bulk and out of the reaction

chamber
Section based on [84].

Poor reaction of radicals with the bulk material, isotropic etching (equally in all directions), or
plasma-induced dissociation of product molecules with redeposition on the substrate surface
is to be avoided by choosing the optimal parameter setting for pressure, temperature, power
and gas flow rate. Physical etching dominates, when the material ablation is induced mostly
by ion bombardment. Chemical etching dominates when the reactive radical reaction
dominates the material removal. In RIE best results are achieved due to the combination of

both processes.

The etching of silicon by RIE creates a special byproduct called black silicon or silicon grass and
is an effect of ion bombardment and the creation of so called micromasks. These micromasks

arise from re-adsorption of silicon oxide or dust and native oxide already on the substrate.
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This creates a sort of mask for the etching process, which results in a number of spikes
consisting of silicon and the masking material on the very top. These spikes can be seen in
SEM imaging and tend to adsorb light, making the area appear black, hence the name black
silicon. The formation of these spikes can be prevented with parameter modification in the

RIE process and the addition of CHF3 gas to the process [85].

In addition to the etching of material, RIE is used for surface activation. Oxygen plasma
inherent radicals bind hydrogen or break up native oxygen atoms at negatively charged
surfaces, which results in a layer of highly reactive oxygen ions instead of non-polar stable
hydrogen or oxygen bound to the substrate surface. This process increases the wettability of

the surface [86],[87].

The method of lon Beam Etching (IBE) is utilized when material, which is not easily etched by
chemical methods needs to be patterned. In this method, a directed energetic flux of ions is
used for material ablation at low pressures (< 1 mTorr). The plasma is created in a remote
location, called Kaufman source, by an electron gas and the inert ions are directed from the
plasma via electrostatically controlled grids in front of the substrate onto the substrate surface
[84]. The main advantage of IBE is the possibility to etch any material like Ti, Au, Pt and even
multilayer structures. Since it utilizes the shadow-mask technique to select the exposed areas,
where protected areas are covered by a sacrificial layer, and the ablation process is based on
the physical bombardment with ions, mask undercut is minimal and small geometries can be
etched. IBE has demonstrated the highest etch resolution among comparative technologies

for structures < 100 A [88].

A simple and cost effective approach to small structures is the method of colloidal lithography
or nanosphere lithography (NSL). This chapter introduces the basics of the NSL process and

the common application techniques with a modified particle distribution method.

Since the first report of an ordered monolayer of colloidal spheres by Fischer and Zingsheim
[89] in 1981, there has been great interest in NSL. Compared to high-technology approaches
to create miniaturized devices, NSL is inexpensive, compatible with wafer-scale processes and

allows the construction of one-, two- and three-dimensional structures.
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Spherical particles in the nanometer range are used to create a shadow mask by functioning
as a placeholder. The spheres are deposited directly on top of the substrate or metal layers,
material is deposited and the particles are removed, leaving a structure to be further treated

by wet or dry etching. Figure 22 shows a schematic of the nanosphere lithography process.

)

Figure 22: Schematic process of Nanosphere Lithography: a) b) Metal layers on substrate, c) spherical
particles deposited, d) Second material deposition, e) Removal of spheres, f) Etching of structure to
create pores. [90] modified.

The particle deposition is the most critical step, since a 2-dimensional hexagonally close-
packed (HCP) monolayer of particles, evenly spaced without defect areas, is pursued. For this,
surface modifications like the surface charge of particles and substrate, cleanliness and
sufficient control over the deposition method have to be considered. Several deposition
methods like spin coating, dip coating, drop coating and self-assembly along an air-liquid
interface are common. For all these methods, the particles have to be in solution, which also
allows the adjustment of the concentration for best results. The same principle for the particle
assembly is behind the afore mentioned deposition methods. At the interface of air and liquid,
evaporation takes place which induces a meniscus between the spheres, that creates
attractive capillary forces F. and initiates the assembly. The hydrodynamic force F4 pulls
particles together. Both forces are the result of the hydrodynamic flux Js. Figure 23 shows a

schematic of the process.
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Figure 23:Main forces on particles in solvent-evaporation self-assembly. [91]

Next to temperature and humidity, the attractive capillary force, convective transport of
spheres and solvent evaporation rate are the dominating factors for particle self-assembly
[92], [93]. With the spin-coating deposition method, particles get dropped onto a substrate,
which is immediately rotated at a set speed, thus influencing the spreading of solution and
the evaporation rate and therefore the forces induced on the spheres. Similar effects are
achieved by drop- and dip-coating, where the spreading of solution and evaporation rate are
controlled via inclination of the substrate surface and spreading of solution or the removal of
substrate immersed in solution and the active movement of the air-solution interface. Figure

24 shows the principle of these deposition methods. Section based on [91].
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Figure 24: Deposition methods of nanosphere solution and formation of hcp monolayers by a) spin-
coating, b) drop coating (convective coating), c) dip-coating. [94]

Another technique of creating two-dimensional, close-packed monolayers of nanospheres
was developed by Yu et al. [95] and modified by Geng et al. [96] and involves an air-liquid
interface to evenly distribute nanosphere particles. The process takes place in a glass petri

dish on a glass slide surrounded by water and is shown and described in Figure 25.
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This process has been modified for the creation of HCP monolayers of spherical nanoparticles
in this thesis, were steps a — d were performed as described with uniform particle sizes. After
the particle distribution on the substrate and surrounding water, the surrounding water was
removed slowly and the substrate was dried by nitrogen and removed from the liquid, carrying
the evenly dispersed particles on top (see chapter 3.3.1). With this technique, the

hydrodynamic flux of particle solution from the substrate to the surrounding water spread the

a

g s
L = ]

Figure 25: Procedure for the fabrication of 2D colloidal monolayer. [95]

particles over the substrate surface.
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Add DI water in the dish up to
the upper surface of the glass slide.

Drop the binary colloidal suspension
on the surface of the glass slide.

The suspension spread on the
surface of the glass slide.
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Add SDS
to consolidate the 2D arrays.

Raise water level
and remove the glass slide.

Transfer the monolayer film to a
desired substrate (e.g. a Si wafer).




Materials and Methods

This chapter shows all materials used and methods applied in producing the electrochemical
sensor by following the process flows. The sensor evaluation measurements and sensor

modification methods conclude this chapter.

The sensor arrays were produced in a micromechanical bottom-up process involving optical
lithography, vapor deposition and reactive ion etching. The equipment used was available at
the Applied Physics Department of the University of Tibingen and the Center for Light-Matter

Interaction, Sensors & Analytics (LISAY).

Optical Lithography was used to create structured shapes of electrodes, feed lines and bond
pads on the substrate. As substrate, 4inch borosilicate glass wafers by Siegert Wafer GmbH
were used. Positive photoresist ma-P 1205 by micro resist technology was used in combination
with the corresponding developer solution ma-D 331S. Hexamethyldisilazane (HMDS) mixed
in propylene glycole methyl ester acetate 1:19 was utilized as an adhesion promoter and
obtained from Carl Roth GmbH. Chrome-on-glass lithography masks were designed by
computer assisted design (CAD) using the software AUTOCAD, version 2016 student, by

AutoDesk Inc., manufactured by Compugraphics Jena and can be seen in chapter 4.1.

All photolithographic steps were performed in the clean room of the University of Tiibingen
facility of LISA*. In total 3 lithography steps were performed to create the different layers of
the sensor, which only differed in exposure and reaction times. A full process flow can be seen

in Table 1. Here, the general procedure is described.

The wafer was rinsed with ultrapure water and blow-dried by nitrogen gas, then placed on a
rubber ring on the spinning chuck of the Convac 1001 spin coater combined with parameter
control panel Siemens Coros OP15, and its surface covered completely with HMDS. HMDS
splits into trimethylsilyl and reacts with the hydroxyl groups naturally present at the silicate
surface of the wafer, thus changing the surface charge to hydrophobic and thereby enhancing
the adhesion of the photoresist. This process was given a reaction time of 15 seconds, before

the wafer was spun dry for 30 s at 3000 rpm. Following immediately, 6 ml of photoresist were
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pipetted onto the wafer without creating air bubbles in a way to completely cover the surface
and spun dry with the same settings. The wafer was then placed directly onto a 95 °C hot plate
for 60 s to perform the soft bake of the resist and evaporate the solvent. After a cool-down
period in a glass petri dish for several minutes, the wafer was exposed to UV light (350 nm Hg
lamp, 210 W) using the chrome-on-glass shadow masks in the mask aligner MA6/BA6 by Siiss
MicroTec AG for 45 s with hard contact of mask and wafer. Following the exposure, the wafer
was placed into a glass dish, dowsed with developer solution and developed for 45 s while
swiveling the dish to softly stir the solution. Afterwards, the wafer was rinsed with ultrapure

water and blow-dried by nitrogen gun.

The vapor deposition process, which deposits the metals composing the electrode structures,
feed lines and bond pads, is described in the following chapter. In order to strip the remaining
resist after the deposition, the wafer was placed upside down into a glass dish by use of
spacer-pins, designed in-house, to avoid contact of the structured surface and the bottom of
the glass dish. The dish was filled with acetone and placed in an ultrasonic bath for several
minutes until all excessive resist is removed, taking the excessive metal material with it, only
leaving the structured areas on the glass wafer. The wafer was then rinsed with clean acetone
and immediately with isopropyl alcohol (IPA) and ultrapure water and blow-dried by nitrogen

gun.

Vapor deposition technique was utilized to deposit metals on the previously structured
lithography resist on the wafer substrate. Therefore, the wafer was placed into a 4inch holder
and installed upside down on the carousel of the evaporation unit Pfeiffer PLS 570, thus facing
the target material source on the bottom of the vacuum chamber. Here, electron-beam
vaporization and resistance-heated vaporization is possible. Since two materials, titanium as
adhesion promotor and gold as actual conducting material, were needed, both vaporizers
were used successively. Titanium was provided in a crucible, 999.9 %o pure gold was ordered
as nuggets at Agosi AG and placed in a tungsten evaporation boat obtained from umicore AG.
The substrate was placed directly above the titanium target for titanium deposition and
turned over the gold boat for gold deposition. The vacuum for deposition processes was at

least 5 x 10 mbar, e-beam current for titanium evaporation was 60 mA and current for gold
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evaporation was 2.2 AU 10 nm titanium was deposited, followed by 100 nm gold and again
10 nm titanium. The deposition rate for each material was measured internally by an

oscillating crystal with a deposition controller Model 80 by Telemark.

A sacrificial chromium layer is needed to perform the final etching of the sensor after all layers
have been deposited. This is done similar to the deposition described above. Chromium is
deposited by electron-beam vaporization and the material is provided in a crucible and
vaporized with an e-beam current of 20 mA. 100 nm of chromium provide a sufficient

protection of the underlying layers during RIE.

The PECVD unit Plasma lab 80 plus by Oxford Instruments was used to produce amorphous
silicon nitride (SiNx) passivation layers on top of the electrode structures. This unit has a 13.56
MHz driven parallel plate reactor with a 240 mm substrate electrode and a shower head gas
inlet optimized for PECVD. The plasma chamber was pre-heated to 300 °C and conditioned
with SiNx by depositing material into the chamber without the substrate present. Therefore,
0.864 SLPM silane gas (SiH4) and 14.6 sccm ammonia gas (NHs) were pumped into the chamber
at a process pressure of 1 Torr and a RF power of 20 W. The deposition onto the substrate was
done subsequently at the same parameters with a deposition rate of 20 nm/min, producing
300 and 400 nm as inter-electrode passivation, while the bond pads were covered by a square
alumina hard mask (Figure 26) to prevent coverage with SiNx. A 200 to 400 nm final passivation
layer was deposited on the top electrode structures. The layer thickness was further verified

by use of a Dektak 3030ST Auto Surface Texture Profiler.

1 Arbitrary Unit
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Figure 26: Design of alumina hard mask for bond pad protection, dimensions in [mm].

Reactive ion etching was utilized to remove SiNy from structures like the top electrodes and
the inter-electrode passivation in the pores of top- to bottom electrodes, as well as the bond
pads of the top structure. This is necessary to open the reactive surface of the top electrode,
the pores between top- and bottom electrode and to be able to contact the electrodes via the
bond pads and achieved in the RIE unit of the Plasma lab 80 plus by Oxford Instruments. The
etch-gases were selected correlating to SiN«. Therefore, 45 sccm of tetrafluormethane gas
(CF4) and 5 sccm of oxygen (O2) gas were pumped into the reaction chamber at a process
pressure of 0.1 Torr and RF power of 50 W and 20 °C. The substrate was placed in the reaction
chamber and etched for 10-12 min. The result was verified under the microscope for free and
clean metal surfaces on top electrodes and bond pads as well as in electrochemical

measurements.

The RIE was also used for surface activation where adhesion needed to be promoted between
two substances. Here, oxygen gas was used to increase the surface energy and hydrophilicity.
The substrate was placed in the reaction chamber and O, gas was pumped into the chamber
at a rate of 50 sccm at a process pressure of 0,1 Torr and RF power of 100 W at 20 °C. A

reaction time of 8 seconds was sufficient to activate the surface.

Since the sensor production took place on a 4inch wafer, the individual arrays needed to be
separated before use. This is done utilizing the programmable wafer saw DISCO DAD321,
provided by LISA*. The wafer was covered with photolithographic resist as a protection layer
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against glass dust as previously described in chapter 3.1.1 without the use of HMDS. It was
placed on adhesive wafer-tape and mounted on the dicing chuck. The cutting was done using
the glass saw blade P1A851 by Diamond Blade Japan at a cutting speed of 1 mm/s to produce
24.225 x 24.225 mm? single sensor arrays. After the cutting, the lower right corner of the
single array was removed using fine sandpaper to fit the measurement socket. The protective
resist was removed by cleaning with acetone, IPA and ultrapure water and the array was blow-

dried by nitrogen gun.

After the RIE process, to open the top electrode surface and the pores between top- and
bottom electrode, the chromium sacrificial layer was removed by wet chemical etching in
TechniEtch Cr01 by MicroChemicals GmbH. Therefore, the sensor array was placed in a glass
dish containing the etch solution while swiveling the dish to softly stir the solution for several
minutes. The array then was rinsed with clean etch solution again and rinsed off with ultrapure

water and blow-dried by nitrogen gun.

The following table gives an overview of the process steps that create the complete sensor
array. For the flexible polyimide sensor, several aberrations had to be done and the respective

process steps can be seen in chapter 3.3.2.

Table 1: Process flow of sensor array production

Process Layer created Materials and Parameters
Lithography | Resist structure bottom Resist Ma-P 1205, Developer ma D-331S
electrode

Bottom Electrode mask, exposure time
45s,

development time 45 s

Vacuum Deposition | Bottom Electrode Titanium 10 nm, Gold 100 nm,

Titanium 10 nm

Resist Lift-Off | Structured bottom array Acetone, IPA, ultrapure water

PECVD Inter-electrode passivation SiH4, NHs, 300 °C, pressure 1 Torr, RF
SiNx 300 —-400 nm power 20 W

Lithography Il Resist structure top Resist Ma-P 1205, Developer ma D-331S
electrode

Top Electrode mask, exposure time 55 s,

development time 50 s

Vacuum Deposition Il Top Electrode Titanium 10 nm, Gold 100 nm,
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Titanium 10 nm

Resist Lift-Off Il Structured top array Acetone, IPA, ultrapure water

PECVD Final passivation SiNy SiH4, NH3, 300 °C, pressure 1 Torr, RF
200, 400 nm power 20 W

Lithography Il Protective layer Resist Ma-P 1205, Developer ma D-331S

Etch mask, exposure time 45 s,

development time 45 s

Vacuum Deposition Il | Etch structure Chromium 100 nm
Isolation of arrays Single sensor array Sacrificial resist, acetone, IPA, ultrapure
water
RIE Top electrode and pore CF4, O,
structure
Chromium Etch TechniEtch 01, acetone, IPA, ultrapure
water

The produced sensor array was evaluated electrochemically by use of the redox active
substances potassium hexacyanoferrate and dopamine hydrochloride and optically by scanning
electron microscopy. The measurements were performed to evaluate the structural design and

production as well as the stability of the sensors electrodes.

The measurement setup consisted of a computerized eight-channel multi-potentiostat model
1000C by CH Instruments, a PC unit running the potentiostat software CHI 1000C
Electrochemical Analyzer, an alumina faraday cage and several alligator clip holders. The
potentiostat had a minimum current resolution of 0.0015% of the set current range, minimally
0.3 pA. As reference electrode, a silver/silver chloride pellet electrode by Harvard Apparatus
GmbH in 2.0 mm diameter was used. All 24 electrode connections, reference, counter and
working electrode for 8 channels, were fed into the faraday cage and set up as a 2-electrode
setup, with all counter and reference electrodes connected over a silver wire and working
electrodes clamped on the respective electrode on the sensor array, placed into a connecting

socket. The connecting socket was build in-house by the mechanical workshop of the Applied
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Physics Department of the University of Tiibingen, fitting the used 64-pin-measurement
sockets by Yamaichi. These measurement sockets were attached to a printed circuit board,
designed and build by the electrical workshop of the Applied Physics Department of the
University of Tlibingen, to allow easy connection of the alligator clamp electrode connectors
of the potentiostat. The setup can be seen in Figure 27 and an electric circuit scheme is shown
in Figure 28, where a bottom and top electrode of one electrode pair are connected as 2

separate working electrodes, using the same reference electrode.

-

Figure 27: a) Connecting socket and b) printed circuit board with working electrode clamps attached.
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Figure 28: Electric circuit scheme for a 2-electrode setup containing one set of electrodes, bottom and
top.

To create a reservoir for the measurement solution, either a ring of modeling clay was formed
and pressed onto the fabricated sensor, or, for a more permanent reservoir, a glass ring of 10
mm inner diameter and a height of 8 mm was permanently fixated on the sensor array by
PDMS (Figure 29).
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Figure 29: Liquid reservoir on sensor array.

The sensor was placed into the measurement socket with the circuit board screwed on tightly
to assure good contact of the connecting pins to the bond pads. The reservoir was filled with
measurement solution containing a redox active substance and the pellet reference electrode

was lowered into the solution to close the circuit.

In the potentiostat software, the respective measurement technique was chosen. Two kinds

of measurements were performed, amperometric |-t curve and cyclic voltammetry.

3.2.2 Measurement Solutions

The basis for all measurement solutions was a 0.01 mol/l phosphate buffered saline solution
(PBS), prepared from tablet obtained from Sigma-Aldrich GmbH, solved in ultrapure water. As
test solution, potassium hexacyanoferrate(ll) was prepared in PBS in various concentrations.
Dopamine hydrochloride was obtained from Sigma-Aldrich GmbH and made fresh for each
measurement by dissolving in PBS, sheltered from light and kept in the refrigerator.
Substances were weighed on a Kern ALJ250-4AM precision balance by Kern&Sohn GmbH with
a reading precision of 0.100 mg, linearity of 0.300 mg and reproducibility of 0.400 mg.
Dilutions were prepared with standard Schott graduated cylinders and PIPETMAN automated

pipettes obtained from Gilson Inc.

3.2.3 Fluidic Setup

The fluidic setup was obtained from Fluigent GmbH and consisted of a flow control system
MFCS-EZ, 2 liquid reservoirs FLUIWELL-1C, a flow rate platform FLOWBOARD, 2 FLOW UNITS
model L, and connecting tubes with 1/16inch outer and 500 um inner diameter. The system
was controlled via the MAESFLO software version 3.2. Figure 30 shows the system setup as

pictured by the manufacturer.
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Figure 30: Schematic of fluidic setup by Fluigent GmbH. [97]

The fluidic chamber was designed to fit the requirements of the sensor chip and measurement
setup. An alumina casting mold was build in-house by the mechanical workshop of the Applied
Physics Department of the University of Tibingen, to produce fluidic chambers made of cured
PDMS. Therefore, the mold was wrapped with adhesive tape to create a reservoir and liquid
PDMS (Sylgard 527) by Dow Corning was poured on the mold without trapping air bubbles and
cured at 60 °C in a heating cabinet for several hours. As a reference electrode, a 99.99% pure
silver wire by Advent Ltd. was chlorinated at one end in Clorox solution, containing 2.8 wt%
sodium hypochlorite, and taped to the mold to be situated in the center of the chamber. The
resulting chamber had 2 inlets and one outlet to be connected with the tubing of the setup.
The chamber diameters were 5.8 x 11 x 2 mm. In order to achieve a tight fitting of the tubing
to the chamber, liquid PDMS was poured on the connecting spots and cured. The chamber
bottom was then also covered with liquid PDMS and carefully placed on the sensor array and

cured.

Figure 31 shows the alumina casting mold, the resulting chamber and a chamber mounted on

a sensor array by PDMS with the reference electrode silver wire attached.
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Figure 31: Casting mold, PDMS fluidic chamber and chamber mounted on a sensor array

3.2.4 Cell Culture Preparation

The PC12 cells, kindly provided by the workgroup of Prof. Dr. Offenhduser at the
Forschungszentrum lJilich, were thawed, the stabilizing dimethyl sulfoxide was removed and
the cells were cultured under standard conditions in Dulbecco’s Modified Eagle Medium
(DMEM) with added 10 % fetal bovine serum and 1 % penicillin-streptomycin obtained from

Sigma-Aldrich GmbH. Culture conditions were 37 °C, 5 % CO; in culture flasks.

Sensor arrays containing a glass ring reservoir were immersed in 70 % ethanol for several
hours, rinsed with ultrapure water and dried by nitrogen gun. The sensors were sterilized via
UV germicidal irradiation in a Vilber UV chamber for 8 minutes with a wavelength of 312 nm.
Following the sterilization, the sensors were kept in a sterile glass petri dish and the surface
activation was performed utilizing the RIE unit of the Plasma lab 80 plus by Oxford Instruments
with O; gas set to 50 sccm, RF power to 100 W, pressure to 0.1 Torr and temperature at 20 °C
for a duration of 8 seconds. All following procedures were performed in the sterile clean bench

environment using the Safemate 1.2 Vision clean bench.

Immediately after the surface activation by O, plasma, sterile 0.01 % poly-I-lysine solution
obtained from Sigma-Aldrich GmbH was pipetted into the reservoir of the sensor to cover the
entire surface. The sensors were stored in a sealed glass petri dish in the refrigerator
overnight. Shortly before the cell application, the sensors were rinsed twice with sterile water

and set to dry in the sterile clean bench.

Cultured PC12 cells were rinsed with sterile PBS solution and incubated with 5 ml trypsin to
remove the adhesive cells from the incubation flask. 5 ml DMEM was added and the cells were
centrifuged for 2-4 min at 600 rpm at room temperature using the Heraeus Biofuge Primo R.
The medium was removed and cells resuspended in clean DMEM to dilute to preference and

pipette into the sensor reservoir. After an attachment period of several hours, the reservoir
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was filled up with DMEM and the cells were incubated overnight. To prevent excessive
medium evaporation due to the small amount, the sensor was placed onto an elevation within

a sterile glass beaker filled with sterile water and loosely covered by a glass dish.

In order to enhance the dopamine excretion of PC12 cells in certain experiments, the culture
on the sensor was incubated with 3,4-Dihydroxy-l-phenylalanine (L-DOPA) obtained from
Sigma-Aldrich GmbH in a final concentration of 100 umol/l in DMEM for 2 hours prior to the
measurement. 30 minutes before a measurement the medium was washed off twice with

fresh DMEM.

All measurements were performed at room temperature in non-sterile environment.

Since all measurement solutions were based on water, the potential range for measurements
was limited by the electrochemical window for water and the potentials were chosen to cover
the oxidation and reduction potential of hexacyanoferrate and dopamine, ranging from -0,4
to 0,7 V. The settings of scan rate, sensitivity, sample interval, sampling time, or in cyclic
voltammetry number of sweep segments, were chosen to fit the requirements of each
measurement. All sensor arrays were tested electrochemically before experimental
measurements were performed. Therefore, 0.2 mol/l potassium hexacyanoferrate(ll) was
used. Both partner electrodes, top and bottom of one set, had to show a reaction to ongoing
processes of the other, perform oxidation and reduction reaction alternately and remain

electrically passivated to allow a stable measurement over the course of the testing.

Where varying concentrations or solutions were tested, the measurements were performed
from lowest to highest concentration to prevent contamination. All sensor reservoirs and the
reference pellet electrode were rinsed with ultrapure water and blow-dried by nitrogen gas
when different solutions were being used successively. In fluidic measurements the tubing

and fluidic chamber was rinsed with PBS in between measurements.

Measurements containing dopamine solution were performed immediately after the
preparation of the solution and were limited to a time frame of 10 min, since the process of

oxidation of dopamine in solution cannot be prevented.

Measurements on cultivated PC12 cells were performed at room temperature without

fumigation with CO; and therefore kept as brief as could be managed. Cell stimulation was
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induced by addition of varying amounts and concentrations of potassium chloride (KCl) in PBS
into the reservoir during measurement. Both, DMEM and 0.01 mol/I PBS solution were used
for cell culture measurements and therefore preheated and applied to the culture reservoir
of the sensor 10 minutes prior to the experiments to allow buffering of DMEM in the CO;
incubation chamber. Following the measurement, where possible, the electrode coverage by
PC12 cells was verified by optical microscopy, using a Zeiss Microscope Axio Scope setup with

CCD camera Axiocam.

Modification of the existing sensor array towards sensitivity enhancement and implantability
is described in this chapter. Two attempts have been made. Nanopores were produced to
replace the lithographic 5-um-pores of the top electrode by Nanosphere Lithography and

flexibility is pursued by polyimide as a substrate and passivation for the sensor array.

In both attempts the original design was modified for the top electrode, which was reduced
in diameter in order to avoid boundary effects, arising from alignment error and intensive RIE.
The resist structure and the resulting protective Chromium layer were processed with a
lithography mask layout of smaller top electrode diameter. The resulting diameters are 400
nm for the large, 200 nm for the medium and 80 nm for the small electrodes. In order to
compare the modified sensors to the original design, original sensors were produced with the
top electrodes of smaller diameters as well and are the source for comparative

measurements.

For the modification of the sensor array towards nanometer sized pores, the sensors were
manufactured as described in chapter 3.1 with the difference, that the top electrodes were
produced by use of the diameter-reduced electrode lithography mask not containing the pore
design. This resulted in electrode structures without pore holes, which then could be created

by nanospheres as shadow mask for following etching processes.

Polystyrene (PS) nanospheres (NS) with different surface coatings and diameters were
obtained from Polyscience Inc. The particles were originally solved in water and had to be

transferred in and diluted with 99.9% pure ethanol, obtained from Ridel de Haén. The
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following particles and diameters were tested for the creation of a hexagonally closed packed

(HCP) monolayer production:

Carboxylate-NS COOH-NS 500 nm
Sulfate-NS SH4-NS 500 nm
Amino-NS NHs-NS 500 nm
Hydroxylate-NS OH-NS 100 nm

All stock solutions had a concentration of 2.5 wt% in water. To allow fast evaporation and
thereby the even spread of particles on the sensor surface, 1 ml of the stock solution was
centrifuged at 4000 rpm for 6 min using the Rotilabo microlitre centrifuge Gusto and 0.5 ml
solution was removed and replaced by ethanol. This was repeated twice and the desired
Nanosphere concentration was obtained by adding ethanol accordingly. The concentrations

tested were 1.25, 2.5, 5, 10 and 15 wt% spheres in ethanol.

The spheres were deposited in two versions either directly on top of the top electrode
structure already etched free from SiNy passivation, or on top of the SiNx final passivation
layer. The two versions were spin coating of particles and a variation of the Air-Water-

Interface-Self-Assembly AWISA [95], [96] (see chapter 2.7).

Before the Nanosphere deposition, the sensor surface was activated by oxygen plasma
utilizing the RIE unit of the Plasma lab 80 plus by Oxford Instruments with an O; gas flow of 50
sccm, RF power to 100 W, pressure to 0,1 Torr and temperature at 20 °C for a duration of 10
s. In order to prevent the rebuilding of non-polar hydrogen bonds on the surface, the sensor
was kept in ultrapure water and dried by nitrogen gun only shortly before Nanosphere

deposition.

For spin coating, a K.L.M spin coater by Schaefer Technologies GmbH, was used. The substrate,
a sensor array with the dimensions 24,225 x 24,225 mm?, was placed on the spin coater and
5 pl of particle solution was pipetted on the resting substrate and rotated at varying rotation

speeds from 10 to 33 rps for 60 s (Figure 32).
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Figure 32: Spin coating procedure. a) sensor chip dried in N, steam on the spin coating device; b)
pipetting the particle suspension onto the sensor chip; c) sensor chip coated with particle suspension
after spin coating.

The Air-Water-Interface-Self-Assembly was performed using a glass petri dish of 90 mm
diameter, with the substrate already immersed in ultrapure water. Excess water was removed
and the sensor surface blow-dried by nitrogen gun. This left the sensor surface free of water
but the surrounding water at level with the substrate surface. 130 pl of the ethanol-particle
solution was pipetted onto the sensor surface, spread out and when in contact with the
surrounding water, flowed out into the glass petri dish, thus leaving the nanospheres
assembled in a two-dimensional monolayer (Figure 33). In order to protect the surface from
reflow of surrounding water, immediately after the contact of the two liquids the water was

slowly reduced by pipette. The substrate was left to dry completely by evaporation.

Figure 33: AWISA deposition technique sequence. a) drying sensor chip in water; b) particle suspension
pipetted onto sensor surface; c) Nanosphere solution flowing into water; d) drying sensor surface and
removel of residual water.
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In order to create a wider distance between particles and smaller pore diameter, the particles
were reduced in diameter by RIE with oxygen plasma for 90 s to 120 s at the following settings:

0, gas 50 sccm, RF power 50 W, pressure 0.1 Torr, temperature 20 °C.

To produce an etch mask, 100 nm chromium was sputtered onto the particle-covered surface
to protect the underlying structure by use of the Leibold Univex 300 sputter coater and a solid
chromium target, both provided by LISA*. The nanospheres trapped in the chromium layer
were removed by immersion in methyl isobutyl ketone (MIBK) for several hours followed by

final ultrasonification for 20 min and cleaning in IPA and ultrapure water.

The etching of the pores needed to be adjusted to the version of nanosphere application.
Applied to the final passivation layer, this layer needed to be etched down to the top electrode
by RIE, followed by an ion-beam etching (IBE) process to pass through the titanium-gold-
titanium layer of the top electrode and then followed by another RIE process to pass through
the inter-electrode passivation. In case of the particle deposition directly on the top electrode,
the final passivation was already removed from the electrode surface and the first etching was
the ion-beam etch of the top electrode. The IBE was done using argon ions and the Unilab
ion-beam device by Roth & Rau AG for 50 min at the following settings: Rotation speed

3 mbar, mass flow 3.5/ 1.7 sccm, ion beam current 23 mA,

0.715 Hz, process pressure 1.2e~
ion beam voltage 302 V, acceleration current and voltage 1-8 mA and 700 V, for the cathode
17.2 mA and 11.4 V and for the discharge 1.65 mA and 33 V. The RIE was done as described in
chapter 3.1.4. with an etch rate of approximately 40 nm/min. After the completed etching,
the chromium protective layer was removed by wet-chemical etching as described in chapter

3.1.5.

Just as for the initially designed sensor, the evaluation of the pore production was done by
electrochemical measurements as described in chapter 3.2.5. Additionally, optical and
scanning-electron-microscopy (SEM) as well as focused-ion-beam (FIB) were utilized to verify
particle distribution, etch success and pore production. Therefore, the sensor array was
attached to a specimen pin stub by conductive silver varnish by Acheson, both obtained from
Plano GmbH, and its surface was covered by a thin gold conductive layer, produced by a
sputter coater Cressington 108. The SEM used was a Jeol JSM-6500F, the FIB was a Strata
DB235 by Fei, both provided by LISA*.
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For the flexible version of the sensor array the same production steps as for the standard array
described in chapter 3.1 were adapted for polyimide. SiNx was replaced by polyimide as
passivation layer. Additional process steps were necessary to ensure a working sensor
production, such as an etching process after the creation of the inter-electrode passivation to
open up the bond pads of the bottom electrode. Also, a sacrificial titanium layer on the glass
substrate was necessary to be able to detach the produced flexible layer array from the glass
wafer. The sequence of process steps, the layers created and the materials and parameters

used can be seen in Table 2.

Two kinds of polyimides were used, Pl 2610 and Pl 2611 by HD Microsystems GmbH, with Pl
2610 being lower on solid units, resulting in a lower viscosity and possibly thinner layer. Pl
application was done following the manufacturer’'s recommendations by pouring the viscose
liquid slowly, without trapping air, onto the substrate at room temperature and letting it rest
for 20 seconds to relax the polyimide. An even layer was created by use of the spin coater
Convac 1001. Various rotation speeds for the 2 polyimide products were tested in a 2 step
process to create layers of different thicknesses. Settings for step 1 were 500 rpm for 10 s at
a ramping of 10 AU, followed by step 2 ranging from 3000 to 9999 rpm for 90 s at a ramping
of 10 AU. For low rotation speeds only, a soft-bake on a hotplate at 90 °C for 90 s, followed by
150 °C for 90 seconds was performed before the curing. The curing was done following the
manufacturer's recommendations, with the tempering in a programmable oven by Heraeus.
The temperature was ramped up to 300 °C at 4 °C/min, held for 30 minutes and reversed,
using a curing recipe created for our workgroup by Markus Westerhausen. Since polyimide
has a poor adhesion to metal and vice versa, a surface activation using oxygen plasma was
performed immediately before each new layer of material was produced, using the RIE unit
of the Plasma lab 80 plus by Oxford Instruments with the same settings as described in chapter

3.2.4.

As the tempering oven would only fit substrates up to 50 mm in diameter, the glass wafer
substrates had to be cut in 35x35 mm squares using the programmable wafer saw DISCO
DAD321, provided by LISA*, as described in chapter 3.1.5. and all process steps had to be

performed for single array substrates.
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Process

Layer created

Materials and Parameters

Vacuum Deposition
Ti

50 nm titanium sacrificial
layer

Titanium 50 nm

Wafer cut Single substrate, 35x35 Sacrificial resist, acetone, IPA,
mm ultrapure water Disco DAD 321, saw
blade P1A851 by Diamond Blade
Polyimide | Bottom substrate layer PI1 2611, Spin coater Convac 1001
Hotplate, tempering oven
Lithography | Resist structure bottom Resist Ma-P 1205, Developer ma D-

electrodes

331S

Bottom Electrode mask, exposure
time 40 s,

development time 35 s

Vacuum Deposition |

Bottom Electrode

Titanium 10 nm, Gold 100 nm,

Titanium 10 nm

Resist Lift-Off |

Structured bottom array

Acetone, IPA, ultrapure water

Polyimide Il Inter-electrode P1 2610, 9999 rpm, 90 s, Spin coater

passivation layer Convac 1001, tempering oven
Lithography Bond Resist structure to etch Resist Ma-P 1205, Developer ma D-
Etch bond pads 331S

Bond Etch mask, exposure time 40s,

development time 35 s

Vacuum Deposition
Cr

Protective layer

Chromium 50 nm

Resist Lift-Off Bond
Etch

Structured Chromium with
Bond pads free

Acetone, IPA, ultrapure water

RIE

Open Bond pads

50 sccm O, RF power 100 W, 0,1 Torr,
20°C

Chromium Etch

Removal of Chromium

TechniEtch 01, acetone, IPA, ultrapure
water

Lithography I

Resist structure top
electrode

Resist Ma-P 1205, Developer ma D-
331S
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Top Electrode mask, exposure time 45
S,

development time 40 s

Vacuum Deposition
Il

Top Electrode

Titanium 10 nm, Gold 100 nm,

Titanium 10 nm

Resist Lift-Off I

Structured top array

Acetone, IPA, ultrapure water

Polyimide Il Final passivation layer P12610, 9999 rpm, 90 s, Spin coater
Convac 1001, tempering oven
Lithography llI Resist structure etch layer | Resist Ma-P 1205, Developer ma D-

Electrodes and Bond pads
free

331S
Etch mask, exposure time 40 s,

development time 35 s

Vacuum Deposition
Cr

Protective layer

Chromium 50 nm

Resist Lift-Off Cr

Structured chromium
layer

Acetone, IPA, ultrapure water

RIE

Open electrodes, pores
and bond pads

50 sccm O3, RF power 100 W, 0,1 Torr,
20°C

Chromium Etch

Removal of Chromium

TechniEtch 01, acetone, IPA, ultrapure
water

Detachment from Flexible array Adhesive tape
wafer
Resizing to Scissors

24,225%24,225 mm?

With the final passivation attached and the electrode structure and bond pads etched open,
the sensor was tested in electrochemical measurements similar to the standard sensor array
described in section 3.2.1, with the flexible array still attached to the glass wafer fragment.
Due to the larger size of the substrate, the connecting socket and printed circuit board could
not be used. Instead, the sensor was placed on a measurement stage and connected via probe
positioner needles on the respective bond pads. A ring of modeling clay was formed and
pressed onto the fabricated sensor to create a preliminary reservoir to hold the measurement
solution and reference electrode pellet (Figure 34).
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Figure 34: Flexible sensor array measurement setup. 2 probe positioners connect the working
electrodes via bond pads, a preliminary reservoir holds measurement solution and the reference
electrode pellet.

After the measurement, the sensor was detached from the wafer fragment by use of adhesive

tape and the performance was measured again.
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4 Results and Discussion

This chapter introduces the produced Redox-cycling sensor array and contains the evaluation
of the sensor in voltammetric and amperometric measurements with stationary and fluidic
solutions of potassium hexacyanoferrate and dopamine. Sensitivity, cycling efficiency and the
general characteristics are key parameters to determine the sensors performance. Cell culture
experiments furthermore show the measurements of cellular release of dopamine, simulating
the physiological dopamine detection. The chapter is concluded with the modification by

Nanosphere Lithography and the transfer to a flexible sensor array.

4.1 Sensor Design

The sensor design was based on a Multi Electrode Array. This structure consists of a planar
arrangement of contacting areas (bond pads), connecting structures (feedlines) and the
circular electrode structure. The circular structure was chosen to decrease possible fringe
effects created at corners. A central positioning of the electrodes with wide distance to the
bond pads was chosen to allow the positioning of a liquid containing reservoir and a fluidic
chamber. Having the electrodes located closely together also enables the measurement of
concentration variations and spatial-temporal resolution in fluidic measurements. As a
redundancy, each electrode is connectable via two bond pads and feedlines. In total, 16
electrodes in 3 sizes are present, 4 with 500 um, 8 with 250 um and 4 with 100 um in diameter.
The sensor array is 24.2 x 24.2 mm in size. Figure 35 shows the layout and an enlargement of

the electrode area with electrodes numbered for easier referencing.
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Figure 35: a) Sensor array layout with bond pads, feedlines and electrodes; b) 16 electrodes in 3 sizes,
numbers for reference.

A 3-dimensional plane-parallel electrode positioning was chosen for this array. Since the

materials were deposited in a bottom-up process, the spacing of top to bottom electrode can
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easily be varied and be much smaller than in a coplanar, interdigitated structural array. The
top electrode design mirrors the bottom electrode structure turned 180° horizontally. Thus,
the feedlines do not overlap, the bond pads are not occupied twice and the design is kept
simple. In order to increase the reactive surface and provide a confinement for the reactant,
the top electrode was designed containing circular pore structures of 5 um in diameter. Figure
36a shows the mask layout for the top electrode structure, Figure 36b shows an enlargement

of the electrode surface and the pore structure, as well as the group logo.
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Figure 36: a) Sensor array layout of top electrode structure; b) Top electrode surface with pore structure
and group logo.

Since optical lithography was used to create the structures, the 5 um diameter of the pores
was chosen in order to avoid problems of resolution, which would occur in smaller diameters,
with the resolution of the UV-lithography process at 1 — 2 um. The distance between pores
was also designed to be 5 um. This resulted in 2278 pores for the large electrodes, 569 pores

for the medium and 90 pores for the small electrodes.

In order to maximize the output of each process batch, a 3 x 3 array of sensors was chosen for
the chrome-on-glass lithography shadow masks. This correlates with a use of 4inch wafers,
which is the maximum size usable in the mask aligner available. Figure 37 shows the mask

layout for the bottom electrode, top electrode and the layout for the etch structure.
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Figure 37: Lithography mask layout in 3x3 array of a) bottom electrode, b) top electrode, c) etch
structures.

This design results in a 3-dimensional electrode structure containing pores, in which the
reactant is spatially confined and can shuttle between electrodes, which are only several

hundred nanometers apart.

Figure 38 shows a model drawing of the electrode structure and the pore, with a dopamine
molecule being oxidized to Dopaquinone (DAQ) at the bottom electrode and reduced back to

dopamine at the top electrode.
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Figure 38: a) Model drawing of an electrode structure containing pores; b) Pore of top and bottom
electrode (yellow) and the inter-electrode SiNy passivation layer (red). DA enters the pore, gets oxidized
at the bottom electrode and transferred to Dopaquinone and reduced back to dopamine. Graphics by
Markus Westerhausen.

4.2 Sensor Production

The various successive production steps were chosen in correlation to the materials used, as

to not interfere with previously produced layers in chemical exposure and temperature.

The adhesion promotor HDMS proved to be indispensable for the creation of stable and
reproducible photoresist structures, that would withstand the development and lift-off
procedure and allow the construction of uniform metal structures. This became obvious when
resist structures would not remain on the glass wafer substrate without HDMS. Here,
especially the production of the resist pillars, which allow the construction of pore holes within

the top electrode, proved to be a challenge due to their small diameter.

The use of titanium as adhesion layer between gold and the amorphous SiNx (see chapter
2.5.1) proved to be successful, since the layer structures were stable in ultrasonification and

the cleaning, necessary for use and re-use of the complete sensors during measurements.

The passivation layer, consisting of amorphous SiNx, was produced by use of low temperature
SiNx deposition, thus keeping the metal structure, consisting of titanium and gold, intact.
PECVD processes with high temperatures to deposit SiNx are known to produce a higher
quality layer, with the pinhole density increasing and possible oxygen impurities at
temperatures below 300 °C [76]. Due to a high surface-to-volume ratio of the 100 nm gold-
layer structure and the possible melting of small gold clusters at a temperature below 600 °C
[98] this process would not have been suitable, since creep of the gold structures would have
been possible. Also, SiNyx layers deposited at temperatures of 300 °C or below show an

increased etch rate in RIE [76] , which is preferable for the structuring of the passivation.
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The inter-electrode passivation layer was kept as thin as possible to perform electrical
passivation and to keep the electrodes as close to each other as possible. This resulted in a
working structure with inter-electrode passivation of at least 300 nm to 400 nm thickness.
Dimensions below 300 nm did not produce a sufficient passivation. Due to the volume
resistivity of PECVD SiNx of 10'2 Qcm, the passivation of 400 nm results in a theoretical
resistivity of 40 MQ, the passivation of 300 nm in 30 MQ. These values are a magnitude of 10*
larger than the largest resistivity necessary, which would be 1.1 kQ for 0.2 mol/l potassium
hexacyanoferrate(ll) at 0.6 V and a produced current of 0.5 mA. Therefore, the necessary
inter-electrode passivation thickness is not defined by the electric passivation properties of

SiNy, but rather the construction processes described in the following.

The final passivation of 400 nm proved to be sufficient. The low temperature PECVD process
produced uniform and clean layers at the settings described in section 3.1.3, which were

stable and successful in passivating the conductive structures.

The RIE process by use of CF4 and Oz showed good results in the removal of SiNy and relatively
clean etch areas. The presence of silicon grass was negligible and could be further reduced by

prolonged RIE, leaving the metal surfaces free of residue.

Figure 39a shows a single square sensor array of 24.2 mm edge length, containing the bottom
electrode structure and the inter-electrode passivation layer, Figure 39b shows, in addition,

the top electrode structure and final passivation.

W22

Figure 39: a) Bottom electrode and passivation; b) Top electrode and final passivation.

Due to the photolithographic structuring process, a perfect alignment of top to bottom
electrode was unattainable. For a 4inch mask and wafer, the range of movement of the
microscope eyepiece lens of the mask aligner was too small to examine the complete area.

This resulted in more or less precise positioning of the top electrode onto the bottom
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electrode. Therefore, the number of pores on each electrode, as well as the coverage of the
bottom electrode surface by the top electrode, vary. This results in a varying ratio of reactive
surface from bottom and top electrode. In best possible positioning, the percentage of
possible pores on the large electrode was 99,3%, in the medium electrode 98,4% and the small
electrode 90%. A good approximation for the reactive surfaces is given in Table 3 for each
electrode size. For the top electrode, the total surface area consists of the electrode surface
itself and the curved surface areas of the pores. For all electrode sizes, the top electrode
surface area is significantly larger than that of the bottom electrode, where only the bottom
plane of all pores counts as reactive surface. On average, the reactive surface of the top
electrode is 3.5 times the bottom area for the large and medium electrodes, and 4 times that

of the bottom area at the small electrodes.

Table 3: Surface Area of Bottom and Top Electrodes

Electrode Diameter [um] Surface Area Bottom [um?] Surface Area Top [um?]
500 44 423 156 204
250 10993 39153
100 1590 6417

In the production of working sensor arrays, next to the structural mask alignment, the uniform
illumination of the wafer area proofed to be a critical step as well. Non-uniform illumination
created about 65% discharge in the number of successfully produced arrays, with

underdeveloped structures on the one side next to properly developed areas.

The complete opening of the pores proofed to be critical as well. Due to the small diameter of
the pores, combined with the low Young's module and the tensile strength of PVD gold (see
chapter 2.5.1), many of the pores within the gold layer of the top electrode would not open
in the wet-chemical lift-off process described it chapter 3.1.1. This created top electrode
structures with several clogged pores (Figure 41, Figure 42), which decreased access to the
bottom electrode and reduced the output of working sensors, since the capped pores often
created a short-circuit between top- and bottom electrodes. The same problem occurred at
narrow structures along the feedlines, where the stripping process described in section 3.1.1

was not completely successful and a hammock-like gold layer remained between structures.
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Also, the removal of excessive gold at the bottom structures left frayed edges, at which the
ragged gold arched upward and could be the reason for defects in the inter-electrode
passivation. An increase in exposure time under UV light during the lithography as well as an
optimized positioning in the mask aligner, to reduce effected areas of non-uniform
illumination, allowed the production of complete top electrodes in approximately 30% of
produced arrays. Figure 40 shows a large top electrode with fully opened pores and only a
small alignment error. Figure 41 and Figure 42 show an enlargement of clogged pores next to

open pores still containing the inter-electrode passivation SiNx.

Figure 40: Electrode structure with top electrode (yellow) containing a complete pore structure and
slight alignment error, top electrode and feedlines show in green due to SiNy passivation.

Figure 41: Enlargement of top electrode pores. Clogged pores (blue), open pores containing SiNy (pink).

Figure 42: Pores in top electrode, open (green), clogged (pink), with depositions at the center.
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As can be seen in Figure 42, the pore holes show a deposition at the center. This is most likely
caused by the so called tea-leaf paradox [99] as described by A. Einstein in 1926. Here, the
circular movement of the substrate during development (see section 3.1.1) causes the
centripetal force and friction along the rim and bottom to create the boundary layers, where
fluid rotation is slowed by friction and viscous effects. The centripetal force due to pressure
gradient is dominant over the inertial forces from rotation and creates an inward secondary
flow within the boundary layer. The flow converges at the bottom, where it traps the solved
particles, and flows upwards to the surface. Higher up, the liquid flow meets the surface and
flows outwards. The particles are too heavy to lift upwards and remain in the middle. This
effect could not be eliminated, since the development of the structured resist could not be
performed upside down like the stripping described at the end of chapter 3.1.1. Nevertheless,
during a successful and complete stripping process with ultrasonification, the depositions

could be removed also, leaving clean pores.

The successful sensor production was verified by electrochemical measurements. The RIE
success in opening the electrode structure, the functionality of each single electrode, the
passivation properties and the stability of the layer construction were tested by the
application of an electric potential difference between bottom and top electrode, while both
are connected through the measurement solution containing potassium hexacyanoferrate(ll).
The redox reaction and resulting current was recorded. In order to investigate the surface

conditions and structural properties, SEM and HIM pictures were taken additionally.

A properly functioning electrode array shows the independent half reactions of oxidation and
reduction at the respective electrode as action-related dependence-current (see chapter 2.3.1
and 2, Redox Cycling). The substance generated at one electrode is transported by potential-
induced diffusion to the partnering electrode and transformed again. This results in a
mirroring current, displayed in the cyclic voltammogram. The functionality of the produced
electrode array was tested by cycling either bottom or top electrode over the potential range

from -0.4 to 0.7 V, while the respective partnering electrode is set to the fixed oxidation or
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reduction potential of -0.4 V or 0.7 V against the reference electrode. The cycle startsat 0V,

turns to the negative with reversal at -0.4 V and reverses again at 0.7 V to stop at -0.4 V.

The following graphs display the voltammetric current flow for the reduced form of
hexacyanoferrate(ll), for the resulting 4 electrode-setting combinations and the 3 electrode
sizes, large (black), medium (red) and small (blue). The concentration of reactive molecules is
0.2 mol/l in PBS, the scan rate is 0.2 V/s. All measurements were performed on sensor arrays
with 400 nm inter-electrode passivation (see chapter 3.1.3). The current at the bottom

electrode is displayed in solid lines, the current at the top electrode in dashed lines.
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Figure 43: Redox current in 0.2 mol/l hexacyanoferrate(ll): Bottom electrode cycling, oxidation current
(solid lines), top electrode at fixed reduction potential -0.4 V (dashed lines), scan rate 0.2 V/s.

The bottom electrode, cycling over the potential range from -0.4 to 0.7 V, induces the
oxidation of the reduced form of hexacyanoferrate(ll) between 0.2 and 0.7 V with the main
inclination between 0.2 and 0.4 V. A relatively steady current is produced between 0.4 and 0.7
V and a much smaller current is induced in the potential range from 0.2 to -0.4 V, where few
oxidized molecules are present to be reduced. The partnering top electrode, set at the
reduction potential of -0.4 V, immediately transforms the oxidized species
hexacyanoferrate(lll) back to the original hexacyanoferrate(ll), as given in equation 13,

chapter 2.3.2. Depending on the electrode surface area, the overall current produced is largest
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for the large electrodes of 500 um and gradually smaller for medium (250 um) and small
electrode (100 um). As the sigmoidal curve indicates, the electrode functions as a micro-
electrode at this setting, showing the effect of a convergent diffusion instead of a planar
diffusion pictured in Figure 13. Here, the rate of mass transport in relation to electrode
surface is increased, as is the current density. Since the large surface area of the top electrode
is set to the reduction potential with only reduced molecules in solution and the smaller
surface area of the bottom electrode is set to the generating potential, the effect of a macro-
electrode does not occur. The potential shift in the range of 0.5 to 0.1 V to a more positive
potential for the oxidation and a more negative potential for the reduction process shows the
increase in overpotential needed, to drive the electron transfer for the second passing of the
potential rage from 0.4 to 0.2 V and can be explained by the established depletion zone near

the electrode surface, induced by the first reaction at the respective electrode potential.
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Figure 44: Redox current in 0.2 mol/l hexacyanoferrate(ll): Bottom electrode cycling, oxidation current
(solid lines), top electrode at fixed oxidation potential 0.7 V (dashed lines), scan rate 0.2 V/s.

With the bottom electrode cycling and the top electrode set to the oxidation potential of
0.7 V, the reduced form of hexacyanoferrate(ll) is instantly and permanently oxidized at the

top electrode, resulting in a constant positive current. The bottom electrode reduces the
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generated oxidized molecules in the cycling range between -0.4 and 0.4 V, which in turn
increases the amount of reactive molecules for the top electrode to oxidize and results in a
reflected current increase. In the potential range between 0.4 and 0.7 V, the top electrode
shows the constant oxidation, resulting in a size-dependent current for each electrode size.
Very little oxidation takes place at the bottom electrode in that range, resulting in a current
drop towards 0 mA. This is due to the constant oxidation of molecules at the top electrode
and a resulting depletion of reactive molecules in the vicinity of the bottom electrode. Since a
permanent oxidation takes place at the top electrode, oxidized molecules can easily diffuse
into the bulk solution and are lost for the redox cycling. This is reflected in the difference in
the induced current of bottom to top electrode, which is much higher at the top electrode
than the bottom electrode. The large electrode shows a diffusion-controlled current gradient
at this electrode setting, typical for a macro-electrode, as well as a large current-divergence

between first and second cycle of the potential range from 0.4 to -0.4 V.
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Figure 45: Redox current in 0.2 mol/l hexacyanoferrate(ll): Top electrode cycling, oxidation current
(dashed lines), bottom electrode at fixed reduction potential -0.4 V (solid lines), scan rate 0.2 V/s.

When the top electrode is cycling the potential range from -0.4 to 0.7 V and the bottom

electrode is set to the fixed reduction potential, the top electrode shows the current-voltage
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curve described in Figure 13 for a macro-electrode. This is due to the unlimited supply of
reactive molecules for the top electrode, resulting in a diffusion controlled electron transfer
reaction. In the potential range from 0.2 to 0.7 V, the produced oxidized molecules from the
top electrode are reduced at the bottom electrode only in part, resulting in a much lower
current for the reduction compared to the oxidation. This is due to the spatial orientation,
where the oxidized molecules can easily diffuse form the top electrode into the bulk and only
partly diffuse through the pore-channel to the bottom electrode. In the potential range from
0.2 to -0.4 V, only previously oxidized molecules of hexacyanoferrate(lll) can be reduced at
the top electrode during the cycling, which results in the reduction current, visible for the large
and medium size top electrode in this graph. At this electrode setting, the current gradient
develops from a macro-electrode process at the large and medium-sized electrodes towards
a micro-electrode process for the small electrode, resulting in an increasingly sigmoidal
gradient for a decreasing electrode size. This is also reflected in the potential, at which the
oxidative peak-current is reached, which shifts slightly from approximately 0.4 V towards 0.3
V for the top-electrode sizes and is a result of the increasingly convergent diffusion and higher

current density, that allows the peak current to be reached at a lower potential value.
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Figure 46: Redox current in 0.2 mol/l hexacyanoferrate(ll): Top electrode cycling, oxidation current
(dashed lines), bottom electrode at fixed oxidation potential 0.7 V (solid lines), scan rate 0.2 V/s.
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With the top electrode cycling and the bottom electrode set to the oxidation potential of 0.7
V, the reduced form of hexacyanoferrate(ll) is permanently oxidized at the bottom electrode,
resulting in a constant positive current. This current decreases towards 0 mA when the top
electrode cycles in the oxidative potential range and thus is in dominant competition for the
reduced molecules. The top electrode again shows the diffusion controlled current-voltage
curve as described for Figure 45 above. The loss of redox active molecules to the bulk is the
same as described above, and results in the loss of oxidized and reduced molecules form the
top electrode, which in turn might diminish the current at the bottom electrode for the
reduced species lost to the bulk. The increasingly sigmoidal current gradient for decreasing
top-electrode sizes, as well as the shift in potential for the oxidation peak-current is reflected

again as described for Figure 45.

The voltammetric measurements of redox cycling in hexacyanoferrate(ll) show the
functioning of the individual electrodes and the coupled reaction to oxidative and reductive
potentials. The effect of pore geometry and size of reactive area can be shown. The setting of
the generating potential at the bottom electrode and the collecting potential at the top

electrode shows a reflected current at each electrode with almost no loss of reactive species.

In the following amperometric measurement, the current over time is displayed for the 3
electrode sizes. The bottom electrode is set at the oxidative potential 0.6 V and the top
electrode at the reductive potential of -0.1 V, the concentration is 0.2 mol/l potassium

hexacyanoferrate(ll).
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Figure 47: Amperometric measurement in 0.2 mol/l hexacyanoferrate(ll): Bottom electrode set to
oxidative potential 0.6 V (solid lines), top electrode set to reductive potential -0.4 V (dashed lines).

The size-dependency of the current becomes clear, when the 3 electrodes are compared. For
the large electrode the current values after 30 seconds are 0.2076 mA for the generator
electrode and -0.2041 mA for the collector electrode. The values for the medium electrode
are lgen = 0.0654 mA and Il = -0.0638 mA and for the small electrode Igen = 0.0122 mA and
lcol = -0.0114 mA. The values of generator and collector current, meaning oxidation and
reduction reactions, show minor divergence on all 3 electrodes, which is reflected in the

cycling efficiency and closely investigated in chapter 4.3.3.

The sensitivity of the sensor was tested by redox-cycling in measurement solutions of
potassium hexacyanoferrate(ll) in various concentrations, ranging from 0.001 to 0.2 M. Either
the bottom or top electrode were cycled over the potential range from -0.1t0 0.6 V at 0.2 V/s,
with the respective partnering electrode set to the reduction potential of -0.1 V. Since the
reduced form is present in the solution, oxidation at the cycling electrode creates the reactive
molecules hexacyanoferrate(lll) to be reduced again at the partnering electrode and allows

the comparison of the current-concentration relation.
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The following graphs show the voltammetric current flow, exemplary on a large electrode, for
the 2 settings with the bottom electrode cycling and the top electrode on reduction potential
and vice versa (Figure 50, Figure 51). All measurements were performed on a sensor arrays
with 400 nm inter-electrode passivation (see chapter 3.1.3). The same electrode was used to
compare the concentration-dependent current. The current at the bottom electrode is

displayed in solid lines, the current at the top electrode in dashed lines.

Bottom cyc 0,2M
— = = Top -0,V 0.2M

0.5+ Bottom cyc 0,1M
’ - - = Top -0V 0.1M
0.4 - Bottom cyc 0,05M
,
— — = Top -0,V 0,05M
0 3 _ Bottom cyc 0,01M
,
Top -0,1V 0,01M
0,2 Bottom cyc 0,005M
Z Top -0,1V 0,005M
I 0,14 Bottom cyc 0,001M
— - Top -0,1V 0,001M
—
< 0,0 - _—_———————=se
@ RN
— I~
— N \\\- s
S -0,14 N SIt e~
l} N ~ ¥ Bl —
O WO TTEREIIoo oo
AY
- - \
0,2 N
N
\
0,3 AN
NN
AN AY
_0‘4 - REEEN
~ ~
~~
~2=
0,5 B

I I
-01 00 0,1 02 03 04 05 06
Potential [V]

Figure 48: Concentration-dependent redox current in hexacyanoferrate(ll): Bottom electrode cycling,
oxidation current (solid lines), top electrode at fixed reduction potential -0.1 V (dashed lines), scan rate
0.2 V/s.

With the bottom electrode cycling and the top electrode set at the reduction potential, the
cyclic voltammogram shows the same run of the curves as discussed in Figure 43 for all
concentrations of hexacyanoferrate(ll). The symmetry of the amount of oxidation and
reduction current is given again. The evident current-concentration relation is shown, with the
lowest current produced for the lowest concentration of reactive molecules. Figure 49 shows

an enlargement of the current flow for small concentrations.
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Figure 49: Concentration-dependent redox current in hexacyanoferrate(ll) for 0.01 to 0.001 mol/l:
Bottom electrode cycling (solid lines), top electrode at fixed reduction potential -0.1 V (dashed lines),
scan rate 0.2 V/s.

Concentrations as low as 1 mmol/l hexacyanoferrate(ll) could be detected by the redox cycling

for the one-electron transfer.

The cyclic voltammogram of Figure 50 shows the concentration dependency as well as the
redox symmetry with the top electrode cycling and the bottom electrode set to the reduction

potential of -0.1 V. Figure 51 displays the enlargement for the small concentrations.
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Figure 50: Concentration-dependent redox current in hexacyanoferrate(ll): Top electrode cycling,
oxidation current (dashed lines), bottom electrode at fixed reduction potential -0.1 V (solid lines), scan
rate 0.2 V/s.

-2 |
24x10 - = = Top cyc 0,01M
——— Bottom -0,1V 0,01M e ==
2| Top cyc 0,005M PP e
1.8x10 Bottom -0,1V  0,005M e =7
- - - Top cyc 0,001M -7
1,2X10'2- ——— Bottom -0,1V  0,001M P
z 7
= 6,0x10°+
k= .’
[}
-
5 0,0 -
O
-6,0x10°
-1,2x107 4
-1,8x107

T T T T T T T T
01 00 01 02 03 04 05 08

Potential [V]

Figure 51: Concentration-dependent redox current in hexacyanoferrate(ll) for 0.01 to 0.001 mol/I: Top
electrode cycling, oxidation current (dashed lines), bottom electrode at fixed reduction potential -0.1
V (solid lines), scan rate 0.2 V//s.
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There does not necessarily need to be a significant loss of reactive molecules to the bulk with

the top electrode as the generating electrode, which is the case for the large electrode in this

measurement.

The current-concentration relation for the 3 electrode sizes is given in Table 4. Figure 52 and

Figure 53 as enlargement display the values. The oxidation current displayed is at the cycling

potential of 0.6 V with the bottom electrode cycling and top electrode set to -0.1 V.

Table 4: I-c values for various concentrations at the generator potential 0.6 V for 3 electrode sizes

I [mA] 0.001 0.005 0.01 0.05 0.1 0.2
[mol/I] [mol/l] [mol/I] [mol/I] [mol/I] [mol/I]
Large Ox 0.00226 | 0.00830 | 0.01844 | 0.11740 | 0.15170 | 0.50250
Red 0.00216 | 0.00796 | 0.01777 | 0.11450 | 0.14860 | 0.49350
Medium Ox 5.527E-4 | 0.00174 | 0.00385 | 0.02567 | 0.02592 | 0.08197
Red | 4.916E-4 | 0.00157 | 0.00352 | 0.02430 | 0.02195 | 0.07733
Small Ox 6.744E-5 | 1.936E-4 | 4.259E-4 | 0.00257 | 0.00349 | 0.01107
Red | 5.938E-5 | 1.691E-4 | 3.819E-4 | 0.00239 | 0.00300 | 0.01041
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Figure 53: Enlargement of Figure 52, |-c relation.

The current-concentration relation is clearly visible for all 3 electrode sizes. The increase in
current with concentrations larger than 0.05 mol/l becomes more prominent and the current
values reflect the electrode size. This is due to the increase in pores and thus the increase in

reactive surface area for the generating bottom electrode, as given in Table 3.

The sensor clearly reflects the concentration of the redox-active substance in the induced
current for all of the 3 electrode sizes. The sensitivity is established up to a concentration of

1 mmol/l for a one-electron transfer redox cycling.

With the Cottrell equation (11) (chapter 2.3.2), the current-time response for spherical
microelectrodes can be calculated for a diffusion-driven reaction in sufficiently short times,

without time-dependence [51] as

__ nFADc

I

(20)

Ts
With the diffusion coefficient for ferricyanide [Fe(CN)e]*, Drem 7,17 - 10~¢ cm?/s [100], and

dopamine in water, Dpa 6 - 107® cm?%/s [101], and the surface area of bottom and top
electrode in Table 3, the simple time-independent current can be calculated for the various

concentrations. Equation 20 is regarding planar spherical electrodes and the radius of a
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structured electrode area would be a systematic error, relevant only for comparison to the
currents obtained by measurements. Since the alignment error mentioned in chapter 4.2 and
the resulting variation in reactive surface of bottom and top electrode is by far the largest

divergence, this comparison was forgone here.

The sensor efficiency, as described in chapter 2.3.2 and equation 16, is a means of evaluating
the sensor design by regarding the relation of the oxidation and reduction current, where a
perfect cycling efficiency would be N = 1, with every generated or oxidized molecule collected
and reduced again. This is done in this chapter for the 2 electrode settings regarding oxidation
and reduction on bottom and top electrode, including the comparison of each electrode size
to electrodes of the same size and the varying concentration of reactive molecules. Further,

the inter-electrode passivation height of 400 nm is compared to a passivation of 300 nm SiNx.

The following graphs display the efficiency for all 3 electrode sizes and a 400 nm inter-
electrode passivation, with the bottom electrode set to cycling the potential range from -0.1
to 0.6 V and the top electrode collecting and reducing at -0.1 V. All measurements were
performed for the same electrode with varying concentrations of potassium

hexacyanoferrate(ll).
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Figure 54: Cycling efficiency of 3 electrode sizes and 400 nm SiNy passivation
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The range of cycling efficiency for all 3 electrode sizes is from 0.86 to 0.98, with the small
electrodes showing the lowest efficiency and the large electrode an efficiency very close to
100 %. A slight variation in efficiency for varying concentrations is visible, with steadily
increasing efficiency for concentrations larger than 0.05 mol/I, with the exception for 0.1 mol/I

on small and medium sized electrodes, which seems to be an inconsistency.

An overall exceedingly good cycling efficiency can be confirmed. The difference in cycling
efficiency for the electrode sizes is most likely due to the manufacturing process mentioned
in chapter 4.2, where the alignment error and reactive surface area plays an important role
for the efficiency and generally large electrodes could be more perfectly aligned than the small
electrodes. With an increase in concentration, the probability of reaction at the bottom
electrode increases and thus the amount of oxidized molecules to reach the top electrode and
take part in the reduction process. This is reflected in the increasing efficiency for increasing

concentrations at all 3 electrode sizes.

In the following graphs, the range of efficiency is displayed for each electrode size by
comparing the redox cycling efficiency of 3 to 6 electrodes of the same size at varying
concentrations of potassium hexacyanoferrate(ll). Since different electrodes are compared to
each other, the alignment error and resulting reactive surface area have a major effect on the
electrode performance, which has to be kept in mind in comparative evaluation. Not all
concentration measurements could be obtained for all electrodes compared. The bottom
electrodes were set to cycling the potential range from -0.1 to 0.6 V and the top electrode set

to the reduction potential of -0.1 V.
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Figure 55: Variance in cycling efficiency on 3 large electrodes.

The 3 large electrodes compared in Figure 55 range from 0.94 to a very good efficiency of 0.99
for concentrations above 0.05 mol/I. Due to the fact that large electrodes were most prone to
defects, not all concentration measurements could be obtained for all 3 electrodes compared

here.
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Figure 56: Range in cycling efficiency on 6 medium-sized electrodes.
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Figure 56 shows the efficiency range from 0.84 to 0.96 for the 6 medium-sized electrodes

compared here. An inconsistency at 0.1 mol/l for the electrodes #1 and #2 is present.
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Figure 57: Range in cycling efficiency on 4 small electrodes.

The small electrodes compared in Figure 57 show the widest range of efficiency from 0.72 to
0.95 for the 4 electrodes compared here. This is due to the electrode #4 and a reoccurring
inconsistency at 0.1 mol/I for electrode #1 and #2 and would be a range of efficiency from

0.85 to 0.95 for ideal electrodes.

Figure 58 to Figure 60 compare the efficiency for the 3 electrode sizes with regard to the
electrode settings, where the generator-collector setting of the bottom and top electrode is
switched. In one setting, the reactive molecule is generated at the bottom electrode, in the
other at the top electrode. The comparative measurements were performed at the identical

electrode.

79



Results and Discussion

1,00 5

0,98 - - =

0,96 |

Cycling Efficiency
o o
3 ®

.
L
0,90
*
0,88 ~ . m  Topred/ Bottom cyc
* N ® Bottomred/ Top cyc
0186 I T I I 1 I
0,001 0,005 0,01 0,05 0,1 0,2
¢ [mol/l]

Figure 58: Cycling efficiency of large electrodes for 2 electrode settings. Black: Bottom electrode set to
cycling, top electrode set to reduction potential; Red: Top electrode set to cycling, bottom electrode set
to reduction potential.
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Figure 59: Cycling efficiency of medium-sized electrodes for 2 electrode settings. Black: Bottom
electrode set to cycling, top electrode set to reduction potential; Red: Top electrode set to cycling,
bottom electrode set to reduction potential.
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Figure 60: Cycling efficiency of small electrodes for 2 electrode settings. Black: Bottom electrode set to
cycling, top electrode set to reduction potential; Red: Top electrode set to cycling, bottom electrode set
to reduction potential.

For all 3 electrode sizes, the cycling efficiency is visibly higher when the generating electrode
is the bottom electrode. In this setting the generation of the reactive molecule occurs at the
bottom electrode, thus confining the oxidized molecule in the pore and increasing the
probability of a reaction at the top electrode. This setting guaranties a minimal loss of reactive
molecules for the redox reactions whereas the setting of the top electrode as generator and
the bottom electrode as collector shows a significant loss of reactants to the bulk solution. An
unexplained inconsistency is present in all settings for the cycling efficiency at the

concentration of 0.1 mol/I.

As described in chapter 2.3.2, the vertical inter-electrode distance h is an important design
parameter, since it influences the shuttling time ts (eq. 14) and thus directly the cycling current

leye (9. 15). For the two inter-electrode passivation heights, using equation 14 and

Dreni=7.17 -+ 10~% cm?/s [100], the shuttling times are calculated as
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ts 300nm = 6.272 - 107°s tsaoonm =1.116-10"% s

and the cycling current for a single ferricyanide molecule with n =1 and ep = 1.602 - 1071° C

as

Icyc 300nm — 1.276 " 10_15A Icyc 400nm — 7.179 - 10_16 A

The inter-electrode distance of 300 nm was compared to the 400 nm SiNy passivation via the

cycling efficiency of successfully produced redox-cycling sensors.

Figure 61 to Figure 63 show the cycling efficiency for the various concentrations of
hexacyanoferrate(ll) for the 3 electrode sizes in measurements, where the bottom electrode
was set to cycling the potential range from -0.1 to 0.6 V and the top electrode set to the
reduction potential of -0.1 V. Sensor array electrodes with 400 nm inter-electrode distance

are displayed in black, 300 nm distance in red.
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Figure 61: Cycling efficiency of 300 nm vs. 400 nm passivation for large electrodes.
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Figure 62: Cycling efficiency of 300 nm vs. 400 nm passivation for medium-sized electrodes.
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Figure 63: Cycling efficiency of 300 nm vs. 400 nm passivation for small electrodes.
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Since different electrodes are compared to each other, the alignment error and resulting

reactive surface area have a major effect on the electrode performance, which has to be kept
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in mind in comparative evaluation. For the large electrodes in Figure 61, the 300 nm
passivation actually reaches the cycling efficiency of 100 % for the concentration of 0.01 and
0.05 mol/l. An unexplained inconsistency is again present for the cycling efficiency at the
concentration of 0.1 mol/l. Generally, the highest efficiency in all 3 electrode sizes is reached
by the electrodes with 300 nm passivation, although the distribution of the efficiencies at
various concentrations does only show a conclusive, overall improvement for the medium-
sized electrodes in Figure 62 by a decreased inter-electrode distance. The range of efficiency
for both distances is very good and influenced not only by variations in the surface area but
also the concentration of reactive molecules and therefore the probability of diffusive

transport to the partnering collector electrode.

The fluidic system was chosen to evaluate the sensor regarding the reaction to a change in
concentrations and to perform measurements with solutions containing dopamine.
Amperometric measurements were performed with the bottom electrode set to the oxidation
potential of 0.6 V and the top electrode to the reduction potential of -0.4 V. 0.1 mmol/I
dopamine solved in PBS was inserted via inlet No. 1 and 0.01 mol/I PBS via inlet No. 2 (Figure
64). The pressure on channel No. 2 was regulated manually via the MAESFLO control software.
Figure 65 shows the current at the bottom electrode displayed in solid lines, the current at

the top electrode in dashed lines. The arrows indicate the change of pressure.
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Figure 64: Electrode position relative to fluidic inlets.

84



Results and Discussion

—— Bottom 0,6V #5
N - —-Top -04V #5
1:9x1079 l l l ——— Bottom 0,6V #6
v - --Top -04V #6
-4 Bottom 0,6V #7
1.0x1074 - —- Top -0,4V #7
P\—d==
5,0x10™
T — R
£ 0.0
e - -
8 5 _ _/,I’::::’\*‘\___,;’/::v\ __________
5,0x10°  o--TtT T TN o=y ! g }
! ':’ '; It {
]
4 : ! i :: :
-1,0x10" 4, ,II $ | !
I s = — e o -
:”A- t‘—:-___:_“—;*/\l \’:/’ f____/——-___
-1,5x10™ - o

I I I I 1
0 30 60 90 120 150 180 210 240

Time [s]

Figure 65: Amperometric measurement of redox currents by 0.1 mmol/l dopamine in PBS with fluid
gradient movement via pressure change.

With the initial pressure dominant in channel No. 1, dopamine reaches the electrodes #5 and
#6 (Figure 64), where a oxidation and reduction current of similar height is measured.
Electrode #7 shows a current of less magnitude, which might be due to the position closest to

channel No. 2 or due to the specific characteristics of this electrode.

When the pressure in channel No. 2 is increased, the PBS flow is dominant and pushes the
dopamine solution to the side of the array, resulting in an immediate decrease of redox
current with only PBS solution present at the electrodes. If reversed, the dopamine solution
extends over the electrodes, inducing an immediate redox reaction. The abrupt sloping of the
curve in redox current indicates the immediate reaction to a change in concentration for the
top as well as the bottom electrode. This means, that the solution flow immediately reaches
the bottom electrode in the pore and the oxidized molecules can diffuse to the top electrode
to be reduced. A dopamine concentration of 0.1 mmol/I can easily be detected and results in
an oxidation current of about 8.5 - 107> mA and a reduction current of 1.3 - 10™> mA after 60

seconds for the medium-sized electrodes #5 and #6.
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With the flow rate platform FLOWBOARD by Fluigent GmbH, the pressure for each channel
can be set manually to a fixed value. The following graphs show the amperometric
measurement of various dopamine concentrations in PBS (No. 1) vs. pure PBS (No. 2) for each
electrode size. The gradient shift across the sensor array is induced by a change in pressure
in both of the liquid channels No. 1 and No. 2 at a time interval of 50 s, resulting in 6
consecutive concentration phases, displayed in mbar for No.1 vs No.2 in the graphs. Figure 66
gives the electrode position relative to the liquid inlets, which is to the left side in this
measurement and thus more accessible for the solution in channel No. 1. The background
current of only PBS solution and pure water is given as well. The bottom electrode is set to the
oxidation potential of 0.6 V and displayed in solid lines, the top electrode to the reduction

potential of -0.4 V and displayed in dashed lines.
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Figure 66: Electrode position relative to fluidic inlets.
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Figure 67: Amperometric measurement of redox currents on a large electrode with various
concentrations of dopamine in PBS and background PBS as well as water. Fluid gradient movement via
pressure change in channel 1 vs channel 2 in mbar, time interval 50 s.

The bottom electrode in this measurement for the large electrode was defect, showing no
current for all concentrations and solutions. On the top electrode a reduction current in
response to the dopamine concentration can be measured, with the highest overall value for
the highest concentration of 1 mmol/l. Without the bottom electrode, this current is purely
amperometric without any cycling effect. In the initial phase, the current is stable with the
flow of solution in channel No.1 and increases with increasing pressure for the dopamine
solution from 1 to 10 to 50 mbar and reaches the highest value for 50 mbar pressure on
channel No.1 and No. 2. The flow of only PBS (black) and pure Water (red) induce a reduction
current as well, in the case of PBS even in the range of the current measured by dopamine

solution.
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Figure 68: Amperometric measurement of redox currents on a medium-sized electrode with various
concentrations of dopamine in PBS and background PBS as well as water. Fluid gradient movement via
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Bottom 0,6V DA
== Top -0,4VDA

—— Bottom 0,6V DA
- - Top -0,4VDA

Bottom 0,6V DA
- - Top -0,4VDA

4,0x10° 4 %
—~—~——
——
2,0x10° Y\/————_H_
0,0 +
-2vOX1O-5 . P Jaiie Bttt AN ,--CZ=E====== =
{ TR TITIIrIeL T
| ~al
| N e
-4,0x10% 4 | HAN
| ,’______,—',
I, -
'5,0X1075 : T T T T T T
1vs0 10vs0 50vs 0 50vs50 10vs10 1vs1

Pressure [mbar]

pressure change in channel 1 vs channel 2 in mbar, time interval 50 s.

In this measurement at a medium-sized electrode, the bottom electrode shows very little
oxidation current for concentrations < 1 mmol/I, but a reduction current at the top electrode
in relation to the pressure on the channel containing dopamine solution. For 1 mmol/l, the
top as well as the bottom electrode show the respective currents of a redox-cycling effect.
Increased flow of dopamine solution does not increase the current after an initial peak during
the 1%t phase at about 25 seconds. A significant decrease in current is induced when the PBS

channel No. 2 is switched on in the 4t phase at 160 seconds with a delay of 10 seconds. For

this concentration, a general decline in current over time can be observed.
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Figure 69: Amperometric measurement of redox currents on a small electrode with various
concentrations of dopamine in PBS and background PBS as well as water. Fluid gradient movement via
pressure change in channel 1 vs channel 2 in mbar, time interval 50 s.

For the small bottom and top electrode very little redox currents for concentrations < 1 mmol/I
are measured. At dopamine concentrations of 1 mmol/l a definite dependence-current can be
measured for oxidation at the bottom and reduction at the top electrode (green). After the
initial increase with starting flow of dopamine solution, again a steady decline in current is
measured over time, with no change due to increased flow and a significant decrease in
current by dilution with PBS in the 4t phase, with about 20 seconds delay. Spikes visible are

artefacts induced by the change of pressure to the system.
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Figure 70: Enlargement of Figure 69, Amperometric measurement of redox currents on a small
electrode with various concentrations of dopamine in PBS and background PBS as well as water. Fluid
gradient movement via pressure change in channel 1 vs channel 2 in mbar, time interval 50 s.

The enlargement of the redox currents for 1 and 10 umol/I with the comparison to pure PBS
shows an increase in oxidation and reduction current with increased flow for the dopamine
concentration of 10 umol/l. The dopamine-induced redox current is distinctly higher than the
background current of PBS. For the concentration of 1 umol/l, the current shows no response
to changes in flow rate and is similar in height to that of PBS. Spikes visible are artefacts, most

likely induced by the change of pressure to the system.
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Figure 71: Amperometric measurement of redox currents on a small electrode with background PBS

and water. Fluid gradient movement via pressure change in channel 1 vs channel 2 in mbar, time
interval 50 s.

Pure PBS and water do not show a redox current at this small electrode, but reflect the
potential set to the electrode. The current values are in the range of 10° A. The negative
potential of -0.4 V induces a reaction to changes in the flow rate of the solution in PBS. Spikes

visible are artefacts induced by the change of pressure to the system and the background

noise is visible at this resolution.

Without both half-reaction currents at the respective electrodes, only the measurements on
the medium-sized and the small electrodes for the concentrations of 10 umol/l and 1 mmol
can be interpreted as redox induced dependence-current (Figure 68 to Figure 70). These

measurements reflect the dependence on dopamine concentration and deliverance of

reactive molecules by hydrodynamic flux.
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The establishing of a stable gradient of solutions from the two inlets could not be verified by
measurements utilizing dyed solutions. In general, the PDMS fluidic chamber induced eddies
and wall effects and a laminar flow cannot be presumed. Changes in pressure on one channel
disrupt the liquid flow in the chamber in diverse ways. Additionally, the utilized hardware by
Fluigent GmbH provides an open-loop system. Initially set pressure does not prevent backflow
in the channel of lower pressure, resulting in the contamination of solution and a diverted
flow in the chamber. Therefore, parameters had to be watched closely and any backflow had

to be prevented by synchronizing the pressures to a working value.

Since the top electrode naturally is more exposed to the liquid flow than the bottom electrode
in the pore, the measurement of redox induced dependence-current on both electrodes with
the oxidized molecules from the bottom electrode reacting at the top electrode is all the more
impressive. The pore design also proves to be successful with regard to the access of analyte

molecule to the bottom electrode, as well as diffusion in the pore and flushing out.

In order to simulate the physiological dopamine detection, PC12 cells were cultured on the
developed sensor array, to be the source of dopamine for amperometric detection. Potassium
chloride as well as dopamine in solution was used to initiate cellular dopamine release. The
results shown in this chapter were obtained in part by Louisa Blhler during the direct

supervision of her Bachelor thesis [102].

The cultivation of the PC12 cells on the sensor proofed to be simple and successful with the
protocol described in chapter 3.2.4 and 3.2.5. The amount of cells applied to the sensor
surface was checked by microscopic imaging, since no cell count was established and dilution
by volume was used to dilute the cell solution. The correct amount of cells ensured a proper
attachment for several days, without cluster formation or desorption due to cell-cell
attachments. Figure 72 shows optical images of a cell layer of PC12 cells on various electrodes

after a measurement was undergone.
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Figure 72: Optical images of a PC12 cell layer on top electrodes of various sizes, a) and b) large
electrodes, c) medium-sized electrode, d) small electrode. Images by Louisa Biihler.

A confluent cell layer was mostly not established over the full sensor array, since the PC12
cells tended to attach easily to each other after proliferation. Measurements were undergone
only on electrodes initially covered with cells, as shown in Figure 72. Generally, cells cultivated
on the sensor arrays could be used for days, when flushing and the change of medium was
done carefully. The measurements induced some stress on the cells, mainly due to the change

in temperature and pH of medium, which resulted in cell rounding or detachment.

4.4.2 Background Measurements

In order to investigate the effect of solution and stimulation substance, preliminary
measurements with DMEM and PBS were done to exclude a potential influence on the redox
current. KCl and dopamine in solution were also tested on the sensor. The following graphs
display amperometric measurements in cultivation medium (black) and PBS (red), with the
bottom electrode set to the reduction potential of - 0.4 V (solid lines) and the top electrode
to the oxidation potential of 0.7 V (dashed lines). This setting was chosen for the
measurements on cell culture with regard to the electrode position, so that the maximum

dopamine oxidation could be measured at the more exposed top electrode.
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Figure 73: Amperometric measurement in DMEM and 0.01mol/l PBS solution on a large electrode:
Bottom electrode set to reduction potential -0.4 V (solid lines), top electrode set to oxidation potential
0.7 V (dashed lines).

Figure 73 shows the current induced on a large electrode by DMEM and pure PBS without
redox active substances present. The current in PBS solution is smaller than in DMEM due to
the increased amount of solvated ions contained in the medium. For both potentials the
current ranges within +/- 0.06 pA. The current gradient shows the initial establishment of an
electrical double-layer and its extension into the bulk, resulting in a depletion of charged ions
in the vicinity of the electrodes and thus in a steady decline of the current. This is less

pronounced for the PBS due to the smaller amount of ions.

The effect of potassium chloride was investigated by applying 50 pl of 1 mol/I KCI to 450 pl
DMEM after 60 seconds, resulting in a final concentration of 100 mmol/I KCI, and is displayed

in Figure 74 for a medium-sized (black) and a small electrode (red).
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Figure 74: Amperometric measurement of 100 mmol/| KCl in DMEM on a medium-sized and a small
electrode: Bottom electrode set to reduction potential -0.4 V (solid lines), top electrode set to oxidation
potential 0.7 V (dashed lines).

Since KCl dissociates to positively charged potassium and negatively charged chloride ions, the
visible increase of current is expected to be instant and temporary, since there are no redox-
active substances present. The top electrode is more exposed to ions pipetted into the liquid
on the sensor array than the bottom electrode and has a larger surface area (see Table 3

chapter 4.2) , which results in a more prominent effect on the top electrodes for both sizes.

The effect of dopamine added to the measurement solution was investigated similar to the
KCl effect, by pipetting 5 pl of 1 mmol/l dopamine in PBS to 450 ul of DMEM after 60 seconds,
resulting in a final dopamine concentration of 100 umol/l. Figure 75 shows the effect on a

medium-sized, Figure 76 on a small electrode.
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Figure 75: Amperometric measurement of 100 umol/l dopamine in DMEM on a medium-sized
electrode: Bottom electrode set to reduction potential -0.4 V (solid lines), top electrode set to oxidation
potential 0.7 V (dashed lines).
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Figure 76: Amperometric measurement of 100 umol/l dopamine in DMEM on a small electrode: Bottom
electrode set to reduction potential -0.4 V (solid lines), top electrode set to oxidation potential 0.7 V

(dashed lines).
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Both electrodes show clearly the effect of injection of a redox-active component, in case of
the medium-sized electrode, with an area-dependent unequal amount of current. The
oxidation current at the top electrode is larger than the reductive current at the bottom
electrode due to the exposed position and larger surface area. When the difference in
electrode size is not as distinct, the currents show an equal amount, as for the small electrode
in Figure 76. The injection of dopamine generally induces a sharp spike, followed by a fast
decline in current, which continues the initial declining slope. Since the dopamine is injected
into the culture well on the sensor array with a forceful flash by a pipette, it is likely that a
variation in concentration is generated on the electrode array with a loss of redox-active
molecules due to the kinetic energy of the flush. Dopamine to be oxidized at the top electrode
would thus not be present for long and hence not be reduced at the bottom electrode, which

would result in the temporary increase of current, similar to that of KCl in Figure 74.

Successfully cultured PC12 cells on the sensor array were induced to release dopamine by
injection of KCl. The optimal concentration of KCl for the stimulation of PC12 cells was
described to be between 75 and 120 mmol/I ([44], [103], [104]). Therefore, 60 seconds after
the start of the measurement, 72 pl of 1 mol/l KCl was pipetted to the culture containing well,
holding 528 ul of buffered DMEM, resulting in a final concentration of 120 mmol/I KCl. The
resulting dopamine release can be seen in Figure 77 for a medium-sized (black) and a small
electrode (red), were the bottom electrode is set to -0.4 V (solid lines) and the top electrode

to 0.7 V (dashed lines).
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Figure 77: Amperometric measurement of KCl induced dopamine release of PC12 cells on medium-sized
electrode (black) and small electrode (red). Bottom electrodes set to reduction potential -0.4 V, top
electrode set to oxidation potential 0.7 V.

In the first 60 seconds prior to the stimulation, the current steadily declines due to the
development of a depletion zone of ions. After the stimulation with KCI at 60 seconds, an
equivalent increase in current at both, bottom and top electrode, is measured, which clearly
indicates a redox current. Compared to the background measurement of only KCl in Figure 74
and the background measurement of dopamine in DMEM in Figure 75 and Figure 76, the
current increase is not as instantaneous, the peak is reached after 10 seconds instead of
immediately and the peak itself is not as sharp. The following gentle decline in current is not
regaining the initial value within 120 seconds. This indicates a dopamine release by the PC12
cells and an equal number of oxidation and reduction reactions. The surface-area dependency
of the current for the different sizes of electrode surfaces is clearly visible and in this kind of
measurement additionally influenced by the amount of cells located at or near an electrode
and the local concentration and flux of KCl and thus released dopamine. Although
physiological dopamine release can be extremely fast, in culture conditions the effects of the
diffusion of molecules and the flux of solution must be considered. Since the surface area of
the sensor was treated by PLL, a capacitive layer between top electrode metal and adhered

cells can be assumed, which could act as a barrier for the diffusion of molecules, that would
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delay the redox reactions but also prevent the loss of redox active molecules to the bulk and

result in a prolonged cycling.

Since there was no redox active substance present before the stimulation and after
stimulation a redox current is measured, the successful dopamine release and detection by
the sensor array can be verified in this measurement and multiple stimulation was tested
additionally. Therefore, immediately before the measurement the DMEM was removed and
exchanged for preheated PBS solution in order to reduce the background current. The
stimulation was initiated by injecting 50 pl of 1 mol/I KCl to 450 ul PBS on PC12 cells, resulting

in a final concentration of 100 mmol/I KCI.

The following graphs show a repeated stimulation by KCl without intermittent removal of the
medium and with removal. Figure 78 displays an amperometric measurement with PC12 cells
and KCl induced dopamine release after 60 seconds and again after 300 seconds for a medium-
sized electrode were the bottom electrode is set to -0.4 V (solid lines) and the top electrode

to 0.7 V (dashed lines).
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Figure 78: Amperometric measurement of repeated KCl induced dopamine release of PC12 cells on
medium-sized electrode. Bottom electrodes set to reduction potential -0.4 V, top electrode set to
oxidation potential 0.7 V.
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The first stimulation after 60 seconds results in a massive increase of current on both, bottom
and top electrode equally, and the gentle decline in current described above for Figure 77. 4
minutes after the first stimulation, the second stimulation with KCl again induces an increase
in current for both electrodes, indicating a second dopamine release from the PC12 cells and
a resulting redox reaction. The second release induces a smaller redox current, indicating a
smaller amount of released dopamine, which is likely founded in the prior release and

depleted dopamine reserve within the cells.

Figure 79 and Figure 80 show the same measurement with removal of the dopamine
containing PBS solution after the first stimulation and the second stimulation in fresh solution
for a large and a small electrode. Preheated, fresh PBS was applied as gently and quickly as
possible, with the second measurement starting immediately afterwards. For the second

stimulation, the time scale is not significant.
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Figure 79: Amperometric measurement of repeated KCl induced dopamine release of PC12 cells on a
large electrode with exchange of solution. Bottom electrodes set to reduction potential -0.4 V, top
electrode set to oxidation potential 0.7 V.

For the large electrode in Figure 79, the first stimulation is equal to the measurement
described for Figure 78. The initial value of steady-state current is regained after exchanging

the PBS solution and a second stimulation induces another dopamine release and resulting
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redox currents. The shape of the current profile suggests an instant yet slowly increasing
dopamine concentration at the electrodes, reflected in the slope of the peak, which reaches
its maximum 20 seconds after the stimulation and might be the physiological response to a
repeated intense stimulation. The current value is only half of that of the first stimulation,

suggesting the depletion of dopamine reserves in the cells.
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Figure 80: Amperometric measurement of repeated KCl induced dopamine release of PC12 cells on a
small electrode with exchange of solution. Bottom electrodes set to reduction potential -0.4 V, top
electrode set to oxidation potential 0.7 V.

For the small electrode in Figure 80 both stimulations are similar in shape, reaction time and
current value, with the steady-state current prior to the second stimulation slightly higher
than the initial. Here, an identical current value and thus amount of dopamine reacting at the
electrode within the same timespan can be induced by the second stimulation. Since this
measurement shows the effect for a small electrode, a detection limit could be given due to
limited size and a large amount of cells on the electrode area. If the electrode is covered
completely with cells, the released dopamine relative to the surface area could result in the

second, equally large current measurement.
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Since dopaminergic cells are capable of reuptake of dopamine, the time interval of 4 minutes
between stimulation for the measurement without the change of solution (Figure 78) should
be sufficient to reincorporate dopamine and release it again at a second stimulation. The
measurements with a change of solution and removal of initially released dopamine suggest
that the amount of KCl used to induce dopamine release via membrane polarization does not

deplete the cells of dopamine and allows a second release after stimulation.

Even with the most careful removal of culture solution many cells detach from the surface and
are lost for a second measurement. Together with a reduced amount of dopamine readily
available for the cell, this can result in a decreased dopamine release during the second
stimulation. As mentioned before, the amount of cells located at or near an electrode and the
local concentration and flux of KCl have a major impact in these measurements and can allow
an identical repetition of performance like displayed in Figure 80, with no loss of adhered cells

and not fully depleted cells after the first dopamine release.

In order to show the uptake effect of dopaminergic cells treated with L-Dopa, amperometric
measurements were done on PC12 cells incubated with L-Dopa, as described in chapter 3.2.4.
For the stimulation after 60 seconds, 50 ul of 1 mol/l KClI was pipetted to 450 ul DMEM,
resulting in a final concentration of 100 mmol/I KCl. Augmented and physiological release

measurements were not recorded on the identical electrode in the same culture.

Figure 81 and Figure 82 show the stimulation result of loaded PC12 cells (red) in comparison
to a regular release (black) for a medium-sized and a small electrode. The bottom electrode
was set to the reduction potential of -0.4 V (solid lines) and the top electrode to the oxidation

potential of 0.7 V (dashed lines).
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Figure 81: Amperometric measurement of L-Dopa treated (red) vs. physiological PC12 cells (black),
stimulated by KCl on a medium-sized electrode. Bottom electrodes set to reduction potential -0.4 V, top
electrode set to oxidation potential 0.7 V.

5 _ Bottom -0,4V small #1
1.5x10 | ———Top 07V  small#1
| Bottom -0,4V small #2 L-Dopa
} - --Top 07V  small#2 L-Dopa
1,0x10° E )
| - TTeel L
— w ' S~
< | ! -~
E s0x10°q | !
-:1:: \\\‘: - _JJ, ~._
= e e
3
Q 0,0
-5,0x10° -
-1,0x10° 1— T T 1
0 60 120 180
Time [s]

Figure 82: Amperometric measurement of L-Dopa treated (red) vs. physiological PC12 cells (black),
stimulated by KCl on a small electrode. Bottom electrodes set to reduction potential -0.4 V, top
electrode set to oxidation potential 0.7 V.
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For both electrode sizes a significant increase of current can be detected after stimulation with
KCI for the culture with L-Dopa treatment. Clearly more dopamine is released, resulting in a
much higher redox current than a regular release provides. Even though a quantitative
comparison between regular and augmented dopamine release is not possible due to
variations in electrode performance, culture density and stimulation effects, an incubation
with 100 umol/l L-Dopa for 2 hours shows the uptake of the precursor and release in the

resulting concentration of redox active dopamine at the sensor electrodes.

Since extracellular dopamine induces a dopamine release on dopaminergic cells, a stimulation
of L-Dopa treated PC12 cells by dopamine itself was tested, in order to compare the dopamine

effect from extracellular presence and cellular release at the sensor array.

Figure 83 and Figure 84 show the amperometric measurements with stimulation by
100 umol/I dopamine in PBS with (red) and without (black) PC12 cells cultivated on the sensor
array for a medium-sized and a small electrode. Both measurements were done at the
identical electrodes. After 60 seconds, 50 pul of 1 mmol/lI dopamine in PBS was pipetted to 450
ul of DMEM. The bottom electrode was set to the reduction potential of -0.4 V (solid lines)

and the top electrode to the oxidation potential of 0.7 V (dashed lines).
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Figure 83: Amperometric measurement of dopamine-induced dopamine release on L-Dopa treated
PC12 cells (red) vs. dopamine background (black) on a medium-sized electrode. Bottom electrodes set
to reduction potential -0.4 V, top electrode set to oxidation potential 0.7 V.
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Figure 84: Amperometric measurement of dopamine-induced dopamine release on L-Dopa treated
PC12 cells (red) vs. dopamine background (black) on a medium-sized electrode. Bottom electrodes set
to reduction potential -0.4 V, top electrode set to oxidation potential 0.7 V.

The massive increase of current immediately after injection of dopamine to L-Dopa
augmented PC12 cells, compared to the current of the 100 umol/l dopamine in PBS, clearly
indicates the release of additional dopamine provided by the PC12 cells. For the medium-sized
electrode in Figure 83, the peak current is twice as high, for the small electrode in Figure 84

almost 6 times as high.

The stimulation of PC12 cells with dopamine results in a very different current profile than
that with KCI, shown in Figure 81 and Figure 82, where a gentle decline of redox current
follows the current peak. With dopamine, the current decreases fast and almost reaches the
steady-state value from before the stimulation within 60 seconds. Both kinds of stimulation
were measured in DMEM, where the buffering effect is the same, which excludes the buffering
of oxidized or reduced dopamine molecules in the medium. Since KCl-induced stimulation
triggers a membrane depolarization, whereas extracellular dopamine induces further
dopamine release via receptor binding, the release-time and reuptake process might be
influenced differently in both cases for PC12 cells. The developed sensor array allows the

successful detection of this distinction.
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The developed sensor array was modified in an attempt to increase the sensitivity and to take
a first step towards flexibility for future developments of an implantable sensor system. This
was done in two separate process developments by nanosphere lithography and with a
flexible polymer substrate, with the results described in this chapter. The NSL was used to
produce pores of reduced diameters in the nanometer range, to increase the sensitivity of the
sensor by increasing the redox-reaction probability and creating an even smaller confinement
for the reactant in the nanometer range. The results shown in this chapter were obtained in
part by Melina Becker during the direct supervision of her Bachelor thesis [105]. The flexibility
was pursued to transfer the sensor array from a rigid glass substrate to a polymer-based,

insulating substrate, with principal implantability requirements in mind.

Initially, the spheres were deposited either directly on top of the top electrode already etched
free of SiNx or on top of the final passivation layer. The latter did not produce a single working
sensor, which might be founded in the process steps of etching the final passivation first and
thereby damaging the passivation of the top electrode towards the bottom electrode in the
following etch processes of RIE and IBE. Distribution of particles however did not show any

significant deviation.

For the creation of hexagonally close-packed (HCP) monolayers of particles on the sensor
surface, the PS-NS were distributed in various wt% concentrations by the techniques of spin
coating and a modified version of AWISA (chapter 2.6 and 3.3.1). For spin coating, parameters
like rotation speed in rounds-per-second (rps) were modified to find the most suitable

combination.

At low concentrations and deposition by spin coating, all particle types showed a quite
homogenous distribution. With increased concentration and rotation speed, a specific
distribution pattern as well as surface-binding behavior could be observed and was expected.
Carboxylate-coated PS-NS deposited in a net-like structure, left large areas uncovered but
created locally satisfactory HCP monolayers at 33 rps and 10 wt% concentration (Figure 85a).
Sulfate-coated NS in ethanol showed a high affinity to each other and assembled in clusters in
every concentration and rotation speed and were excluded. Amino-coated NS formed large

areas of HCP monolayers at 17 rps and 5 wt% concentration (Figure 85b) and generally showed
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the best results in regard to reproducibility and stability of particle distribution as well as a
continuous surface coverage with few multilayered areas. Hydroxylate PS-NS performed best
at 17 rps and 5 wt% concentration, but still created clusters and multilayers and at the same

time uncovered areas at sufficiently high concentrations and where thus excluded also.

SEI 150KV X400 10pm . WD 10.4mm SEI 150KV X2200  10pm WD 10.1

Figure 85: SEM images of particle distribution via spin coating. a) Carboxylate-NS at 33 rps and 10 wt%,
b) Amino-coated NS at 17 rps and 5 wt% showing dense HCP monolayers. Images by Melina Becker.

For the modified AWISA deposition method, carboxylate-, hydroxylate- and amino-coated PS-
NS were tested in various concentrations. Concentrations of 1.25 and 2.5 wt% were generally
too low to create HCP monolayers. For this self-assembly technique, the particle
concentration proved to be more difficult to optimize, since low concentrations could not
create HCP monolayers and higher concentrations created multilayers easily. For carboxylate-
coated NS both concentrations of 5 and 10 wt% could not produce a uniform distribution.
Amino-coated NS created large areas of HCP monolayers at a concentration of 10 wt%, still
leaving uncovered areas in a small ratio. The increase of concentration to 15 wt% proved to
be difficult to handle with particles agglomerating in solution, which was overcome by intense
resuspension of particles and freshly prepared solution for each deposition. Figure 86 shows
the results for the 15 wt% concentration on a test substrate of discarded regular electrode
arrays, used for NS coating tests, and containing pores in the top electrode. The Hydroxylate
PS-NS could not produce a uniform monolayer without multilayers and agglomerated particles

by AWISA too and were excluded also.
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Figure 86: SEM images of modified AWISA with amino-coated PS-NS in 15 wt% concentration, deposited
on a regular electrode array containing pores in the top electrode. Images by Melina Becker.

The experimental determination of the most suitable particle coating yielded the amino-
coated PS-NS for both, spin coating and the AWISA. The amino-groups provide a polarity with
fewer electrons in the functional group compared to sulphate-groups, thus not needing a
cationic balance and being able to form hydrogen bonds. This reaction is more likely than one
of sulphate with hydrogen to sulphuric acid. The transfer to ethanol as solvent was necessary
to ensure fast solvent evaporation for spin coating and self-assembly, even though a change
in characteristics such as solubility or interaction of functional groups can occur and influence

the range of solubility for higher concentrations.

Both deposition techniques achieved similar results, with spin coating being generally more
stable, controllable and thus reproducible than the modified AWISA technique. HCP
monolayers could be achieved with both techniques over a limited area, with AWISA covering
nearly every available space on the surface due to the uniform spreading and initially higher
amount of deposited solution. For both deposition techniques, the area of interest is limited
to the electrode surfaces in the micrometer scale and with large surface areas to be covered,
the inhomogeneity and number of defect structures increases. Environmental conditions like

temperature and air-flow can influence the particle deposition as well.

Once the particles were successfully deposited in a HCP monolayer on the electrode surfaces,
the reduction of the sphere diameter was done by RIE in order to increase the space between
particles, which later creates sufficient distance between the pores and allows for smaller pore

diameters. For the parameters described in chapter 3.3.1 the etch rates are given in Table 5.
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Table 6 lists the actual reduction in diameter with regard to the initial particle size, which was

different for the various surface coatings, for the first 100 seconds of oxygen plasma RIE.

Table 5: Etch-rate of carboxylate-PS-NS by O, plasma

Table 6: Particle diameter reduction by RIE of various PS-particles in nm.

Etching time [s]

NS diameter [nm]

0
30
60
20
120
150

492
455
424
351
323
275

Etch Carboxylate PS-NS Hydroxylate PS-NS Amino PS-NS
Time Diameter Midpoint [nm] | Diameter Midpoint [nm] | Diameter Midpoint [nm]
. Standard Deviation Standard Deviation Standard Deviation
0 500 461 467
8 17 29
90 387 325 325
11 8 8
90+10 | 312 224 189
14 20 23

A reaction time of 90 seconds proved to be sufficient to create adequate space between

particles and the deposition of 100 nm chromium as sacrificial etch layer and mask followed.

The particle removal by MIBK in combination with ultrasonification was only partly successful,

since the NS could not be completely removed and tended to remain in the chromium layer

at the rim of initially deposited particle solution or on areas of multilayer formation. Since the

particle dissolution by MIBK can only take place when the polystyrene is in direct contact with

the solvent, the particle diameter and the layer thickness of chromium had to be matched.

This resulted in a maximum layer thickness of 100 nm for the sacrificial etch layer. Since only

the electrode surface areas were of interest, the remaining particles would not be etched and

did not encumber the progress.
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The etch success for the pore construction by RIE and IBE could not be verified satisfactorily
by optical microscopy and SEM imaging, since the various layers of electrodes and passivation
could not be distinguished. The SEM images in Figure 87 show the particle distribution by spin
coating and the pore construction. The etch success however could only be confirmed by

electrochemical measurements.

10um WD 10.0mm

Figure 87: SEM image of nanopore distribution on top electrode and IBE success in pore production
after 50 minutes. Images by Melina Becker.

Figure 88 and Figure 89 show the distribution of pores by spin coating and AWISA exemplary
on electrodes without the alignment gap correction. The surfaces are covered with pores, in
case of the large electrode in Figure 88 with a median diameter of 202 nm and only few areas
remaining uncovered. The nanopore production by AWISA deposition, displayed in Figure 89
a and b, optically differs from these produced by spin coating, as pores often were much
smaller with a median diameter of 141 nm. Many particles could not be removed or
multilayers produced larger defect areas by taking away not only the nanospheres but also

the surrounding chromium, leaving the surface unprotected during the IBE and RIE.
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Figure 88: Nanopores produced by spin-coating deposition technique on a small electrode. Areas with
pores and uncovered areas are present, alignment error clearly visible. Image by Melina Becker.

Figure 89: Nanopores produced by AWISA deposition technique on a) large electrode, b) small
electrode. Areas with multilayer defects and alignment error clearly visible. Images by Melina Becker.

The design variation for the sensors produced by NSL described in chapter 3.3 became
necessary because of the more intensive RIE, which was needed to completely open the
smaller nanopore structures and which opened not only the desired pores to the bottom
electrode but also the sides of the top electrodes, where the alignment with the bottom
electrode did not completely overlap. This created an increased surface area for the redox
reaction, if the bottom part of the electrode is exposed also and lead to a significantly higher
reaction rate which distorted the measurement and was successfully overcome by the smaller

top electrode design displayed in the optical image in Figure 90.
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Figure 90: Optical image of large electrode with alignment gap correction by reduced top electrode
diameter and nanopores.

Atomic force microscopy was taken into account for the analysis of the etch progression of
the pore but could not be applied here, since the cantilever-tip would have been too large for
the nanopore and not been able to reach the bottom of the pore without contact to the pore
walls. The pore production and etch progress was therefore tested by electrochemical
measurements via cycling either bottom or top electrode over the potential range from -0.4
to 0.7 V, while the respective partnering electrode is set to the fixed oxidation or reduction

potential as described for the standard sensor in chapter 4.3.1.

The following graphs display the voltammetric current flow for the reduced form of
hexacyanoferrate(ll) on the sensor array modified by NSL (red) via spin-coating deposition,
versus a standard design (black), with alignment gap correction, exemplary for large

electrodes and the 4 electrode combinations.
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Figure 91: Redox current in 0.2 mol/l hexacyanoferrate(ll), NSL vs. standard: Bottom electrode cycling
(solid lines), top electrode at fixed reduction potential -0.4 V (dashed lines), scan rate 0.2 V/s.
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Figure 92: Redox current in 0.2 mol/l hexacyanoferrate(ll), NSL vs. standard: Bottom electrode cycling
(solid lines), top electrode at fixed oxidation potential 0.7 V (dashed lines), scan rate 0.2 V/s.
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Figure 93: Redox current in 0.2 mol/l hexacyanoferrate(ll), NSL vs. standard: Top electrode cycling
(dashed lines), bottom electrode at fixed reduction potential -0.4 V (solid lines), scan rate 0.2 V//s.
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Figure 94: Redox current in 0.2 mol/l hexacyanoferrate(ll), NSL vs. standard: Top electrode cycling
(dashed lines), bottom electrode at fixed oxidation potential 0.7 V (solid lines), scan rate 0.2 V/s.

The performance of the standard sensor design can be characterized as identical to the
performance described in chapter 4.3.1, with equal current for the oxidation and reduction at
bottom and top electrode and a high efficiency. The electrodes produced by NSL show a
consistently lower current yield for all electrode settings in comparison to the standard design.
Both half-reactions of the redox process can be measured and current at bottom and top

electrode is present in equal amount, which affirms the etch success in creating a nanopore
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down to the surface of the bottom electrode. The efficiency seems to be very high, with only
slightly more current produced by the top electrode when in cycling mode and the bottom
electrode at the reduction potential (Figure 93). The consistently lower current produced by
redox reactions on the nanopore-sensor electrodes was not expected, since the intention was
an increase in sensitivity by decreasing the pore size and thus raise the probability of redox
reactions of analyte molecules at the electrode surfaces. This outcome could be explained
with a significantly reduced reactive surface area of the electrodes due to re-deposition of
material in the physical etching process and the creation of micromasks, like described for SiNy
in chapter 2.5.4. The smaller diameter of the pore makes the evacuation of previously ablated
material out of the pore more difficult. Although the IBE has a very high resolution [88], the
consecutive etching by RIE and IBE may lead to redeposition and significant reduction of free
electrode surface area. The consistently lower current is reflected throughout all tested
electrodes and displayed in Table 7 in absolute current values for each electrode size

exemplary and for the bottom and top electrode.

Table 7: Redox current values of nanopore electrodes vs. standard electrodes at 0.6 V for cycling and -
0.4 V as reduction potential in mA.

Electrode Large Large Medium Medium Small Small

setting NSL standard NSL standard NSL standard
Bottom cyc 0,07654 0,38340 0,02108 0,10080 0,00552 0,01691
Top 0.7V 0,11910 0,40670 0,02995 0,10910 0,00808 0,01932
Bottom cyc 0,08112 0,36060 0,02082 0,09868 0,00581 0,01693
Top-0.4V 0,08001 0,35380 0,02033 0,09654 0,00559 0,01637
Top cyc 0,05516 0,34610 0,02000 0,09486 9,079E-5 0,01641
Bottom 0.7 V 0,06228 0,34450 0,02100 0,09447 9,992E-5 0,01613
Top cyc 0,08541 0,42650 0,02178 0,10360 0,00350 0,01722
Bottom -0.4V | 0,15140 0,39140 0,03317 0,11470 0,00268 0,02023

Although the sensitivity could not be improved by the modification of the standard sensor

design by NSL, the production process yielded working electrodes with nanopores.

The results shown in this chapter were obtained in part by Fabienne Réschel during the direct

supervision of her practical work experience [106].

The process described in section 3.3 and 3.3.2 allowed the production of a stable working

flexible electrode array using Polyimide as substrate, passivation and insulation.
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The PI 2610 polyimide layer thickness was verified for rotation speeds and time by surface
profile measurements using a Dektak 3030ST Auto Surface Texture Profiler. For Pl 2611 the
manufacturer’s specifications were adopted. For each setting used, the thickness can be seen

in Table 8.

Table 8: Polyimide Thickness

Polyimide Product | Rotation speed [rpm] | Spin Time [s] Thickness [nm]
P12610 3000 90 ~ 1260
P12610 9999 90 ~ 460
Pl 2611 3000 90 ~ 6000 [HD Microsystems]
Pl 2611 9999 90 < 4000 [HD Microsystems]

Since the inter-electrode spacing was desired to be as small as possible, polyimide 2610 was
used at the highest rotation speed for 90 seconds, resulting in an electrode spacing of
approximately 460 nm. In RIE tests of the two polyimides, the Pl 2610 proved to be more
quickly to etch and easier to be removed from the structure than the Pl 2611. Therefore, it

was used for the final passivation layer, while PI 2611 was used as the bottom layer.

Figure 95 shows an optical image of a medium-sized electrode. The top electrode opening is
of reduced diameter to avoid the alignment gap error, the electrode surface and pores are

etched free of Pl and the rim as well as the feedlines are covered by transparent Pl passivation.

Figure 95: Medium-sized electrode on flexible substrate, top electrode and pores open (yellow), rim of
top electrode and feedlines covered by Pl (pink).
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The evaluation of the sensor array was done by electrochemical measurements as described
in sections 3.2.1 and 3.3.2 as well as by Helium lon Microscopy (HIM), using the Zeiss Orion
Nanofab microscope by LISA*. The measurements were performed on single electrode pairs

while the sensor is still attached to the glass substrate, thus in a planar position.

The following graphs show the cyclic voltammograms for the 2 electrode combinations for
cycling and the reductive potential only, as well as the amperometric curves on 0,2 mol/I
potassium hexacyanoferrate(ll) exemplary for a medium-sized electrode of a flexible sensor

(red) in comparison to a standard, non-flexible sensor of the original design (black), also with

reduced diameter top electrode.
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Figure 96: Redox current in 0.2 mol/| hexacyanoferrate(ll): Flexible sensor array (red) vs. standard array
(black), medium-sized electrode. Bottom electrode cycling, (solid lines), top electrode at fixed reduction
potential -0.4 V (dashed lines), scan rate 0.2 V/s.
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Figure 97: Redox current in 0.2 mol/| hexacyanoferrate(ll): Flexible sensor array (red) vs. standard array
(black), medium-sized electrode. Top electrode cycling, (dashed lines), bottom electrode at fixed
reduction potential -0.4 V (solid lines), scan rate 0.2 V//s.

The current created on the flexible sensor electrode is significantly lower than that of a
standard sensor with SiNy passivation. Redox cycling is functionally possible and both half
reactions are of the same amount and thus show the high efficiency of the designed sensor.
The sensitivity is much lower for the flexible sensor array, which is also confirmed in
amperometric measurements in Figure 98 and Figure 99 with both redox potentials tested for

the bottom and top electrode respectively.
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Figure 98: Amperometric measurement in 0.2 mol/| hexacyanoferrate(ll): Flexible sensor array (red) vs.
standard array (black), medium-sized electrode. Bottom electrode set to oxidative potential 0.7 V (solid
lines), top electrode set to reductive potential -0.4 V (dashed lines).
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Figure 99: Amperometric measurement in 0.2 mol/| hexacyanoferrate(ll): Flexible sensor array (red) vs.
standard array (black), medium-sized electrode. Bottom electrode set to reductive potential -0.4 V
(solid lines), top electrode set to oxidative potential 0.7 V (dashed lines).

Figure 99 shows a slightly higher current for the top electrode on the oxidation and the bottom
electrode at the reduction potential. This can be explained by the size difference of the top
and bottom electrode, that provides a higher surface area for the oxidation by the top
electrode and thus more oxidized molecules to be reduced at the bottom electrode. The slight

increase in current over time at the electrode on the flexible sensor is surprising, since the
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establishing of a depletion zone in the proximity of the electrode surface and loss of created

oxidized molecules to the bulk would indicate a decrease of current over time.

HIM imaging of the electrode surfaces was done to investigate the condition of the surface

area, which is shown in Figure 100.

Figure 100: HIM images of flexible sensor electrode pore. a) Pore with top electrode structure, b)
Bottom electrode surface inside a pore. Images taken by Markus Turad of LISA*.

The image of the top electrode reveals cracks in the surface and polymer residue on the
bottom of the pore, covering the metal of the bottom electrode. This is explained by the RIE
process using oxygen plasma on polyimide, where a residue of carbonized polymer is created
as a form of RIE grass [107]—[109]. A removal of these residues was not possible by prolonged
etching. This explaines the decrease in current, since the residue decreases the reactive
surface area of the bottom and top electrode, which results in fewer electron transfer

reactions with the hexacyanoferrate(ll) molecules.

Figure 101 shows the detachment of the flexible sensor array from the glass substrate using
adhesion tape. The edges of the substrate were cleaned from excessive polyimide, which was
simply peeled off, and an adhesive tape was attached to one side of the sensor and used to

peel back the layer structure. Afterwards, the sensor was cut to size (Figure 102).
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Figure 101: Detachment of a flexible sensor array from glass substrate by adhesion tape

Figure 102: Flexible redox-sensor array, edge length 24.2 mm.

The flexible sensor was again tested by electrochemical measurements as described above.
The following graphs show the cyclic voltammograms for the 2 electrode combinations for
cycling and the reductive potential only, as well as the amperometric curves on 0.2 mol/I
potassium hexacyanoferrate(ll) exemplary for a medium-sized electrode of a detached flexible

sensor (blue) in comparison to the flexible planar sensor prior to the detachment (red).
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Figure 103: Redox current in 0.2 mol/l hexacyanoferrate(ll): Flexible sensor array (red) vs. detached
flexible array (blue), medium-sized electrode. Bottom electrode cycling, (solid lines), top electrode at
fixed reduction potential -0.4 V (dashed lines), scan rate 0.2 V/s.
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Figure 104: Redox current in 0.2 mol/l hexacyanoferrate(ll): Flexible sensor array (red) vs. detached
flexible array (blue), medium-sized electrode. Top electrode cycling, (dashed lines), bottom electrode at
fixed reduction potential -0.4 V (solid lines), scan rate 0.2 V/s.

The detached flexible sensor is also functioning properly, showing the redox current as before

detachment. Nevertheless, the current yield after detachment of the sensor array is decreased

even further. This might be caused by changes in the thin metal structure due to bending and

tearing during the detachment and is also visible in the amperometric comparison in Figure

105 and Figure 106. An increased electrical resistivity in conductive material is known to be
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caused by the formation of micro-cracks due to mechanical stress as well as tensile stress,

which can cause plastic rearrangement of grains and even grain growth on the nanoscale level

[110].
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Figure 105: Amperometric measurement in 0.2 mol/l hexacyanoferrate(ll): Flexible sensor array (red)
vs. detached flexible array (blue), medium-sized electrode. Bottom electrode set to oxidative potential
0.7 V (solid lines), top electrode set to reductive potential -0.4 V (dashed lines).
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Figure 106: Amperometric measurement in 0.2 mol/l hexacyanoferrate(ll): Flexible sensor array (red)
vs. detached flexible array (blue), medium-sized electrode. Bottom electrode set to reductive potential
-0.4 V (solid lines), top electrode set to oxidative potential 0.7 V (dashed lines).

Figure 106 shows again an increase of current over the time of 60 seconds for the top electrode as the
generating and the bottom as the collecting electrode.
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The adsorption and desorption of DAQ onto unprotected gold electrodes and the loss of
sensitivity by electrode fouling, as described in chapter 2.2.1, was investigated by prolonged
and repeated amperometric measurements with the standard sensor array. Therefore, the
potential was alternated from 0.6 V oxidation potential to -0.1 V reduction potential
repeatedly, with a delay of several seconds between switches where no potential was applied.
The intention was to initiate a reverse adhesion reaction at the reduction potential and

transfer the adsorbed DAQ back to a soluble state.

The stability of dopamine in solution is limited to a short time frame, since the initial
concentration is reduced by steady natural oxidation of dopamine in solution. Therefore, the

measurement time-frame was limited to < 10 minutes.

Figure 107 shows the current at a medium-sized top electrode for 1 pmol/l dopamine in
0.01 mol/I PBS at 3 measurements with 0.6 V oxidation potential. The interjected potential
switches to -0.1 V are not shown and were done for the equal time frame of 60 seconds.

Arrows indicate the start of the consecutive oxidation potential.
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Figure 107: Amperometric measurements of repeated oxidation current at a medium-sized top
electrode set to 0.6 V in 1 umol/I dopamine in PBS.
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The same measurement was repeated for a concentration of 10 pmol/I dopamine in PBS and

is shown in Figure 108.
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Figure 108: Amperometric measurements of repeated oxidation current at a medium-sized top
electrode set to 0.6 V in 10 umol/l dopamine in PBS.

For both concentrations, the second and third oxidation current reaches the same level as
before, 30 seconds into the measurement interval. This shows that the reaction rate for 1 and
10 umol/I dopamine concentration is the same and no electrode fouling can be detected with
this short time interval and the small dopamine concentration. At this concentration, the
current induced is in the range of 10** A and the background noise is visible. The concentration
was increased to 1 mmol/l dopamine in PBS and prolonged measurements with several

potential switches were tested.

Figure 109 shows the current at 1 mmol/l dopamine in 0.01 mol/I PBS at 6 measurements with
0.6 V oxidation potential. The first 2 intervals were 180 seconds each, the following intervals
were 60 seconds long. The interjected potential switches to -0.1 V are again not shown and
were done for the equal time frame. Arrows indicate the start of the consecutive oxidation

potential.
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Figure 109: Amperometric measurements of repeated oxidation current at a medium-sized top
electrode set to 0.6 V in 1 mmol/l dopamine in PBS.

At the concentration of 1 mmol/I dopamine in PBS, a constant decrease in current is visible
during the first oxidation reactions. After the reduction reaction at the electrode (not shown)
and a switch back to the oxidation potential, the current decreases further but starts initially
at a higher level. This can be explained with the creation of a local concentration of reductive
molecules due to the reversal of the potential. Right after the potential switch the number of
reduced molecules is highest near the electrode surface and results in the initially higher
current after the electrical double-layer formation. Nevertheless, the current at the electrode
decreases over several oxidation periods with the concentration of 1 mmol/l dopamine, which
constitutes a decrease in sensitivity or electrode fouling and a desorption could not be

initiated.
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The development of electrochemical sensors for sensing of dopamine was successfully

achieved in this thesis. This chapter contains the assessment of the presented results.

The design of the sensor on the basis of a MEA proved to be convenient and feasible for the
production of working sensor arrays. Central electrode positioning, shape and dimensions,
pore size and a layout for batch processing allowed a fairly efficient production of the sensor

by microtechnological methods, once the procedural obstacles were overcome.

The chosen materials and techniques, in combination with the design, allowed the successful
production of working redox-sensor arrays with closely spaced electrodes in a 3-dimensional
arrangement. The construction of pore channels between the electrodes with a 5 um diameter
proved to be an effective method to increase the top electrode surface area and at the same
time provide spatial confinement for the redox-active molecules to enhance the sensitivity
and efficiency of the sensor. The functionality of the designed sensor could successfully be
established in electrochemical measurements of cyclic voltammetry and amperometry, where
the 3D electrode arrangement and pore-channel effect on the redox-cycling of potassium
hexacyanoferrate(ll) was reflected in a variation of the generated oxidation and reduction
current. A very high cycling efficiency for the bottom electrode set to the generating and the
top electrode to the collecting potential for oxidation and reduction reactions could be
confirmed. Next to the geometry-effect of the pore channel, a size-effect could be shown for
the 3 electrode sizes of 500, 250 and 100 um electrode diameter, which resulted in a size-
dependent redox-current. The concentration-dependent sensitivity to redox-active molecules
was investigated for a one-electron transfer reaction down to 1 mmol/l potassium
hexacyanoferrate(ll) and clearly showed the concentrations reflected in the redox current.
Generally, a very high cycling efficiency in the range of 84 to 99 % could be established, with
the electrode size reflected again and the best results achieved by the large electrodes for the
inter-electrode passivation of 400 nm. The decreased inter-electrode distance of 300 nm even
showed a cycling efficiency on a large electrode of 100 % for 0.01 and 0.05 mol/I potassium
hexacyanoferrate(ll). The main source of error was found to be the alignment error between
the bottom and top electrode, resulting in a significant deviation of reactive surface area for
the electrodes and thus a varying performance for electrodes of the same size, with the large

electrode showing the lowest and the small electrode the largest alignment errors. This made
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a significant comparison of the performance of same-sized electrodes unfeasible and the main
systematic error overshadows the systematic measurement errors of setup and solution

preparation.

The established fluidic setup allowed the successful performance of amperometric redox-
measurements on dopamine in solution, provoking an immediate reaction to changes in the
presence of dopamine molecules at the electrodes. The detection limit for the sensor array in
the fluidic measurement was found to be 10 umol/l dopamine in PBS solution. Despite the flux
of fluid over the electrode array and the obvious flushing of the pore, the detection of
previously generated, oxidized molecules from the bottom at the top electrode was
measurable in reduction current, which proved the fluidic measurements as feasible despite

the lack of complete control over the fluid flow by the control unit.

The cultivation of dopamine-releasing PC12 cells on the sensor arrays could successfully be
established and allowed the in-vitro detection of physiological dopamine by amperometric
measurements. A homogenous and dense cell layer could not be established over the
complete electrode array, which made a comparison between currents of same-sized
electrodes unfeasible due to the variation in cell concentration on different electrodes and
the resulting variation in locally released dopamine molecules. Despite the unfavorable
conditions during the measurement, the dopamine release could be induced by KCl as well as
dopamine in solution and the redox current could be recorded for the physiological dopamine
concentration as well as an L-Dopa-augmented concentration by loading the PC12 cells with
the precursor for dopamine. The developed sensor allows the distinction between KCI-
induced and dopamine-induced dopamine release in the reflected redox current as well as the
measurement in cultivation medium. In addition, the repeated dopamine release by PC12 cells
could be recorded also. The concentration-dependence as well as the electrode-size-

dependence of the redox current was reflected again in the in-vitro measurements.

A modification by nanosphere lithography allowed the successful sensor production in a
complicated top-down micro- and nano-technological production process by performing
several intricate consecutive process steps and severe etching processes. The NSL could
successfully be applied after a functioning surface coating of the spheres was determined and
the deposition was successfully established, resulting in close-packed monolayers on the top

electrodes of the standard sensor array. The deposition of amino-coated polystyrene
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nanospheres by spin-coating yielded favorable results compared to the interface self-
assembly method. RIE and IBE could effectively be adapted for the creation of nanopores with
median diameters between 202 and 141 nm. After the alighment error was eliminated by a
reduced diameter of the top electrode, electrochemical measurements successfully showed
the creation of nanopores in electrochemical measurements and the creation of working
nanopore-electrodes could be confirmed in redox cycling measurements. However, the
sensitivity of the sensor array could not be increased compared to the standard design and all
working nanopore-electrodes showed a significant decrease in redox current yield. Since the
increase in sensitivity has been generally proven for nanopore designs, these results are
attributed to the production process and likely an unseen reduction in reactive surface area

of the electrodes.

The sensor modification towards a flexible sensor array was successfully accomplished by the
substitution of the rigid silicon nitrate with flexible polyimide as substrate and passivation
material. The production processes for the standard electrode array could effectively be
adapted to the polymer, which resulted in working sensor arrays with open pores in the top
electrode, an inter-electrode distance of approximately 460 nm and a functional passivation
of the electrodes. Electrochemical measurements confirmed the working design and
successfully showed the redox reactions on potassium hexacyanoferrate(ll) solution in
voltammetric as well as amperometric measurements. The redox current yield however was
significantly decreased compared to the rigid standard design, which was attributed to the RIE
process of polyimide. The oxygen-based RIE of polyimide covers the electrode surface with a
polymer residue, which cannot be removed afterwards and effectively decreases the reactive
electrode surface area. After the detachment from the carrier glass wafer further
electrochemical measurements confirmed the lasting stability of the flexible passivation but
showed even further reduction of the redox current yield. This change is assumed to be caused
by an increased resistance in the conductive material due to mechanical and tensile stress,

induced by the detachment process.

The known adhesion of oxidized dopamine derivatives on gold electrodes could not be shown
with the designed sensor array on medium-sized top electrodes for dopamine concentrations
of 1 and 10 umol/I. At an increased concentration of 1 mmol/l dopamine in PBS the decrease
in sensitivity could be observed but not reversed by a repetitive potential switch from oxidizing
to reductive potential.
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In conclusion, the successful production of a pore-based redox-cycling sensor with an inter-
electrode distance of 300 — 400 nm is possible and allows a sensitive and effective detection
of dopamine in solution as well as in physiological secretion. The established sensor represents
a progress in design and development towards a closed-loop stimulation and detection system

for the possible application in DBS.
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Based on the accomplished status and results in this thesis, this chapter gives a prospective

outlook on future developments and modifications of the established sensor array.

Since the quality of micromechanical processes not only depends on experience and
professional knowledge, but also a state-of-the art cleanroom environment and technology,
the developed sensor array would greatly profit from production at industry production
standards. The preliminary prototypes produced at the University of Tlbingen already
achieved a remarkable efficiency, which could be further increased by the elimination of such
nuisances like alignment errors and non-uniform illumination due to technological limitations.
With this, a closer electrode positioning, smaller than 300 nm inter-electrode distance, should
be possible, which should increase the efficiency and thus sensitivity in redox cycling

measurements and could generally result in more stable and durable arrays.

As for the materials chosen, implantability and biocompatibility have been kept in mind even
for the non-flexible prototype sensor array. In the past years, amorphous silicon carbide (SiC)
has been investigated as an insulation material as well as an adhesion promotor in
micromechanical technology and as an implantable coating. SiC can be deposited by PECVD
and has been found to be more stable than SisN4 as well as biocompatible [111] and could

further enhance the stability of the sensor array if used as passivation material.

In order to evaluate the sensor performance and to show the induced redox-cycling current
the electrochemical measurements were done so far with only one redox-active substance
present at a time. In physiological conditions, more than one redox-active substance is
present, like other catecholamine neurotransmitters or ascorbic acid, which can be oxidized.
Therefore, further measurements should be conducted with more than one electroactive
substance present in order to investigate the possibility of filtering the current of interest by

selecting a potential range or fast cycling times.

With regard to in-vitro measurements, the prolonged testing of the sensor with repeated
measurements could be performed with the cell or tissue culture in a cell observer unit, where
the array would be kept in physiological culture conditions for dopaminergic cell culture or

tissue slices. Here, an electrical stimulation via the top electrode could be tested as well.
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To enhance the sensor sensitivity by nanosphere lithography, the deposition of nanospheres
could be achieved more stable and reproductive by use of the Langmuir-Blodgett enhanced
dip-coating technique, where the nanospheres are forced to form a monolayer on an air-liquid

interface and are transferred to an immersed solid substrate.

The flexible sensor array based on polyimide is mainly impeded by the RIE process to
selectively remove the polyimide. The RIE process is well suited for bulk structuring of
polyimide but has to be adjusted and perfected in order to eliminate the carbonized residue,
which can be achieved by an oxygen - sulfur hexafluoride (SFs) gas combination with the
corresponding settings [107]. Further, the poor adhesion of polyimide to metal and glass could
be overcome by PECVD SiC, which has been shown to be a very good adhesion promotor for

polymers [112], [113].

The electrode fouling due to adhesion of oxidized dopamine derivatives like dopaminechrome
has been a consisting problem for unprotected gold electrodes in electrochemical dopamine
detection and is the reason for extensive research in electrode coatings for implantable gold
electrodes. The electrically-induced reversal of the adhesive reaction with a resulting
desorption of the polymer deposit should further be pursued, since it might solve the

electrode fouling for implanted gold electrodes.

With the discussed refinements in mind, the designed sensor can be combined with the
established design of DBS electrodes and thus lead to a closed-loop system of
neurotransmitter detection and regulated stimulation. Such a concentration-dependent
stimulation method would further improve the therapeutic success of DBS in Parkinson's
desease, depression and related deseases and simultaneously become a tool for general

monitoring of the electroactive brain chemistry and advance the knowledge of brain function.
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