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Abstract

Microelectrode arrays (MEAS) have been shown as a successful approach for neuroscientists
to monitor the signal communication within the neuronal networks for understanding the
functionality of the nervous system. However, using conventional planar MEASs is shown to
be incapable of precise signal recording from neuronal networks at single-cell resolution due
to low signal-to-ratio (SNR). This thesis looks at developing an electronic platform that
comprises of zinc oxide nanowires (ZnO-NWSs) on MEAs as a future device to record action
potential (AP) signals with high SNR from human neuronal networks at single-cell
resolution. Specifically, | studied the controlled growth of ZnO nanowires with various
morphologies at exact locations across the substrate. | then investigated the biocompatibility
of ZnO nanowires with different morphology and geometry for interaction with human
NTera2.D1 (hNT) neurons. Finally, | examined the electrical characteristics of MEAs that
were integrated with ZnO nanowires and metal encapsulated ZnO nanowires in comparison
to the planar MEAs.

The hydrothermal growth of ZnO nanowires is thoroughly investigated as a technique
to allow synthesis of the nanowires at a low temperature (95°C) with a low cost and high
scalability that can also be applied on flexible substrates. The morphology of the ZnO
nanowires was varied (diameters of 20-300 nm, lengths of 0.15-6.2 um, aspect ratios of 6—
95 and densities of 10-285 NWs/pum?) by controlling the critical growth parameters such as
the precursor concentration (2.5-150 mM), growth time (1-20h) and additive
polyethylenimine (PEI) concentration (0-8 mM). The diameter and length of the ZnO
nanowires were increased by increasing the precursor concentration and growth time. Using
the standard precursor concentration of 25 mM, growth times of up to 4 h were found
effective for the active growth of the nanowires due to the consumption of the precursor ions
and precipitation of ZnO. The addition of 6 mM PEI to the growth solution was shown to
mediate the growth solution, allowing the extension of the nanowire growth to 20 h or longer.
The PEI molecules were also attached to the lateral faces of the nanowires that confined their
lateral growth and promoted their axial growth (enhanced aspect ratio from 12 +3 to
67 £ 21).

Standard photolithography techniques were also introduced to selectively grow ZnO

nanowires on exact locations across the substrates. The role of the ZnO seed layer geometry,



seed layer area and gap, on the growth of ZnO nanowires was also investigated. Despite
using the constant growth parameters (25 mM of precursor concentration with 4 h of growth
time) changing the seed line widths (4 pum—1 mm) and the gap between the seed lines (2 um—
800 um) resulted in the morphology of the nanowires to vary across the same substrate
(diameters of 50-240 nm, lengths of 1.2-4.6 um, aspect ratios of 9-34 and densities of 28—
120 NWs/um?). The seed area ratio of 50% was determined as a threshold to influence the
nanowire morphology, where decreasing the seed area ratio below 50% (by increasing the
adjacent gap or decreasing the seed layer area) increased the growth rate of the nanowires.

The biocompatibility of ZnO nanowires with human hNT neurons was investigated in
this work for the first time. The adhesion and growth of hNT neurons on the arrays of ZnO
nanowire florets were determined to be influenced by both geometry and morphology of the
nanowires. The growth of the hNT neurons was promoted by 30% compared to the control
Si/SiO2 substrate surface when ZnO nanowires with lengths shorter than 500 nm and
densities higher than 350 NWs/um? were grown. The hNT neurons on all nanowires were
also demonstrated to be functionally viable as they responded to the glutamate stimulation.

ZnO nanowires were shown to improve the electrical properties of the MEAs by
reducing the electrochemical impedance due to the increased 3D surface area. The ZnO
nanowires that were grown with 50 mM of precursor concentration for 4 h of growth time
lowered the impedance from 835 £ 40 kQ of planar Cr/Au MEAs to 540 £20kQ at a
frequency of 1 kHz. In contrast, the ZnO nanowires that were grown with PEI for 35 h
showed that despite the increased surface area by a factor of 45x the impedance was found to
be quite high, 2.25 £ 0.2 MQ at 1 kHz of frequency. The adsorption of PEI molecules to the
lateral surfaces of the nanowires was thought to behave as a passivation layer that could have

restricted the charge transfer characteristics of the ZnO-NW MEAs.

Encapsulation of the pristine ZnO nanowires that were grown with standard precursor
concentration of 25 mM for 4 h of growth time with different metallic layers (Cr/Au, Ti and
Pt) further improved the electrical characteristics of the MEAs. The ZnO nanowires that were
encapsulated with a 10 nm thin layer of Ti and Pt achieved the lowest electrochemical
impedance of 400 + 25 kQ at 1 kHz in this work. The robustness of the Ti encapsulated ZnO
nanowires were also improved in comparison to the PElI ZnO nanowires. The improved

electrochemical characteristics and mechanical stability of the MEAs integrated with metal



encapsulated ZnO nanowires have shown a great promise for improving the SNR of

recording signals from neuronal cells for long term measurements.

This work concludes that both pristine ZnO nanowire MEAs and metal encapsulated
ZnO nanowire MEAs will be capable of recording AP signals from human neuronal networks
at single-cell resolution. However, further optimisation and extensions of the work are

required to record AP signals from human neuronal cells.
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Chapter 1
Introduction

A microscale ZnO brain that is thinking about treating neurological disorders.

1.1 Motivation

Neurological disorders are one of the most common diseases among people worldwide.
According to the World Health Organization (WHO) of the United Nations [1,2], around one
billion people globally suffer from neurological disorders, ranging from Alzheimer’s and
Parkinson’s disease to epilepsy and stroke. Subsequently, neuroscience has been a significant
subject of research over recent years to study the nervous system thoroughly for treating
neurological disorders. Advancing knowledge in neuroscience requires a better understanding
of the communication and processing mechanisms that take place in neuronal networks. Over
the last few decades, a large number of researchers have made efforts to develop such a
technology that can precisely monitor communication through a neuronal network down to a
single-cell resolution. The development of such a technology would enable neuroscientists to
better understand the mechanisms of neuronal networks that are responsible for human
learning, memory, sending and functioning. The obtained understanding can then be utilised

1



CHAPTER 1. INTRODUCTION

for treating neurological disorders such as Alzheimer’s disease [3], Parkinson’s disease [4],

epilepsy [5], hypoxic ischemia [6] and stroke [7,8].

The complexity of the brain, as well as the limited accessibility and lack of freedom in
the invivo experiments, make invitro experimentation more valuable [9]. Invitro
experimentation simplifies the complexity of the process by running a controlled experiment
on a brain slice or a culture of dissociated neurons. New devices/technologies for neuronal
applications should primarily be evaluated invitro. The invitro studies can also yield
valuable information about the physical configuration and biological environments for the
interaction of the neurons with the devices [10]. The knowledge gained from the in vitro
experiments can then be extended for solving in vivo problems. This work aims to develop a
new device that allows neuroscientists studying neuronal networks at single-cell resolution

in vitro.

The communication within the neuronal network in vitro can be monitored via various
techniques that can mainly be categorised into intracellular [11-16] and extracellular [17-24]
techniques. The conventional intracellular techniques insert an electrode/micropipette inside a
neuron body for measuring the transmembrane voltage across the neuron. The intracellular
techniques can record neuronal signals with high amplitudes in mV range from individual
cells, but they are limited to short term monitoring of very few neurons due to their physical
constraints and invasiveness to the neurons [25]. Extracellular techniques usually apply
microelectrode arrays (MEAS) to measure ionic currents of a neuronal cell membrane that
correspond to the action potential signals (APs). In contrast to the intracellular techniques, the
extracellular techniques are non-invasive and allow long-term measurements on a large
number of neurons [25]. However conventional extracellular techniques can only record
neuronal signals at low amplitude (0.1-5 mVpp [25]) with a low signal-to-noise ratio (SNR),
making them incapable of recording subthreshold synaptic potentials from neurons. Due to
the current limitation of both intracellular and extracellular techniques, there is a need for
further development of a device that allows monitoring of neuronal networks at a single-cell
resolution for an extended time. Since MEAs are capable of monitoring a large number of
neurons for a long time and have the potentials for high temporal and spatial resolutions,
MEAs have been the main subject of research and development in neuroengineering over

recent years.



1.2. THESIS OUTLINE

There already exists a number of commercial devices that apply extracellular
techniques for monitoring neuronal network communication in vitro. The CMOS-MEA5000-
System from Multi Channel Systems [26], BioCam 4096 from 3Brain [27], and MED64
system from Alpha MED Scientific [28] are the most commonly used MEA systems for this
purpose. Despite the ability of these devices to record from a large number of electrode sites
(maximum of 4225), they require higher spatial and temporal resolutions to detect

subthreshold synaptic potentials from neurons at single-cell resolution.

Recording AP signals from neuronal networks at single-cell resolution demands small
microelectrodes comparable to the neuronal cells. However, as the size of the electrodes
reduces, their impedance increases and their recording SNR decreases. Applying
nanomaterials is revealed to significantly improve spatial and temporal resolutions of MEAs
by increasing the surface area due to their 3D topology. Gold nanostructures [17,29-32],
carbon nanotubes (CNTs) [33-35], silicon nanowires (Si-NWs) [12,36,37] and platinum
nanowires (Pt-NWs) [15,38] are the most common nanomaterials that have been applied on
MEAs to improve their electrical characteristics as well as the spatial and temporal

resolutions for neuronal applications.

A more recent introduction to nanowire technology for neuronal applications has been
the introduction of zinc oxide nanowires (ZnO-NWSs), a natural n-type semiconductor,
commonly used in light-emitting diodes (LEDs) [39], solar cells [40-42], biosensors [43-45]
and piezoelectric devices [46-48] due to their excellent electronic and photoelectronic
properties. Other favourable properties of ZnO nanowires are that they can be grown via
hydrothermal synthesis, at a low temperature (below 100°C), with a low cost and high
scalability. ZnO nanowires can also be grown on flexible substrates, by using the
hydrothermal synthesis, that is ideal for both in vitro and in vivo biological applications [43].
Despite the great potentials of ZnO nanowires for integration with MEAs, Ryu et al. [49] are
the only group that recently used MEAs with ZnO nanowires for recording signals from rat’s
brain tissue (in vivo). Thus, it is desired to further study and develop the synthesis of ZnO

nanowires on MEASs due to their novelty in neuronal applications

1.2 Thesis outline

This thesis consists of 7 chapters with 3 results and discussion chapters on hydrothermal

synthesis of ZnO nanowires, the biocompatibility of ZnO nanowires with human hNT
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neurons, and characterisation of MEAs with ZnO nanowires. A breakdown of the thesis

chapters is presented below to outline the thesis content.

Chapter 2: Microelectrode arrays (MEAS)

Chapter 2 introduces microelectrode arrays (MEASs) as a technique for monitoring the
neuronal network in vitro. The literature of the MEAs are explored extensively to identify the
strength and weakness of different MEAs. The microelectrode-cell interface is also modelled
to determine the significant electrical parameters that need to be improved for recording
signals from the neuronal cells with high signal-to-noise (SNR). Furthermore, the
fundamental properties and synthesis approach of ZnO nanowires are explored that

demonstrates their suitability for integration with MEAs for neuronal applications.

Chapter 3: Experimental details

Chapter 3 describes the experimental processes and the characterisation techniques that were
applied throughout this thesis. The hydrothermal growth of ZnO nanowires and fabrication of
MEAs in different configurations are described as were utilised in the results Chapters 4-6.
Furthermore, the techniques that were applied for characterising the morphology,

biocompatibility, electrical properties and robustness of the samples are introduced in details.

Chapter 4: Selective growth of ZnO nanowires

Chapter 4 investigates the hydrothermal synthesis approach to control the morphology and
geometry of the ZnO nanowires. The influence of the hydrothermal growth parameters such
as the precursor concentration, growth time and additive polyethylenimine (PEI) on the
morphology of the nanowires are investigated. The geometry of the ZnO nanowires is
governed by controlling the location and area of the ZnO seed layer on the substrates. The
ZnO seed layer is also determined as a parameter that can control the morphology of the
nanowires as well as their geometry. The theory behind the hydrothermal growth kinetics is
also investigated to explain the influence of the hydrothermal growth parameters and the seed

layer on the morphology of the ZnO nanowires.

Chapter 5: Human Neurons on ZnO nanowire florets

Chapter 5 examines the biocompatibility of ZnO nanowires in the form of floret arrays with
human NTera2.D1 (hNT) neurons. The influences of the ZnO nanowire morphology and the

array geometry on the adhesion and growth of the hNT neurons are investigated. The

4
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localisation of the hNT neurons within the ZnO nanowire arrays is also examined showing
their interaction with individual ZnO nanowire florets. The adhesion and growth of the hNT
neurons are shown to be promoted on the short nanowires with high densities. Furthermore,
the hNT neurons are demonstrated to be functionally viable on the ZnO nanowire arrays as

they respond to the glutamate stimulation.

Chapter 6: ZnO nanowire microelectrode arrays (ZnO-NW
MEAS)

Chapter 6 investigates the integration of ZnO nanowires with microelectrode arrays (MEAS)
and characterise their electrical properties and robustness for compatibility in neuronal
applications. ZnO nanowires with different morphology are grown on MEASs, and their
electrical characteristics are examined through electrochemical impedance spectroscopy.
MEAs with ZnO nanowires reduced the electrochemical impedance as desired for recording
neuronal signals with high SNR, in comparison to the control planar Cr/Au MEAs. An
equivalent circuit is also applied to model the electrochemical impedance of the MEAs in
different configurations. ZnO nanowires are also encapsulated with different metallic layers
(Cr/Au, Ti and Pt) that further improved their electrochemical impedance as well as the

robustness stability that make them ideal for long term neuronal applications.

Chapter 7: Conclusion and future work

Chapter 7 summarises the key results of this thesis to highlight the suitability of ZnO
nanowires achieved in this work for neuronal applications. Future work extension of this

work is also discussed herein.
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Chapter 2
Microelectrode Arrays (MEAS)

An unknown iceberg that is a thousand times smaller than a hair. Maybe that is why some

politicians think that global warming is not very serious.

2.1 Introduction

This chapter studies the mechanisms that take place in the neuronal networks for the signal
communication between the cells and introduces the techniques that have been used for
recording these signals. The literature on the microelectrode arrays (MEAS) that have been
used for recording neuronal signals in vitro are reviewed extensively to identify their
weakness and strength. The interaction between the neuronal cell and the microelectrode is
also modelled to show how the signal resolution of MEAs can be improved. The fundamental
properties of zinc oxide nanowires (ZnO-NWs) are then studied, showing their potential for
integration with MEAs for neuronal applications. Furthermore, the techniques in the
synthesis of ZnO nanowires are studied that can be utilised in for the fabrication of MEAs

with ZnO nanowires in this work.
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2.2 Neuronal network communication

2.2.1 Fundamentals in neuronal network communication

The functionality of neuronal network communication is based on the propagation of signals,
known as Action Potentials (APs). Intracellular and extracellular environments of a neuronal
cell consist of abundant ions (mainly sodium (Na*), potassium (K*) and chloride (CI")) [50],
as shown in Figure 2.1 (a). When a neuronal cell is inactive, the concentration gradient of the
ions across the cell membrane results in a potential difference, known as the resting potential
(Vrest) [50]. The resting potential is typically in the range of =85 mV to —60 mV, e.g. =62 mV
for pyramidal neurons [51] as shown in Figure 2.1 (b), where excessive negative charges
exist inside the cell relative to the outside. Once an external stimulus is applied to a cell that
is strong enough to raise the membrane potential over a threshold value (Vinresh, €.g2. =53 mV
for pyramidal neurons [51] as shown in Figure 2.1 (b)), a signal depolarisation takes place.
The depolarisation causes ion channels of the cell membrane to open for the passage of
specific ions, as shown in Figure 2.1 (a). As a result, the potential difference across the cell

membrane rapidly rises to about +30 mV [25,52] and then falls back to the resting potential

b __ Subthreshold __ Suprathreshold
(a) ( ) current injection depolarising current

Extracellular Fluid 1nA

1ms

Figure 2.1. (a) Schematic showing the ion concentration inside and outside of the neuronal cells. The
ion channels are embedded transmembrane proteins that allow selective passage of specific ions:
sodium (Na*), potassium (K*), chloride (CI"), and other anions (A~, e.g. phosphate). The intracellular
of the neuron (cytosol) is negatively charged relative to the extracellular space at the inactive state
(resting). (b) Action potential (AP) of a rat hippocampal pyramidal neuron that was evoked by the
injection of a suprathreshold depolarising current (purple), while the subthreshold current injection
(red) did not result in firing an action potential. The neuronal cell had a resting potential (Vrest) of
—62 mV and a threshold potential (Viresh) of about =53 mV. The figure (b) is modified from [51].
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(repolarisation) at a frequency of 800-3000 Hz (typically at 1 kHz) [35], as shown in Figure
2.1 (b). The generated AP can then propagate along the neurites towards the other neurons for

transmission of the signals within the neuronal network.

2.2.2 Intracellular vs Extracellular techniques

Monitoring of the neuronal communication can be conducted by various techniques that can
be categorised into intracellular [11-16] and extracellular [17-24] approaches, as shown
schematically in Figure 2.2. The conventional intracellular technique inserts an electrode or
micropipette inside a neuron body to measure the transmembrane voltage across the neuronal
cell, as shown in Figure 2.2 (a). The extracellular technique applies a device, e.g.
microelectrode as shown in Figure 2.2 (b), to measure the variation in the ionic current of the

cell membrane.

(a) Patch-Clamp (b)

Neuron Neuron

Junctional Membrane

Microelectrode

<ij : Substrate

Figure 2.2. Schematics of intracellular and extracellular signal recording techniques. (a) Using a
patch-clamp to measure the intracellular voltage variation of the neuron. (b) Using a microelectrode to

measure the ionic current variation of the neuronal cell membrane. Reproduced from [25].

The intracellular techniques provide an excellent electrical coupling with the cells that
can record signals with high accuracy, in tens of millivolt range [53]. However, the technique
is limited to a very few individual neurons due to the physical constraints. Furthermore, the
duration of the intracellular recording is limited by mechanical and biophysical instabilities
[25]. In contrast, extracellular techniques such as microelectrode arrays (MEAS) can monitor
a large number of cells for a long time. However, the AP signals that can be recorded from
outside of the cells by the extracellular techniques are low in amplitude, typically in the
microvolt range [25]. The extracellular techniques are, therefore, incapable of recording sub-
threshold synaptic potentials from neurons due to the inaccessibility to the intracellular parts

of the cells and the low signal-to-noise (SNR) ratio. Development of MEAs that enable signal
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recording of a large number of neurons at single-cell resolution with high SNR for a long
period of time would be an ideal solution to allow further understanding of neuronal cells and

their electrical signal propagation.

2.3 Microelectrode arrays (MEAS) in literature

In this section, a summary of the literature on microelectrode arrays that have been developed
to date is reviewed extensively to determine the strengths and weaknesses of MEAs. The
knowledge gained from this review is then used for the work conducted in this thesis. In this
regard, MEAs with both planar configurations and with integrated nanomaterials are
reviewed. An electrical model is also provided to understand how the coupling between a

neuronal cell and a microelectrode can be improved to record signals with high SNR.

2.3.1 Planar MEASs

The first substrate integrated microelectrode array was created by Thomas et al. (1972) to
measure signals from dissociated chick myocytes [54]. Eight years later, Pine et al.
(1980) [55,56] reported the first successful recording from single neurons by using gold
platinised microelectrodes. Since then, a large number of researchers and scientists were
investigating MEAs for monitoring signal communication within neuronal networks. They
have mostly applied silicon (Si)[12,17,33,37,57-63] and glass [15,21,35,54,64-66]
substrates for the fabrication of MEAs. Gold (Au) [12,17,21,22,29,54,58,62,67—70], platinum
(Pt) [18,61,65,71-73], titanium (Ti) [33,74], indium tin oxide (ITO) [64], and silver (Ag) [59]
are the most common materials used as electrodes in MEAs due to their electrical
characteristics, corrosion resistance and biocompatibility.

Table 2.1 summarises characteristics of literature that utilised planar MEA for
recording signals from neurons. The planar MEAs were demonstrated to be capable of
recording AP signals from neurons with signal amplitudes of up to 3 mV and SNR of
100 [70,75,76]. However, a coating layer of platinum black (Pt black) has typically been
applied on the planar MEAs through a platinisation process to increase the effective surface
area of the electrodes. Coating planar MEAs with Pt black has shown to reduce the
impedance of microelectrodes by a factor of up to 150 [69] that subsequently improved the
recording SNR. Reger et al. [64] showed that using ITO microelectrodes coated with PT

black could record AP signals with a maximum SNR of 500 from large invertebrate neurons.
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Table 2.1. Summary of planar MEA specifications in literature.

Electrode Coating No. Impedance at  Recorded signal Electrode .
Year Ref. Substrate . ) SNR Testing cells
material layer electrodes 1 kHz amplitude area
Dissociated
1972 [54] Glass Au Pt black 30 N/A 20—1000 pV 7 um (sq) N/A )
chick neurons
) Isolated snail
1977 [70] N/A Au N/A 36 N/A 3mv 10 um (dia)  N/A
neurons
1980 [67] Fibrous collagen Au Pt black 16 N/A 50 vV 10 um (sq) 5-15 Rat superior neurons
1989 [64] Glass ITO Pt black 61 500 kQ 2-3mV 12 um (dia) 500 Invertebrate neurons
1990 [22] N/A Au Pt black 64 0.1-1 MQ 100-400 pVv 8 um (sq) N/A Chick myocytes
1994 [21] glass Au Pt black 60 400 kQ N/A 10 um (dia)  N/A N/A
. 35— Rat hippocampal
1999 [58] Silicon Au Pt black 16 48 kQ 144 pv 8 um (sq)
70 neurons
. Rat hippocampal
2004 [24] Fusedsilica Au Pt black 124 0.3-1.0 MQ 50250 pVv 5 um (sq) 10
neurons
Rat hippocampal
2007 [77] Glass Au Pt black 32 112 kQ 50 pv 10 um (sq) 5
neurons
. ) Rat hippocampal
2008 [69] Si/SiO; Au Pt black 60 25+ 3kQ 15-75 pv 10 um (dia)  5-25
neurons
Flexible . .
2010 [75] Au N/A 11 0.01-1 MQ 5-100 pVv 30 x 100 um  N/A Rat hippocampal slice
polymer, PDMS
2012 [78] Glass ITO Pt black 64 100 kQ 50—150 pVv 30 um (sq) 5-15 Mouse cortical neurons
Borosilicate )
2014 [76] | Pt N/A 64 200 kQ 3mV 12 um (dia) 100 HL-1 cells
glass

(dia): diameter of the circular electrode, (sq): width of the square electrode, (N/A): not available/stated
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The recording SNR of planar MEAs is often low due to the high impedance of the
microelectrodes. Although some literature has shown the capability of recording AP signals
with high SNR by planar MEAs, this can be attributed to the relatively large physical size of
the cells that have been used in these studies and the fact that the neighbouring cells (i.e. of
the brain slice/tissue) could have affected these measurements. While small microelectrodes
are required for monitoring neuronal networks at single-cell resolution, the impedance of
electrodes increases as the size reduces. The high impedance of the small planar
microelectrodes makes them blind to the action potentials with low amplitudes. Advances in
MEAs are, therefore, required to improve their electrical characteristics desired for
monitoring signal communication within the neuronal networks at single-cell resolution with
high SNR. In the next section, the coupling of a planar microelectrode with a neuronal cell is
modelled to demonstrate how MEAs can be modified to record neuronal signals with high
SNR.

2.3.2 Microelectrode-cell coupling

The interaction of a neuronal cell with a microelectrode for recording AP signals was
modelled by a passive electrical circuit, as shown in Figure 2.3. The modelled
microelectrode-cell configuration consists of three main sections; microelectrode, neuronal
cell, and a gap of 40—100 nm (cleft) between the cell and the microelectrode made by the
existing protein of the cell membrane [79]. The membrane of the neuronal cell can be
separated as the junctional membrane that faces the microelectrode (represented by the green
line in Figure 2.3) and the non-junctional membrane elsewhere (represented by the red line in
Figure 2.3). The electrical behaviour of the cell membrane can subsequently be modelled as a
parallel resistor and capacitor [25], where R; and C; represent the junctional membrane
resistance and capacitance, respectively, and Rn; and Cp represent the non-junctional
membrane resistance and capacitance, respectively. The interface of the microelectrode in the
solution (cell culture) can also be electrically modelled by a parallel resistor and capacitor,
Ree and Cee, respectively [50]. The conduction through the metallic microelectrode is
represented by a series resistor (Re). The adhesion of the neuronal cell to the microelectrode
can be modelled by a sealing resistance (Rseal) that is associated with the current leakage from
the cell through the cleft to the culture solution. A high Rseal can represent a tight coupling
between the cell and the microelectrode resulting in a low current leakage [80]. The signal
loss from the cell through the cleft to the microelectrode can also be affected by the spread
resistance of the solution (Rspred) [80].

12
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Non-junctional
Membrane

Junctional Membrane
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- Rseal {
Ree Cee
i Microelectrode
| T
Vout i NN Substrate
It

Figure 2.3. The equivalent electrical circuit of a planar microelectrode coupling with a neuronal cell.
The electrical circuit comprised of passive components: microelectrode resistance (Re),
microelectrode-electrolyte resistance Re. and capacitance (Cee), spread resistance of the culture
solution (Rspread), Sealing resistance (Rsear), junctional membrane resistance (R;) and capacitance (C;),
non-junctional membrane resistance (Rn) and capacitance (Cy;), action potential signal (AP), and

recording output signal (Vou). Cleft represents the gap between the cell and the microelectrode.

The influence of the critical electrical parameters associated with the coupling of the
microelectrode and the cell (i.e. Ree, Cee, Rspread, aNd Rsear) Ccan be simulated by varying their
values individually while the other parameters are fixed to their typical values, as shown in
Table 2.2. The values of all electrical parameters were defined from the literature; however,
the values of the Ree, Cee, Rspread, and Rseai parameters were chosen in such a way that the

influence of the simulating parameters became more apparent.

Table 2.2. Parameters used for electrical modelling of the microelectrode-cell coupling

AP signal Rj Cj Rnj an Rspreadb Rsealb Reeb Ceeb Re
100 mVp?  1GQ  0.1pF 100MQ 100 pF  12kQ 100 MQ 1TQ 1nF 100 Q
[50,51] [25]  [25] [25] [25] [80] [25,80] [2581] [2581] [81]

apeak-to-peak amplitude of the action potential signal at the neuronal cell.

bParameters that varied for the electrical simulation of the microelectrode-cell coupling.
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Figure 2.4 (a)—(d) show the influence of the Ree, Cee, Rspread, aNd Rseal parameters on
the recording signals by the microelectrode. The coupling factor was determined as the
proportion of the signal amplitude recorded by the microelectrode to the action potential
amplitude, i.e. 100 mVpeak-to-peak, OF the neuronal cell. The action potential that was elicited at
the neuronal cell consisted of a resting potential of =62 mV, a threshold potential of =53 mV,
depolarisation to a peak of +30mV, and repolarisation to —70 mV, as previously

demonstrated for a rat hippocampal pyramidal neuron in Figure 2.1 (b).

Reducing the impedance of the microelectrode-electrolyte at the cleft, i.e. reducing
Ree Or increasing Cee, can increase the coupling factor by 8%, as shown in Figure 2.4 (a) and
(b), respectively. The Ree of less than 1 MQ and the Cee Of higher than 1 nF are shown to
allow recording signals with high SNR. The microelectrodes are therefore required to be
fabricated from materials that have high charge transfer characteristics (low electrochemical

Ree) With high surface area (high Cee).

The culture solution of the cells is required to have a high conductivity
(Rspread < 1 MQ) that allows passage of the AP signal current to the microelectrodes with
minimum distortion, as shown in Figure 2.4 (c). Furthermore, the tightness of the contact
between the cell and the microelectrode, as determined by Rsea, plays a vital role in the
quality of recording signals. Figure 2.4 (d) shows that increasing the Rseal to 10 MQ or higher
can improve the coupling factor by 35%. As a tighter contact is provided between the cell and
the microelectrode, the AP signal is less dissipated through the medium and therefore signals
with higher amplitudes can be recorded by the microelectrodes. Thus, the microelectrode
devices are required to be made of materials with a configuration that can adhere tightly to

the neuronal cells (small cleft) for recording signals with high SNR.
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Figure 2.4. Electrical simulation of the microelectrode-cell coupling. The coupling factor was
determined as the proportion of the signal amplitude recorded by the microelectrode to the action
potential amplitude of the neuronal cell, i.e. 100 MVpeak-to-peak- (8)—(d) show the influence of the
microelectrode-electrolyte resistance (Re.) and capacitance (Cee), spread resistance of the solution
(Rspread), and sealing resistance (Rsear) On the coupling factor, respectively. The simulation has been
done in LTspice (Linear Technology) simulation software using the circuit shown in Figure 2.3 and

varying a single parameter at a time while the other parameters were maintained constant.

2.3.3 Nanomaterial MEAs

The idea of applying nanomaterials on planar microelectrodes for improving the
microelectrode-cell coupling has attracted a lot of attention over recent years. Many
researchers have made efforts on the synthesis of nanomaterials on microelectrodes in order
to improve their electrical characteristics for recording signals from neuronal cells. Thus far,
the common nanomaterials that have been utilised for this purpose are gold (Au)
nanostructures [17,29-32,82,83], carbon nanotubes (CNTSs) [33-35,61,66,84,85], silicon
nanowires (Si-NWs) [12,36,37,63,86], platinum nanowires (Pt-NWs) [15,38], and ZnO
nanowires (ZnO-NWs) [49,68]. The specifications of the significant nanomaterial MEAS in

the literature are summarised in Table 2.3.
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Table 2.3. Summary of nanomaterial MEA specifications in literature.

. Base Nanomaterial Impedance  Recorded Electrode .
Nanomaterial Year Ref. Substrate . ] ] SNR Testing cells
electrode size? at 1 kHz signal diameter®
Si/SiOy, © 10—
Au nanowires 2007 [31] ) Au & 1_0 Lo 500 kQ N/A 50 pum (cir) N/A Brain tissue
s Aplysia, NIH/3T3,
) ) Si/SiOy, @: 800-1,800 nm 0.75-1.25 pym
Au microspine 2009 [30,62,82] Au N/A 0.1-25 mV ) 9+5 CHO, PC-12, H9C2
glass L: 1,500 nm (cir)
cells
@: 5,000 100- . 10— .
Au nanoflakes 2010 [32] Glass Au 26.7 kQ 5-50 pm (cir) Rat hippocampal
50,000 nm 300 pv 30 neurons
. o @: 60 nm ] Cardiac myocytes
Au nanopillars 2011 [17] Si/SiO; Au L: 300400 nm 350 kQ 1.5mVv 20 pm (cir) 223 (HL-1)
@: 4-200 nm Qi
Au nanopillars 2014 [29] Glass Au L: 4,000- 13-360 kQ 1 2' v 30 pum (cir) N/A  Rat cortical neurons
2m
22,500 nm
Human
) . 600x increased )
Pt nanowires 2011 [38] Silicon Pt 2kQ N/A 120 pm (cir) N/A  neuroblastoma (SH-
surface area
SY5Y)
) @: 150 nm 100- 45—  Cardiac myocytes
Pt nanopillars 2012 [15] Quartz Pt 6 MQ 5-10 um (sq)
L: 1,500 nm 200 pv 9 (HL-1)
Si microprobes with o o @: 2,000 nm ) Retinal ganglion
) 2004 [37] Si/SiO, Ni/Si 300-500 kQ 100 pv 20 pm (cir) N/A
Au tips L: 60,000 nm cells
Si/SiO2 nanowires @:150 nm . Rat cortical neurons,
- ) 2012 [12] SOl Au N/A 4 mV 50 pum (cir) 100
with Ti/Au tips L: 3,000 nm HEK93 cells
Vertically aligned 2006 [34] Glass P-doped @: 30-50 nm 3-4 kQ N/A 30 um (sq) N/A Rat hippocampal
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. Base Nanomaterial Impedance  Recorded Electrode ]
Nanomaterial Year Ref. Substrate . ] ] SNR Testing cells
electrode size? at 1 kHz signal diameter®
MW-CNTs poly-silicon neurons
MW-CNT islands 2007 [33] Si/SiO; TiN @: tens of nm 1.1-10 kQ 1.2 mV 80 um (cir) 135 Rat cortical neurons
@: 10-25 nm
) PC12, 42MG-BA,
SW-CNTs 2008  [65,85] Glass Pt L: 1,000- 20 kQ 210 pv 40 pm (cir) 21
3T3, HEK-293 cells
1,500 nm
MW-CNTs
o . @:9.5nm ) )
functionlised with 2014 [35] Glass Au P 19 kQ 160 pv 50 um (cir) N/A  Rat cortical neurons
: 1,500 nm
carboxylic acid
CNTson 3D o 25 30 200 um (sq)
:25-30 nm
pyramid-shaped Si 2016 [61] Si Pt 14kQ N/A withtipsof ~ N/a  Mouse neuroblast
I . L: 600 nm ) cells
with tips of Ti/Pt 2 um (cir)
Carbon nanofiber Carbon @: 23,600 nm . .
2016 [66] Quartz ) 25 kQ 50 uv 30 pum (cir) N/A  Rat cortical neurons
(CNF) film L: 20,700 nm
ZnO nanowires with )
Flexible @: 55 nm HEK?293 cells, rat
Cr/Au/PEDOT 2017  [49,68] o Au 520 Q 700 pv 800 um (sq) N/A )
polyimide L: 3,500 nm brain

encapsulation

a@: nanomaterial diameter, L: nanomaterial length/height

b(cir): diameter of the circular electrode, (sq): width of the square electrode

(N/A): not available/stated
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Gold (Au) is the most common electrode material used in MEAs due to its high
conductivity, corrosion resistance, chemical stability, non-oxidation properties, and
biocompatibility making it ideal for neuronal applications [87-89]. However, the impedance
of plain gold electrodes increases when gold microelectrodes with small size are made. Ganji
et al. [90] previously demonstrated that reducing the diameter of gold microelectrodes from
2 mm to 2 um resulted in a significant increase of the electrochemical impedance from 1 kQ
to 1 MQ at 1 kHz of frequency. In this regard, gold nanostructures in the form of nanowires
[31,87], nanopillars [17,29], nanoflakes [32], and microspines [30,62,82] were applied to
increase the 3D surface of the gold microelectrodes. As a result, the impedance of MEAs was
reduced by a factor of up to 89.5 when gold nanopillars with a high aspect ratio (> 100) were
used, compared to plain gold microelectrodes with impedance of 1.17 MQ at 1 kHz of
frequency [29]. The impedance reduction can also reduce the thermal noise originating from

the electrode impedance and increase the SNR of recording action potentials [32].

Silicon is one of the most common elements in the universe that can compound with
many other elements (e.g. oxygen, hydrogen, carbon) and form in a diverse range of
structures. Among various forms of silicon, silicon nanowires (Si-NWs) are ideal
nanostructures for neuronal applications due to their high surface to volume ratio [91] and
biocompatibility properties [92,93]. Kawano et al. [37] previously developed a silicon-
microprobe by a vapour-liquid-solid (VLS) technique using catalytic-Au dots. The Si-probe
was then encapsulated with a SiO> layer, and its tip was covered by a gold layer to reduce the
probe impedance, 100-500 kQ at 1 kHz. The achieved Si-probes were 2 um wide and 60 pm
long, which were able to penetrate a retinal tissue to record signals from the ganglion cells,
50 pm below the front surface of the tissue. A different design made by Robinson et al. [12]
consisted of vertical Si nanowires encapsulated with SiO> shells and capped with Ti/Au tips.
Nanowires with diameters of 150 nm and heights of 3 um were achieved by using the top-
down method that resulted in a tight sealing between the cells and the nanowires with a
sealing resistnace of 100-500 MQ. Consequently, action potentials with high amplitudes of

4 mV and SNR of 100 were achieved to be recorded from the rat cortical neurons.

Carbon nanotubes (CNTs) have been a nanomaterial of interest in nanotechnology
applications since their discovery in 1991 [94], due to their outstanding physical and
electrical properties. Over recent years, CNTs have been an attractive subject in the
development of MEAs for neuronal applications due to their biocompatibility
[34,65,66,84,95], physical properties (high strength and flexibility [34]) and electrochemical
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properties [34]. Gabriel et al. [85] found that synthesis of single-walled CNTs on MEASs can
reduce the impedance of Pt and Pt-black microelectrodes from 600 kQ and 200 kQ to 20 kQ
at 1 kHz of frequency, respectively. Furthermore, Gabay et al. [33] demonstrated that an SNR
as high as 135 could be achieved for recording action potentials from rat cortical neurons by

applying CNTs as an island on the microelectrodes.

Thus far, Ryu et al. [49,68] are the only group who have applied ZnO nanowires on
MEAs in 2017 for recording neuronal signals from a rat brain in vivo. They have fabricated
Cr/Au microelectrodes with ZnO nanowires on top of flexible polyimide substrates. Since
ZnO nanowires are semiconductors with relatively low conductivity, another layer of Cr/Au
has been sputter coated on the nanowires that fused with the underlying Cr/Au
microelectrodes. ZnO/Cr/Au nanowires were further coated with a layer of poly-
(3,4ethylenedioxythiophene) (PEDOT) to improve their biocompatibility. Due to the porous
surface structure of the PEDOT coating layer, the effective surface area and the charge
capacity of the nanowires was increased that reduces their impedance furthermore. As a
result, the impedance reduced from 17.9 kQ of the planar gold microelectrode to 520 Q at the
frequency of 1 kHz and increased the charge capacitance from 0.016 pC to 18.048 uC [49].

In this work, ZnO nanowires are proposed as a good candidate for the active
nanomaterial on MEAs for invitro neuronal applications. While other nanowires have
successfully been used in the neuronal applications, it is difficult to vary their morphology
and topography over a wide range of parameters to study their influence in neuronal
applications. In part this is due to the complexity of their fabrication processes such as
chemical vapour deposition (CVD) including vapour-liquid-solid growth (VLS) [37] and
vapour-solid-solid  growth (VSS) [63,86], electrochemical deposition [17,31,32],
electroplating [29,30,82,83] or dispersion [35,84,85]. All of those methods require fine
tuning, sometimes complex hardware, and often need to be carried out at high temperatures,
making integration with pre-existing MEA structures challenging. In contrast, ZnO nanowires
can largely benefit from their hydrothermal growth, where ZnO nanowires with various
morphology and topography can easily be grown and the fabrication process can easily be
carried out on prefabricated MEAs with Au electrodes. Here, | am focusing on the techniques
to grow and control the morphology of the ZnO nanowires to understand how they may be
applied for recording neuronal signals from human neuronal cells. In the next section, the

properties of the ZnO nanowires that make them suitable for neuronal application is studied,
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and the appropriate synthesis techniques that can be utilised for the fabrication of ZnO-NW
MEAs are introduced.

2.4 ZnO nanowire MEASs

2.4.1 Fundamental properties of ZnO nanowires

Zinc oxide (Zn0) is a group I1-VI semiconductor with a direct wide bandgap of 3.44 eV and
a high free exciton binding energy of 60 meV at room temperature ideal for electronic and
optoelectronic applications [96,97]. The wide bandgap of ZnO allows high temperature and
high power operation with low noise generation [98]. The bandgap 3.44 eV also corresponds
to the wavelength of 360 nm (ultraviolet) that makes ZnO transparent within the visible
spectrum [97]. ZnO crystals are typically formed in a hexagonal wurtzite structure, as shown
in Figure 2.5, although both rock-salt (or Rochelle-salt) and zinc-blende crystal structures are
also possible to form if grown under high pressure [98,99]. The wurtzite crystal structure of
ZnO involves planes of Zn?* (0001) and O? (0001) along the c-axis direction as polar faces
(c-faces), (1010) and (1120) planes as non-polar faces (m-face and a-face). The lattice
constants of ZnO crystal structure are a = 3.25 A and ¢ = 5.2 A [100].
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Figure 2.5. Wurtzite crystal structure of ZnO with lattice constants of a = 3.25 A and c¢= 5.2 A. Polar
faces of Zn?* and O? are along the c-axis [0001] and non-polar faces are along the m-axis [1010] and
a-axis [1120]. Modified from [100].
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ZnO can be formed into one-dimensional (1D) nanostructures ranging from nanowires
(or nanorods) to nanotubes and nanobelts [43]. In recent years, ZnO nanostructures have
readily been used in light-emitting diodes (LEDs) [39], solar cells [40-42,101,102],
biosensors [43-45] and piezoelectric devices [46-48] due to their excellent electronic and
optoelectronic properties as well as ease of fabrication. Furthermore, ZnO is a biocompatible
and biodegradable material that makes it ideal for medical and biological applications [103—
105]. ZnO nanostructures are typically synthesised via a vapour phase transport (VPT)
technique or a hydrothermal phase method [106]. The VPT technique applies a high
temperature process, typically chemical vapour deposition (CVD), to grow ZnO
nanostructures on a rigid substrate. In contrast, the hydrothermal approach benefits from its
low cost, low temperature synthesis (below 100°C), scalability and the ability to grow on
various substrates including inorganic and organic flexible substrates [43,107,108]. For these
reasons, the hydrothermal approach is, therefore, chosen for fabrication of ZnO nanowires on

microelectrodes in this work.

2.4.2 ZnO nanowire hydrothermal growth

The hydrothermal synthesis applies a solution of precursors at a low temperature (below
100°C) that goes through a chemical reaction to form ZnO crystals. The morphology of the
ZnO nanowires is typically governed by controlling the hydrothermal growth parameters
such as ZnO seed layers [109-114], precursor concentration [43,115-117], growth time
[115,118,119], growth temperature [118,120], solution pH [118,121], additive auxiliary
agents [122] and polyethylenimine (PEI) [42,123]. The role of the hydrothermal growth
parameters is discussed below to identify the significant parameters for controlling the

morphology of ZnO nanowires through the hydrothermal growth in this work.

2.4.2.1 Role of the seed layer

An advantage of the hydrothermal method is the ability to apply ZnO seed layers for growing
vertical ZnO nanowires on desired regions of a substrate. Without a ZnO seed layer, the ZnO
crystallisation needs to undergo a nucleation step that can arbitrarily take place on the
substrate and result in randomly oriented nanowires with various morphology. A ZnO seed
layer can be deposited on a substrate via sputter coating [124,125] or spin coating methods
[42,126] to bypass the nucleation process. The thickness [109-111] and the grain size of the
seed layer [112-114] are demonstrated to affect the morphology of the ZnO nanowires. In

general, a thick seed layer results in wide and short nanowires with a low density [43]. The
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density of the ZnO nanowires is also determined to vary significantly from 6.8 x 10* to
2.6 x 10'° NWs/cm? as the seed layer thickness varied from 1.5 nm to 3.5 nm [109]. The seed
layers thicker than 3.5 nm were determined to confine the variation of the nanowire density.
Increasing the seed layer thickness can also improve the crystallinity of the seed layer with
increased grain size and decreased surface roughness that results in thicker nanowires with
improved alignment [110]. Hsiao et al. [112] also reported that the large crystal size of the
seed layer could increase the diameter of the nanowires and decrease their density. Thus, in
this work ZnO seed layers are deposited via sputter coating with a thickness of 100 nm to
allow the growth of well-aligned ZnO nanowires on defined regions of the substrates with the

least variation of the nanowire morphology across the seed layer.

2.4.2.2 Role of the hydrothermal growth solution: precursor concentration,

auxiliary agents and pH

The growth solution plays a vital role in the hydrothermal synthesis to control the
morphology of the ZnO nanowires. Deionised (DI) water is the most common solvent that
has been used for the hydrothermal synthesis [112,119,127]. Zinc nitrate (Zn(NOz3).)
[43,46,106,107,116,119,124,128-130] or zinc chloride (ZnClz) [40,68] precursors have
commonly been used to provide zinc ions, Zn?*, for the ZnO crystallization. The secondary
precursor of hexamethylenetetramine (HMT) has also been used in the solution to provide the
hydroxyl ions, OH", necessary for the ZnO growth. The growth solution of zinc nitrate and
HMT precursors in DI water is subsequently chosen to be used for growing ZnO nanowires
in this work. The most significant parameter that should be considered in the growth of the
ZnO nanowires is the amount of the precursors available in the solution. Increasing the
precursor concentration is generally demonstrated to increase the diameter, length and density
of the ZnO nanowires [43,115]. Wang et al. [117] previously reported that the equimolar
ratio of zinc nitrate and HMT resulted in the highest aspect ratio of the nanowires, where the
nanowire length increased and the diameter did not change with the precursor ratio [117].
Thus, varying the equimolar concentration of zinc nitrate and HMT precursors is selected as a
technique to control the morphology of the ZnO nanowires for this work.

Vernardou et al. [121] and Chevalier-César et al. [118] demonstrated that the
morphology of ZnO nanostructures could also vary by tuning the pH of the solution.
Different morphologies of the nanowires varying from hexagonal and coned-tip nanorods to

nanoprisms and nanoflowers were obtained by using growth solution with a pH of 7, 8, 10
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and 12, respectively [121]. The neutral growth solution with a pH of 7.0 was determined to

form ZnO hexagonal nanorods with excellent homogeneity.

Joo et al. [122] introduced a face-selective electrostatic method to control the aspect
ratio of the ZnO nanowires within a range of 0.1-100 by applying non-zinc complexes at
alkaline conditions. Introducing auxiliary complexes such as cadmium (Cd) and aluminium
(Al) to the growth solution inhibited the nanowire growth in certain directions. Positively
charged Cd ions were adsorbed on top faces of the ZnO nanowires that resulted in the growth
of thick nanowires with low aspect ratios. In contrast, negatively charged Al ions were
adsorbed on lateral faces of the ZnO nanowires and resulted in the growth of long nanowires
with high aspect ratios.

Polyethylenimine (PEI) is an organic polymer commonly used in the hydrothermal
synthesis to enhance the aspect ratio of the ZnO nanowires [41,123,131]. The PEI is
determined to hinder the radial growth of ZnO nanowires by binding to the lateral faces of the
nanowires [106,131]. Burke-Govey et al. [123] previously showed the effect of PEI
concentration and molecular weight on the aspect ratio of the ZnO nanowires. Burke-Govey
et al. reported that the PEI with Mw of 800 g/mol could result in growth of homogenous
nanowires for a broader range of concentration, 2—8 mM, compared to the Mw of 2000 g/mol
and 1300 g/mol that yielded homogeneous nanowires for 2 mM of concentration only [123].
The PEI with Mw of 800 g/mol is chosen to be used in this work as an additive precursor for

enhancing the aspect ratio of the ZnO nanowires.

2.4.2.3 Role of the hydrothermal growth process: growth temperature and

growth time
The crystallisation of ZnO occurs at a prolonged rate at room temperature, hence the
temperature of growth solution needs to be raised to around 40-95°C [118,120] to speed up
the crystallisation process. Increasing the growth temperature is found to increase the length
of the nanowires while the diameter remains almost unchanged. The growth time has also
shown to have a direct impact on both axial and radial growth of the nanowires, at which both
the length and diameter of the nanowires can be increased. In addition, the growth of the
nanowires is determined to undergo a two-phase procedure over the growth time, including a
fast growth rate at the early stages, followed by a slow growth rate [115,118,119]. However,
there are differences between axial and lateral growth trends depending on the growth regime

and the other parameters that have been applied. The growth time is chosen as another
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parameter to control the morphology of the ZnO nanowires at a fixed growth temperature of
95°C.

The effects of the growth time, precursor concentration and the additive PEI will all
be investigated in Chapter 4 to control the growth of the ZnO nanowires through the
hydrothermal synthesis. The other parameters such as the growth temperature (95°C), ZnO
seed layer (via sputter coating with a thickness of 100 nm), the growth solvent (DI water) and
the concentration ratio between the zinc nitrate and HMT precursors (1:1) will all be kept

constant to not influence the outcomes.

2.5 Conclusion

Advances in microelectrode arrays (MEAS) is required to allow monitoring of neuronal
networks with a large number of neurons at single-cell resolution and a high signal-to-noise
ratio (SNR) for a long time. Using different nanomaterials have previously demonstrated to
improve the electrical and biological characteristics of MEAs for neuronal applications. In
this work, ZnO nanowires are proposed as the ideal nanomaterial on MEAs for recording
action potential signals from neuronal networks in vitro due to their excellent electrical

properties, biocompatibility and novelty.

The hydrothermal synthesis is determined as an ideal approach to grow ZnO
nanowires on MEASs, due to the ease of fabrication, low cost, high scalability and the low
temperature process that can be applied on various substrates including the flexible
substrates. Furthermore, ZnO nanowires in different morphologies can be grown by
controlling the hydrothermal growth parameters. The morphology of the ZnO nanowires is
subsequently investigated by controlling the precursor concentration, growth time and
additive polyethylenimine (PEI) in Chapter 4. In addition, Chapter 4 investigates how ZnO
nanowires can be selectively grown on defined regions of the substrates. The
biocompatibility of the resulting ZnO nanowires with different morphology and geometry are
examined for human neurons in Chapter 5. Finally, the electrical characteristics and the
robustness of the MEAs integrated with ZnO nanowires are investigated in Chapter 6,

showing their compatibility for recording AP signals from human neuronal cells in vitro.
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Chapter 3
Experimental Details

The ZnO Trojan Horse that Achaeans had in their minds to invade Troy.

3.1 Introduction

This chapter details the experimental procedures and characterisation techniques that have
been carried out throughout the work presented in this thesis. The standard photolithography
processes and the details of the hydrothermal synthesis of zinc oxide nanowires (ZnO-NWs)
are initially introduced. Then, the fabrication processes of ZnO nanowire samples and
microelectrode arrays (MEASs) that have been used in Chapters 4-6 for investigating the
selective growth of ZnO nanowires, the biocompatibility of ZnO nanowires and
electrochemical characteristics of ZnO-NW MEAs are described. The experimental details of
the processes such as scanning electron microscopy (SEM), neuronal viability,
electrochemical impedance spectroscopy (EIS) and robustness test that were carried out for
characterising the morphology, biocompatibility, electrical properties and mechanical
stability of the ZnO nanowires and MEAs are also described here.
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3.2 Fabrication processes

3.2.1 Photolithography processes

Standard photolithography processes have been carried out in this work to control the
location of ZnO nanowires on substrates and to pattern the MEAs. Figure 3.1 (1a)—(1f) and
(2a)—(2f) schematically show the photolithography process for positive photoresists (AZ1518
and AZ5214E, MicroChemicals) and negative photoresists (SU8-2150, MicroChemicals),

respectively.
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Figure 3.1. Schematics of the photolithography process for (1a)—(1f) positive photoresists and (2a)—
(2f) negative photoresists. The photolithography process includes (a) substrate preparation;
(b) photoresist spin coating; (c) exposing the photoresist to ultraviolet (UV) light using the mask
aligner; (d) photoresist development; (e) film deposition; and (f) lift-off process.

The process started with cleaning the substrates (Si or Si/SiO2 (100 nm oxide layer),
University Wafer) thoroughly by 1 minute sonication in acetone, 1 minute sonication in
isopropanol (IPA), rinsing in IPA and drying in a stream of clean nitrogen (N2), as shown in
Figure 3.1 (a). The substrates were then coated with a thin layer of photoresist (AZ1518,
AZ5214E or SU8-2150) via spin coating followed by soft baking, as shown in Figure 3.1 (b).
Karl Suss MJB3 mask aligner equipped with a USHIO 350W mercury vapour lamp (USH-
350DS) was utilised to expose areas of the photoresist to ultraviolet light (UV, with the
wavelength of 365 nm (i-line)) using a chrome stencil on a glass plate, as shown in Figure
3.1 (c). Upon the exposure of the positive photoresist to the UV, the exposed areas of the
photoresist became soluble and could readily be removed by a development process, as
shown in Figure 3.1 (1d). In contrast, the exposure of the negative photoresist to the UV
made the exposed parts to cross-link and strengthen while the unexposed parts could be
removed by the development process, as shown in Figure 3.1 (2d). The development process
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involved immersion with gentle agitation of the substrates in the developer solution, e.g.
AZ351B and SU8 developers, followed by rinsing with deionised (DI) water (for AZ1518
and AZ5214E photoresists) or IPA (for SU8 photoresist) and drying with No.

Thin films of ZnO were deposited on the substrates with photoresist patterns via RF
sputter coating (500 RF Magnetron, HHV Ltd) at a deposition rate of 0.1-0.2 A/s, as shown
in Figure 3.1 (e). A lift-off process was then carried out by immersion of the substrates in a
solvent, i.e. acetone or N-Methyl-2-pyrrolidinone (NMP), until the photoresist dissolved and
the upper ZnO film lifted-off, as shown in Figure 3.1 (f). The process was followed by
sonication in acetone (1 minute) or NMP (2 minutes), 1-2 minutes sonication in IPA, rinsing
in IPA and drying with N.

Metallic films were deposited on the substrates by thermal (Cr/Au) or e-beam (Ti and
Pt) evaporation using Angstrom Engineering Nexdep Evaporator, as shown in Figure 3.1 (e).
The lift-off process was then carried out by immersion in acetone until the photoresist
dissolved and the upper metals lifted-off, as shown in Figure 3.1 (f). The process was
followed by 1 minute sonication in acetone, 1 minute sonication in IPA, rinsing in IPA and

drying with N to ensure the substrates were clean of any debris.

AZ
1518 5214E

Substrate
Substrate Substrate

2 um

Figure 3.2. SEM images of the photoresist after the photolithography processes. (a) and (b) show
SEM images of AZ1518 and AZ5214E positive photoresists from the cross-section view,
respectively. The samples were coated by a layer of Cr/Au (2/20 nm) to reduce the charging effect of
the photoresists for SEM imaging. (c) SEM image of SU8-2150 negative photoresist from 70° tilted
view. The sample was coated by a 7 nm thin layer of carbon to reduce the charging effect of the SU8

for SEM imaging.

Figure 3.2 (a)-(c) show SEM images of AZ1518, AZ5214E and SU8-2150
photoresists after the photolithography processes, respectively. The SEM images show that
the AZ1518, AZ5214E and SU8 photoresists produce patterns on the substrates with a
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thickness of 1.8 um, 1.4 um and 8 um, respectively. The detailed photolithography recipes of
AZ1518, AZ5214E and SU8-2150 photoresists are described below.

3.2.1.1 AZ1518 positive photoresist

1.

AZ1518 photoresist is dropped onto the substrate using a glass micropipette to cover
the entire substrate surface without any gaps or bubbles.

The substrate with the photoresist is spin-coated at 4000 rpm (with the acceleration of
7500 rpm/s) for 1 minute to spread the photoresist across the substrate with a
thickness of 1.8 pm.

The sample is soft-baked on the hot-plate at 95°C for 2—3 minutes to evaporate the
solvents and solidify the resist.

The sample is aligned to the pattern of the mask using the MJB3 mask aligner and
exposed to the UV (with the power density of 18.7 mW/cm?) for 15 seconds
(280 mJ/cm?).

The photoresist is developed by agitating in a 1:4 dilution of AZ351B developer to DI
water for 15-20 seconds followed by 10 seconds rinsing in DI water and drying with

N> to remove remaining developer and debris.

3.2.1.2 AZ5214E positive photoresist

1.

AZ5214E photoresist is dropped onto the substrate using a glass micropipette to cover
the entire substrate surface without any gaps or bubbles.

The substrate with the photoresist is spin-coated at 4000 rpm (with the acceleration of
7500 rpm/s) for 1 minute to spread the photoresist across the substrate with a
thickness of 1.4 pm.

The sample is soft-baked on the hot-plate at 95°C for 2-3 minutes to evaporate the
solvents and solidify the resist.

The photoresist is flash exposed to UV for 0.15 second (minimum exposure time
available on the MJB3 mask aligner).

The photoresist is cross-linked by baking on the hot-plate at 110°C for 2 minutes.

The sample is aligned to the pattern of the mask using the MJB3 mask aligner and
exposed to the UV (with the power density of 18.7 mW/cm?) for 12 seconds
(224 mJ/cm?).
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7.

The photoresist is developed by agitating the sample in a 1:4 dilution of AZ351B
developer to DI water for 15-20 seconds followed by 10 seconds rinsing in DI water

and drying with N2 to remove remaining developer and debris.

3.2.1.3 SU8 negative photoresist

1.

SUB8-2150 photoresist is mixed with cyclopentanone solvent at 4:1 ratio. The SUS8-
2150 is quite viscous that makes it hard to dilute. The mixed solution is sonicated at
50°C for a few hours to ensure that the solution is well mixed.

The diluted SU8 is dropped onto the substrate using a glass micropipette to cover the
entire substrate surface without any gaps or bubbles.

The substrate with the SU8 is spin-coated at 500 rpm (with the acceleration of
500 rpm/s) for 10 seconds followed by spin-coating at 4000 rpm (with the
acceleration of 7500 rpm/s) for 40 seconds to spread the SU8 across the substrate with
a thickness of 8 um.

The SU8 photoresist is soft-baked on the hot-plate at 55°C for 3 minutes, followed by
85°C for 3 minutes and 55°C for 3 minutes.

The sample is aligned to the pattern of the mask using the MJB3 mask aligner and
exposed to the UV (with the power density of 18.7 mW/cm?) for 10 seconds
(187 mJ/cm?).

The SU8 photoresist is post-baked on the hot-plate at 55°C for 3 minutes, followed by
85°C for 3 minutes and 55°C for 3 minutes

The SU8 is developed by agitating the sample in the SU8 developer for 30 seconds
followed by 10 seconds rinsing in IPA and drying with N2 to remove remaining
developer and debris.

The SU8 is hard-baked on the hot-plate at 200°C for 15 minutes to improve its
mechanical and chemical stability.

3.2.2 Hydrothermal growth of ZnO nanowires

ZnO nanowires were grown hydrothermally on the substrates with pre-deposited ZnO seed

layers. The growth substrates were prepared by the deposition of ZnO seed layers on the
substrates using RF sputter coater (500 RF Magnetron, HHV Ltd). The hydrothermal growth

solution was prepared by mixing equimolar solution amounts of zinc nitrate hexahydrate

(98%, Sigma Aldrich) and hexamethylenetetramine (HMT 99%, Sigma Aldrich) precursors in
100 mL of DI water (with the conductivity of 18.2 MQ-cm and pH of 7.00). A diverse range
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of precursor concentration, 2.5-150 mM, was used to control the morphology of the ZnO
nanowires. The precursor concentration of 25mM was also used as the standard
concentration, as it has commonly been used in the literature for growing ZnO nanowires
[101,119,125,132,133]. Polyethylenimine (PEI, Mw =800 g/mol, Sigma Aldrich) with
varying concentrations could also be added to the solution to mediate the growth solution and
enhance the aspect ratio of the ZnO nanowires. The PEI concentration of 2-8 mM was used
in Chapter 4 to investigate the effect of the PEI concentration. In Chapter 5 and 6, the PEI

concentration of 6 mM is used to grow ZnO nanowires with high aspect ratios.

The growth substrates were then attached to a stainless-steel rod facing downwards,
using double-sided carbon tape, and placed at the height of 2cm in a 100 mL Schott
borosilicate glass bottle, as shown in Figure 3.3. The bottles were then placed in a preheated
water-bath (GD100, Grant Instruments) at 95°C to begin the growth of the ZnO nanowires.
The growth time was varied from 1 h to 35 h for controlling the morphology of the ZnO
nanowires. The substrates were removed from the bottles after a certain amount of growth
time and rinsed thoroughly in DI water. The substrates were finally sonicated in DI water,
using a Sonorex Digitex DT31 ultrasound sonicator (35 kHz, 240 W, Bandelin), for 10-20

seconds to remove ZnO nanowire debris from the substrates followed by drying with No.

Figure 3.3. Position of the growth substrate in the hydrothermal growth solution. The substrate was

attached to a stainless-steel rod facing downwards at the height of 2 cm in the growth solution.

3.2.3 Vertical ZnO nanowire (Chapter 4)

In Chapter 4, the hydrothermal growth of vertical ZnO nanowires is investigated to

selectively control the morphology and geometry of the ZnO nanowires. In this regard,
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samples were made in two steps: first, fabrication of the growth substrates; and second,
hydrothermal growth of the ZnO nanowires on the growth substrates. Three methods
(Method 1, Method 2, and Method 3) were used for fabrication of the growth substrates, as
shown in Figure 3.4.

B Sisubstrate @ ZnO seed layer |

‘ Zn0 nanowires |

[ Photoresist i

(3a) (3b) (3c)

Method 3 Method 2 Method 1

Figure 3.4. Three methods for fabrication of vertical ZnO nanowire samples as used in Chapter 4.
Method 1: (1a) silicon (Si) substrate preparation; (1b) sputter deposition of ZnO seed layer over the
entire substrate; (1c) hydrothermal growth of ZnO nanowires on the bulk ZnO seed layer. Method 2:
(2a) Si substrate preparation; (2b) photolithography to define AZ5214E photoresist pattern on the
substrate; (2c¢) sputter deposition of ZnO seed layer; (2d) lifting-off the photoresist to leave ZnO seed
layer on defined regions; (2e) hydrothermal growth of ZnO nanowires. Method 3: (3a) Si substrate
preparation; (3b) sputter deposition of ZnO seed layer over the entire substrate; (3c) photolithography
to define AZ5214E photoresist pattern on the seeded substrate; (3d) hydrothermal growth of ZnO
nanowires; (3e) lifting-off the photoresist to remove the ZnO nanowire debris. W indicates the seed

layer width (the exposed area to the growth) and G indicates the seed layer gap (the unexposed area).

Method 1 was applied to fabricate the growth substrates with a bulk ZnO seed layer
where vertical ZnO nanowires could grow all over the substrates, as shown in Figure 3.4
(1a)—(1c). 10 x 10 mm? silicon (Si) [100] substrates were initially cleaned with 1 minute
sonication in acetone, 1 minute sonication in IPA, rinsing in IPA and drying in a stream of
clean N.. 100 nm thick ZnO seed layer was then deposited on the substrates using RF sputter
coating (500 RF Magnetron, HHV Ltd). Different hydrothermal growth parameters were used
for growing ZnO nanowires with different morphologies. Firstly, the equimolar concentration
of zinc nitrate hexahydrate and HMT precursors varied from 2.5 mM to 150 mM for 4 h of
growth time. Secondly, the growth time varied from 1 h to 20 h when standard 25 mM of

precursor concentration was used. Lastly, the additive PEI precursor with concentrations of
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2 mM-8 mM was added to 25 mM of the precursor concentration for the growth times of 4 h
and 20 h.

Method 2 and Method 3 were utilised to pattern the growth of ZnO nanowires at
controlled locations on the substrates and with highly controlled seed areas, using standard
photolithography techniques, as shown schematically in Figure 3.4 (2a)—(2e) and (3a)—(3e),
respectively. AZ5214E photoresist was used to form resist layers with linear patterns on the
substrates before (Method 2) and after (Method 3) deposition of the ZnO seed layer, as seen
in Figure 3.4 (2b) and (3c), respectively. A lift-off process was carried out in Method 2 to
remove the excessive seed layer, leaving a pattern of ZnO seed areas on the substrate for the
nanowire growth, as shown in Figure 3.4 (2d)—(2e). When using Method 3, the photoresist
pattern was left on the bulk ZnO seed layer during the hydrothermal growth, as seen in Figure
3.4 (3d). The lift-off was applied post nanowire growth to remove ZnO nanowire debris, as

shown in Figure 3.4 (3e).

(a) Pattern 1 (b) Pattern 2

Substrate Substrate

Figure 3.5. ZnO seed layer patterns used through Method 2 and Method 3 fabrication processes for
the ZnO nanowire samples in Chapter 4. (a) Schematic of Pattern 1 with varying seed line width (W)
and fixed seed line gap (G). (b) Schematic of Pattern 2 with varying seed line gap and fixed seed line
width.

Two different seed area patterns were used in the fabrication of ZnO nanowires at
controlled locations via Method 2 and Method 3 fabrication processes that were described
above. Pattern 1 comprised of 7 mm long seed lines with the fixed seed line gaps (G) of
200 um and the seed line widths (W) varying from 4 um to 1 mm, as shown schematically in
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Figure 3.5 (a). Pattern 2 comprised of 7 mm long seed lines similar to that of Pattern 1, but
with the fixed seed line widths of 10 um and the seed line gaps varying from 2 um to 800
pm, as shown in Figure 3.5 (b). The exact values of the seed line widths and the gaps were
measured from the scanning electron microscopy (SEM) images. The seed area ratio was
subsequently calculated using Equation 3.1. The minimum adjacent gaps of the seed lines

were used in the calculation of the seed area ratios.

w
W+ G

Seed area ratio = Equation 3.1

3.2.4 ZnO nanowire florets (Chapter 5)

Figure 3.6 shows the fabrication process of the ZnO nanowire florets as used in Chapter 5.
7 x 7 mm? Si substrates with 100 nm oxide layer on top (Si/SiO2) were initially cleaned by
1 minute sonication in acetone, 1 minute sonication in IPA, rinsing in IPA and drying with
N2, as shown in Figure 3.6 (a). A photolithography process similar to Method 2,
Section 3.2.3, was utilised to define a pattern of AZ5214E photoresist on the substrate, as
shown in Figure 3.6 (b). A 100 nm thick ZnO seed layer was then deposited on the substrates
via RF sputter coating, as shown in Figure 3.6 (c). A lift-off process was then applied by
soaking in NMP at 60°C for 1 h followed by 2 h sonication in NMP at 60°C, 2 minutes
sonication in IPA, rinsing in IPA and drying with N2 to remove excessive seeds, as shown in
Figure 3.6 (d). A hydrothermal growth process was carried out to grow ZnO nanowire florets
from the deposited seed layers, as shown in Figure 3.6 (e). The nanowires were grown using
25 mM of zinc nitrate hexahydrate and HMT precursors with 6 mM of PEI for growth times
of 1, 2, 4 and 8 h. The substrates were removed from the solution immediately after the

growth, followed by rinsing in DI water, 1 minute sonication in DI water and drying with No.

D
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Figure 3.6. Fabrication process of ZnO nanowire florets for Chapter 5. (a) Si/SiO, substrate
preparation; (b) photolithography to define AZ5214E photoresist pattern on the substrate; (c) sputter
deposition of ZnO seed layer; (d) lifting-off the photoresist to leave ZnO seed layer on defined
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regions; (e) hydrothermal growth of ZnO nanowires. D and G indicate the seed layer diameter and the

gap between the seed layers, respectively, as shown in (d).

Figure 3.7 shows the photolithography mask pattern that was used for the fabrication
of the ZnO nanowire florets for studying their biocompatibility with human hNT neurons.
The pattern comprised of 9 arrays of circles with diameters of 15 um, as shown in Figure
3.7 (a). Each of the arrays across the substrate has different inter-floret gaps of 5, 10, 20, 30,
40, 50, 75, 100 and 150 um, as labelled by A-I in Figure 3.7 (a), respectively. Each array of
the fixed diameter and the inter-floret gap was located within an area of 1 x 1 mm?. Figure
3.7 (b) shows the magnified image of the “E” array with inter-floret gaps of 40 um as an

example.

(b)
E

8 8 8 8 0 8 8 0 8 e 8 8 e e e

Figure 3.7. (@) Photolithography mask pattern used for fabrication of ZnO nanowire florets in
Chapter 5. The pattern consists of 9 arrays of 15 um wide circles with inter-floret gaps of 5, 10, 20,
30, 40, 50, 75, 100 and 150 um as indicated by A-I, respectively. (b) Magnified view of the array
with inter-floret gaps of 40 um.

3.2.5 Microelectrode arrays (MEAS) (Chapter 6)

Microelectrode arrays (MEAS) were fabricated in three different configurations in Chapter 6:
planar MEAs, MEAs with ZnO nanowires (ZnO-NW MEAs) and metal encapsulated ZnO-
NW MEAs. MEAs were fabricated on 15 x 15 mm? Si substrates with 100 nm oxide layer in
the layout shown in Figure 3.8. The MEA design comprised of 32 working microelectrodes
and a single reference electrode within an area of 10.5 x 10.5 mm?. The central working

microelectrodes were placed in a 6-by—6 matrix within an area 4 x 4 mm?2. The central
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working microelectrodes were 200 um in diameter with the gaps of 700 um in between. The
outer square electrode contact pads had an area of 600 x 600 um? with the pitch gaps of
1100 um. The electrode tracks that connected the outer electrodes to the central working
microelectrodes had a minimum width of 50 um wide. The designed photolithography mask
also included four alignment markers (600 x 600 pm? and 500 x 500 pum? at the outer

corners) to align different layers of the fabrication process.

.
AN

Figure 3.8. Photolithography mask design used for the fabrication of the microelectrode arrays
(MEAS). Scale-bar is 5 mm.

3.2.5.1 Planar MEA

The fabrication of the planar MEAs is illustrated schematically in Figure 3.9. The Si/SiO-
substrates were initially cleaned thoroughly by 1 minute sonication in acetone, 1 minute
sonication in IPA, rinsing in IPA and drying with N2, as shown in Figure 3.9 (a). Standard
photolithography was applied to define a pattern of AZ1518 photoresist on the substrates,
using Karl Suss MJB3 mask aligner, as shown in Figure 3.9 (b). Electrodes were deposited
via thermal evaporation of 5 nm chrome followed by 50 nm of gold (Cr/Au) onto the Si/SiO>
substrates, using Angstrom Engineering Nexdep Evaporator. A lift-process was then carried
out by soaking in acetone for 1 h, 1 minute sonication in acetone, 1 minute sonication in IPA,
rinsing in IPA and drying with N.. Upon the lift-off process, the photoresist with the
excessive Cr/Au was removed, leaving a pattern of Cr/Au electrodes on the substrates, as

shown in Figure 3.9 (c).

The fabrication of planar MEAs was completed by the deposition of 8 um thick SU8-
2150 as a passivation layer through a photolithography process, as shown in Figure 3.9 (d).
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The SU8 passivation layer covered the entire substrate except for the regions concentric with
the working microelectrodes (with diameters of 50 um) and the outer electrode contact pads
to allow for electrical measurements of MEAS, as shown from top view in Figure 3.9 (e). The
samples were finally hard-baked at 200°C for 15 minutes to heal any SU8 surface cracks and

to improve the chemical and physical stability of the SU8 layer.

Planar MEA
=
e — V| 7
(a) (b) (c) (d) (e)

Figure 3.9. Fabrication process of planar microelectrode arrays (MEASs) for Chapter 6. (a) Si/SiO;
substrate preparation; (b) photolithography; (c) deposition of Cr/Au layer by thermal evaporation
followed by a lift-off process; (d) photolithography of SU8 passivation layer; (e) top view of the
fabricated planar MEA.

3.2.5.2 ZnO nanowire MEA

Figure 3.10 illustrates the fabrication of MEAs with ZnO nanowires (ZnO-NW MEASs). The
fabrication of ZnO-NW MEAs began from the fabricated planar MEAs as described above
but without SU8 passivation layer. Photolithography was applied using AZ1518 photoresist
to define circular gaps with diameters of 100 um concentric with the central working
microelectrodes, as shown in Figure 3.10 (b). A 100 nm thick ZnO seed layer was deposited
by sputter deposition, using an HHV Auto 500 RF Sputter Coater, followed by a lift-off
process to leave ZnO seeds on the central working microelectrodes, as shown in Figure 3.10
(c). Another photolithography step was applied using AZ5214E photoresist to define a
pattern with 200 um wide open areas concentric with the pre-deposited ZnO seeds, as seen in
Figure 3.10 (d).

A hydrothermal synthesis, at 95°C, was used to grow ZnO nanowires from the pre-
deposited ZnO seed layers, as described in Section 3.2.2 and shown in Figure 3.10 (e). The
morphology of ZnO nanowires was controlled by varying the equimolar concentration of the
zinc nitrate hexahydrate and HMT precursors within the range of 2.5-100 mM for 4 h of
growth time and by varying the growth time from 4 h to 35 h when 25 mM of precursor
concentration with 6 mM of PEI was used. A lift-off process was carried out after the growth

of the nanowires by immersion in NMP for 2 h, 2 minutes sonication in NMP, 2 minutes
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sonication in IPA, rinsing in IPA and drying with N2, as shown in Figure 3.10 (f). The SU8
passivation layer was then applied by the photolithography process to open a 50 um wide

circular window above the ZnO nanowires, as seen in Figure 3.10 (Q).

ZnO-NW MEA
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Figure 3.10. Fabrication process of microelectrode arrays with ZnO nanowires (ZnO-NW MEASs) for
Chapter 6 that includes: (a) using a fabricated planar MEA without SU8 passivation layer;
(b) photolithography; (c) sputter deposition of a ZnO seed layer followed by a lift-off process;
(d) photolithography; (e) hydrothermal growth of ZnO nanowires; (f) lift-off; (g) photolithography of

SU8 passivation layer.

3.2.5.3 Encapsulated ZnO nanowire MEA

MEAs with metal encapsulated ZnO nanowires were fabricated by an additional fabrication
step on the ZnO-NW MEAs prior to the SU8 photolithography step, as illustrated
schematically in Figure 3.11. Photolithography was applied using AZ1518 photoresist to
define 200 um wide open areas above the ZnO nanowires on the central working
microelectrodes, as shown in Figure 3.11 (b). Different metal encapsulation layers of Cr/Au
(2/20 nm) by thermal evaporation or titanium (Ti, 10 nm) and platinum (Pt, 10 nm) by e-
beam evaporation were deposited on the substrates, using Angstrom Engineering Nexdep
Evaporator. A lift-off process was then carried out, leaving a thin metallic layer coating the
ZnO nanowires, as shown in Figure 3.11 (c). Finally, the SU8 photolithography step was
carried out to complete the fabrication of the encapsulated ZnO-NW MEA:s.
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Encapsulated ZnO-NW MEA
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Figure 3.11. Fabrication process of microelectrode arrays with metal encapsulated ZnO nanowires
(encapsulated ZnO-NW MEAs) for Chapter 6 that includes: (a) using a fabricated ZnO-NW MEA
without SU8 passivation layer; (b) photolithography; (c) deposition of a metallic layer by thermal or
e-beam evaporation followed by the lift-off process to encapsulate ZnO nanowires; (d)
photolithography of SU8 passivation layer.

3.3 Characterisation

3.3.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were
performed by using either FEI NOVA NanoSEM 450 or JEOL 6500F for both imaging and
elemental analysis of the fabricated samples. The SEM and EDS were operated at an
accelerating voltage of 15 kV and 20 kV, respectively. The SEM images of ZnO nanowires
were used to measure the diameter, length, aspect ratio and density of the nanowires using the
ImageJ program. The diameter and density of ZnO nanowires were measured from the SEM
images of each sample taken from the top view. The length of ZnO nanowires was measured
from the SEM images taken from the cross-sectional view or at 70° tilted view. The nanowire
aspect ratio was calculated as the ratio of the average length to the average diameter from the

measurements.

The density of ZnO nanowires was determined by counting the number of nanowires
within an area of 2-4 um? of the SEM images, where only the distinguishable nanowires
from the top view were used. This method could not define the exact density of the nanowires
since any nanowires hidden underneath the upper layer of nanowires could not be counted.
However, this method provided a reasonably good estimation of the nanowire density and is
consistent across the samples. The method is also useful for studying the interaction of the
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ZnO nanowires with the neuronal cells since the top area of the nanowires is the main part

that interacts with the cells.

The error bars presented in the ZnO nanowire morphology graphs in Chapter 4-6
denoted one standard deviation (n > 30 NWs) for the diameter, length and aspect ratio, and
10 % standard deviation for the density. The standard deviation of the aspect ratio was
calculated, assuming that the nanowire diameter and length were independent of each other.
The human error and clarity of the SEM images were considered to affect the density
measurements by 5-10 %. The data presented in the context of Chapter 4-6 were in the form
of X + SD, where X was the mean value and SD was the one standard deviation, or 10%

standard deviation (for nanowire density measurements).

3.3.2 Neuronal viability

Human NTera2.D1 cell line (hNT/NT2, ATCC CRL-1973) neurons were used for
investigating the biocompatibility of ZnO nanowire samples with human neurons in
Chapter 5. The biological experiments for the growth of hNT neurons have all been done by
Brad J. Raos at the University of Auckland, as detailed in the Appendix A. In summary,
human hNT neurons were differentiated from the NTera2.D1 embryonic carcinoma cell line
following the previously introduced protocols [134-138]. After culturing NT2 cells for 4-5
weeks, hNT neurons were harvested by a selective trypsinisation and mechanical detachment
procedure. The hNT neurons were then plated on the ZnO nanowire samples at
approximately 1000 cells/mm?. The ZnO nanowire samples were sterilised using Penicillin-
Streptomycin-Glutamine (PSG, ThermoFisher Scientific), phosphate-buffered saline (PBS,
Thermofisher Scientific), poly-D-lysine (PDL, Thermofisher Scientific) and Matrigel
(Corning) before the cell plating.

Images of the hNT neurons on the samples were captured on an Olympus BX53 with
an Olympus XC50 camera using a 20x magnification water immersion objective
(UMPLFLNW 20x, NA 0.50). The functionality of neurons was measured by visualising free
Ca?" in the cytoplasm of neurons as a response to glutamate (Sigma Aldrich) stimulation after
2 DIV (days in vitro) by using Fluo-4 (green-fluorescent calcium indicator, ThermoFisher
Scientific). The cytoplasm and nuclei of the neurons were then labelled by using fluorescent
stains of CellTracker Green CMFDA (2 uM, ThermoFisher Scientific) and Blue Hoechst
33343 (1 drop per 500 puL media, ThermoFisher Scientific), respectively, as shown

schematically in Figure 3.12. The cytoplasm area corresponded to the entire neuronal body,
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including the cell body (soma) and the neurites (dendrites and axons). Fluorescence images of
each ZnO sample surface were captured over the entire substrate and stitched into a single

image using CellSens Dimension software (Olympus).

Dendrite

Cell body

Nucleus Axon

Figure 3.12. Schematic of a typical neuronal cell. The green regions represent the neuronal cytoplasm,
including the cell body (soma) and neurites (dendrites and axons). The blue region represents the

neuronal nucleus. Reproduced from [139].

The adhesion and patterning of the hNT neurons to the ZnO nanowire samples were
quantified by measuring the area of the neuronal cytoplasm and nuclei on the defined regions
of the substrate, using custom software in MATLAB for image processing. The area outside
of the nanowire array region (plain Si/SiO substrate), as shown in Figure 3.13 (a), was used
as controls for neuronal growth. Figure 3.13 (b) shows the area of the nanowire array on the
substrate. The neuronal adhesion was defined as the proportion of the neuronal cytoplasm and
nuclei on the entire nanowire array, Figure 3.13 (b), relative to the control surrounding area,
Figure 3.13 (a). Figure 3.13 (c) shows the area of the individual floret sites and 10 pm
concentric bands at increasing distances from the florets. The localisation of the neurons to
the nanowire florets was defined as a proportion of the neuronal nuclei area on the florets and
the concentric surrounding bands, Figure 3.13 (c), relative to the control substrate area
outside of the nanowire array, Figure 3.13 (a). In addition, the neurite growth was calculated

as the proportion of the neuronal cytoplasm area to the nuclei area.
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Figure 3.13. Schematics showing the areas of the ZnO nanowire samples used for quantification of
neuronal adhesion and localisation in Chapter 5. (a) The plain substrate area outside of the nanowire
array region for controls. (b) The area on the entire nanowire array for defining the neuronal adhesion
and growth. (c) The area on the individual floret sites and 10 um wide concentric band at increasing

distances from the florets.

3.3.3 Electrochemical impedance spectroscopy (EIS)

The electrical characteristics of MEA devices were determined in Chapter 6 through
electrochemical impedance spectroscopy (EIS) using Agilent 4294A precision impedance
analyser in the configuration shown in Figure 3.14(a). A frame made of
polydimethylsiloxane (PDMS, Sylgard 184) was placed on the MEA to keep phosphate-
buffered saline (PBS-1x) solution on the central working microelectrodes, and away from the
outer electrode contact pads. The PBS-1x was prepared by dissolving a PBS tablet (2 g,
Sigma Aldrich) in 200 mL of DI water. A 100 pL of PBS-1x (pH of 7.4 and conductivity of
13.2 mS/cm) was used for the EIS measurements as it is typically used for in vitro cell culture
[140]. A two-point measurement configuration was applied, using tungsten electrode probes
(14860-001, Rucker & Kolls), as shown in Figure 3.14 (b) and schematically in Figure
3.14 (c). The high potential (Hpot) and current (Heur) terminals of the impedance analyser
were connected to a tungsten electrode probe and placed in the PBS solution. The low
potential (Lpot) and current (Lcur) terminals were connected to the outer electrode contact pads
using a tungsten electrode probe. A potential of 100 mV was applied at high terminals by
sweeping over a frequency range of 40 Hz to 10 MHz, and the impedance was recorded at the
low terminals. These measurement parameters were chosen since neuronal cells typically
transmit action potential signals (APs) with amplitudes of 100 mVyy, at a frequency of 1 kHz
[25,51].
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Figure 3.14. Electrochemical impedance measurement of microelectrode arrays (MEAS). (a)

Measurement setup for the electrochemical impedance spectroscopy (EIS) of MEAs by using Agilent
4294A impedance analyser. (b) and (c) show an optical image and schematic of the two-point
measurement connection used for the EIS, respectively. Hyor and Heur represent the high potential and
current terminals of the instrument connected to a tungsten electrode probe placed in phosphate-
buffered saline solution (PBS). Lyt and Lcur represent the low potential and current terminals of the
instrument connected to a tungsten electrode probe attached to the outer electrode contact pad of the
MEA.

3.3.4 Mechanical stability

The mechanical stability of ZnO nanowires and metal encapsulated ZnO nanowires was
determined by an ultrasound sonication, as previously described by Nick et al. [35] to study
the mechanical stability of carbon nanotubes (CNTSs) for neural interfaces. The ZnO nanowire
and metal encapsulated ZnO nanowire samples were submerged in DI water and were
sonicated for 24 h, using a Sonorex Digitec DT31 sonicator (240 W at 35 kHz, Bandelin).
The ZnO nanowire samples were fabricated as ZnO nanowire florets with various inter-floret
gaps, as described in Section 3.2.4. The ZnO nanowires were hydrothermally grown using

25 mM of precursor concentration with 6 mM of PEI for 1 h of growth time. The ZnO
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nanowires were also encapsulated with 10 nm Ti layer by e-beam evaporation normal to the
entire substrate as an example of metal encapsulated ZnO nanowires. The SEM images of
ZnO nanowires and Ti encapsulated ZnO nanowires before and after the sonication process
were taken to determine their robustness for repeatable and long term neuronal applications.

3.4 Conclusion

The experimental procedures and characterisation techniques that were described in this
chapter are all used in the following experimental results and discussion Chapters 4-6. In
brief, Chapter 4 investigates the hydrothermal growth of ZnO nanowires to control the
morphology and location of the nanowires. A wide range of growth parameters, such as
precursor concentration of 2.5-150 mM, growth time of 1-20h, and additive PEI
concentration of 0-8 mM are used to control the morphology of the ZnO nanowires.
Different fabrication processes of Method 1, Method 2, and Method 3 are also carried out to
control the location of the ZnO nanowires. Different patterns of Pattern 1 and Pattern 2 are
utilised through Method 2 and Method 3 fabrication processes to investigate the effect of the
seed layer geometry (seed line width and gap) on the growth of ZnO nanowires. Scanning
electron microscopy (SEM) is also used to characterise the morphology of the resulting ZnO

nanowires.

In Chapter 5, the biocompatibility of ZnO nanowires with human hNT neurons is
investigated. ZnO nanowires are grown as arrays of florets with various inter-floret gaps of
5-150 um. The ZnO nanowire florets are grown on the patterned seed layers via Method 2
fabrication process. The morphology of the ZnO nanowires is varied by controlling the
growth time from 1 h to 8 h, using the standard 25 mM of precursor concentration with 6 mM
of PEI. The addition of PEI allows the active hydrothermal growth to be maintained for 8 h
without refreshing the growth solution. SEM is used to characterise the morphology of the
ZnO nanowires. The neuronal viability and image processing techniques described in this
chapter are utilised to qualify the functionality as well as the adhesion and growth of the hNT

neurons on the ZnO nanowire arrays.

In Chapter 6, the electrical properties of different microelectrode arrays (MEAS) are
studied. MEAs are fabricated in form planar Cr/Au MEAs, ZnO-NW MEAs, and metal
encapsulated ZnO-NW MEAs. The morphology of the ZnO nanowires on the MEAS is

controlled by varying the precursor concentration from 2.5 mM to 100 mM for 4 h of growth
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time or by varying the growth time from 4 h to 35h when standard 25 mM precursor
concentration with 6 mM of PEI are used. The ZnO nanowires that are grown with 25 mM
precursor concentration for 4 h are also encapsulated with a metallic layer of Cr/Au, Ti and Pt
via the evaporation techniques. SEM is also used to characterise the morphology of the ZnO
nanowires on the MEAs. The electrical properties of all MEAs are characterised via
electrochemical impedance spectroscopy (EIS). Furthermore, the mechanical stability of the
PEI ZnO nanowires and Ti encapsulated PElI ZnO nanowires are examined via the 24 h

sonication process.
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Chapter 4
Selective Growth of ZnO Nanowires

The dark side and bright side of the ZnO nanowires.

4.1 Introduction

Integration of microelectrodes with ZnO nanowires is proposed in this work to improve the
performance of microelectrode arrays for recording signals from neuronal cells. ZnO
nanowires have extensively been studied over the last decades, due to their excellent
electronic and optoelectronic properties ideal for sensing applications [43-45]. Among
different growth methods of ZnO nanowires, hydrothermal synthesis has received a lot of
attention because of its low cost, low temperature (< 100°C), scalability and the ability to
grow on various substrates including plastic substrates [43]. Vertical ZnO nanowires can
easily be grown with high density on seeded substrates [107,123]. The variation in the
morphology of the nanowires has been shown to alter their optical [141,142] and electronic
properties [42,143]. The morphology and aspect ratio of ZnO nanowires grown via the

hydrothermal synthesis have conventionally been controlled by varying growth parameters
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such as precursor concentration [43,115-117], growth time [115,118,119], growth
temperature [118,120], solution pH [118,121] and ZnO seed layers [109,111,144].

In this chapter, the hydrothermal growth of ZnO that can later be applied to grow ZnO
nanowires on microelectrode arrays is studied. The end goal is to improve their electronic
properties and biocompatibility for integration with neuronal cells. The morphology and
geometry of the ZnO nanowires are investigated, via control of the hydrothermal synthesis. |
first study the influence of the critical growth parameters such as the precursor concentration,
growth time and the addition of polyethylenimine (PEI) on the morphology of the ZnO
nanowires grown on substrates with bulk seed layers. | then investigate how ZnO nanowires
can grow on defined seed regions of the substrate and how the seed geometry influences the
nanowire morphology. | finally study the theory behind the hydrothermal growth kinetics to
explain the variations in nanowire morphology. The work presented in this chapter is drawn
from the paper “Selective growth of ZnO nanowires with varied aspect ratios on an individual
substrate” published in the Materials Research Express journal in October 2018 by Mohsen
Maddah, Charles P. Unsworth and Natalie O.V. Plank [145]. The co-authors of this work
have advised and commented on the manuscript of the published paper, but the thesis author

has done all the experimental work and analysis.

4.2 ZnO nanowires growth on the bulk seed layer

In this section, the influence of zinc nitrate hexahydrate and hexamethylenetetramine (HMT)
precursors, growth time and polyethylenimine (PEI) on ZnO nanowire growth are
investigated. The effect of these parameters will later be applied to control the morphology of
ZnO nanowires for the microelectrode array devices, Chapters 5 and 6. Method 1 fabrication
process, as detailed in Section 3.2.3 of Chapter 3, was applied to prepare the growth
substrates. 10 x 10 mm? silicon (Si) [100] substrates were initially cleaned by 1 minute
sonication in acetone, 1 minute sonication in isopropanol (IPA), rinsing in IPA and drying in
a stream of clean N2. The substrates were then coated with a 100 nm thick bulk ZnO seed
layer using RF sputter coating. The growth solution was prepared by mixing equimolar
solution amounts of zinc nitrate hexahydrate and HMT precursors in 100 mL of deionised
(DI) water. The growth substrates were placed in the growth solution at 95°C to begin the
growth of ZnO nanowires, as shown in Figure 4.1. The substrates were removed from the

growth solution after a certain amount of time and were cleaned thoroughly with 10 seconds
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sonication and rinsing in DI water followed by drying with N2. The morphology of the

resulting nanowires was then studied to determine the influence of the growth parameters.

ZnO nanowires |

B ZnO seeds
@ Sisubstrate
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Figure 4.1. Schematic of ZnO nanowires grown on a Si substrate with a bulk ZnO seed layer, through
Method 1 fabrication process, as detailed in Section 3.2.3 of Chapter 3.

4.2.1 Precursor concentration

Zinc nitrate hexahydrate, Zn(NOs)., and hexamethylenetetramine (HMT), (CH2)sNa, are the
most common precursors that have been used in the hydrothermal growth of ZnO nanowires
[43,115-117]. In this process, the zinc nitrate hexahydrate provides the Zn?* ions and HMT
provides the hydroxyl ions (OH") necessary for the formation of ZnO crystals. In the
hydrothermal synthesis, the precursor concentration plays a vital role in the morphology of
the resulting ZnO nanowires that can change their electrical characteristics and
biocompatibility [117].

4.2.1.1 Results of the precursor concentration variation

Here, ZnO nanowires were grown on Si substrates with the bulk seed layers by varying the
equimolar concentration of zinc nitrate hexahydrate and HMT precursors from 2.5 mM
to 150 mM for the growth time of 4 h, as shown in Figure 4.2 (a)—(f), respectively. Figure 4.2
shows that increasing the precursor concentration resulted in longer and thicker ZnO
nanowires, agreeing with previous work [116,117]. Figure 4.2 (f) shows a dramatic increase
in the diameter for the 150 mM sample, compared to the 25 mM sample shown in Figure
4.2 (d). Furthermore, the SEM images in Figure 4.2 (a)—(f) show that the nanowire density

decreased with increasing precursor concentration.

Increasing the precursor concentration from 2.5 mM to 150 mM decreased the pH of
the solution from 7.2 to 5.2. Vernardou et al. [121] and Chevalier et al. [118] previously
showed the influence of the growth solution pH on the morphology of ZnO nanowires. They
reported that ZnO nanostructures grew in the form of hexagonal or cone-shaped nanowires at

the pH of 7. Figure 4.2 shows the morphology of nanowires to be consistent with the
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hexagonal structure in the measured pH range of 5.2—7.2, although it is more apparent for the
large nanowires that were grown by using a high precursor concentration, e.g. 150 mM with a

pH of 5.2, as shown in Figure 4.2 (f).
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Figure 4.2. SEM images of ZnO nanowires grown on Si substrates with bulk ZnO seed layers that
were grown for 4 h with equimolar precursor concentration of (a) 2.5 mM, (b) 5 mM, (c) 10 mM,
(d) 25 mM, (e) 50 mM and (f) 150 mM. The SEM images of nanowires were taken from the top view
and side view (insets).

Figure 4.3 (a) and (b) plot the diameter and length of the ZnO nanowires against the
precursor concentration, respectively, grown for 4 h on Si substrates with the bulk seed layers.
Increasing the precursor concentration from 2.5 mM to 150 mM increased both the diameter
and the length of the nanowires. Subsequently, the nanowire length increased from
145+100nm to 3.33+£0.06 um, and the diameter increased from 23 +25nm to
290 + 80 nm. For the concentrations of 2.5-15 mM, the nanowires predominantly grew
longer rather than wider. Their length increased by a factor of 11x (0.145+ 0.1 um to
1.61 £0.2 um) while their diameter only doubled (23 £2.5nm to 45+ 5nm). For the
precursor concentration of 15-50 mM, the length of the nanowires decreased, whereas the
diameter increased. The length decreased from 1.61 +£0.2 um to 1.16 £ 0.1 um while the
diameter continued to increase from 45 + 5 nm to 60 £ 10 nm. With precursor concentrations
of 50-150 mM, both the diameter and the length of the nanowires increased from 60 = 10 nm

to 290 £+ 80 nm and from 1.16 = 0.1 um to 3.33 + 0.06 um, respectively.

48



4.2. ZNO NANOWIRES GROWTH ON THE BULK SEED LAYER

Figure 4.3 (c) shows the aspect ratio calculated from the data plotted in Figure 4.3 (a)
and (b). The maximum aspect ratio of 36 = 8 occurred at a concentration of 15 mM. Figure
4.3 (c) shows that increasing the concentration above 15 mM increased the nanowire
diameter more quickly than the nanowire length. Consequently, the ZnO nanowire aspect
ratio decreased beyond the concentration of 15 mM. The uncertainty bars in Figure 4.3 (a)
show that the nanowire diameters were distributed over a broad range when a high precursor
concentration was used. At a high precursor concentration of 150 mM, the nanowire
diameters varied from 110 nm to 400 nm, agreeing with M. Gou et al. [120]. In contrast, the
nanowire length distributed over a broader range when a low precursor concentration was

used, e.g. 5 mM, as shown in Figure 4.3 (b).
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Figure 4.3. Morphological graphs of ZnO nanowires grown on Si substrates with bulk ZnO seed
layers for various precursor concentrations using a growth time of 4 h. (a) Diameter, (b) length, (c)
aspect ratio and (d) density of the ZnO nanowires were measured from SEM images. (c) The aspect
ratios were calculated from data plotted in graphs (a) and (b). Error bars represent one standard

deviation (n > 30 NWSs) in (a)—(c) and 10% deviation in (d).

Figure 4.3 (d) plots the nanowire density for precursor concentrations in a range of

2.5-150 mM. At the lowest concentration of 2.5 mM, the density of the nanowires was
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highest at 285 + 28 NWs/um?®. Increasing the precursor concentration from 2.5 mM to
150 mM decreased the nanowire density by a factor of 28, to 10 + 1 NWs/um?. Figure 4.3 (d)
also shows a rapid decrease in the nanowire density from 285 + 28 NWs/um? to
55 + 5 NWs/um? when the precursor concentration increased from 2.5 mM to 10 mM. Within
a concentration of 10-25mM, the nanowire density increased from 55 NWSs/um? to
95 NWs/um?. Further increase of the precursor concentration above 25 mM continued to
reduce the density from 95+9 NWs/um? to 10+ 1 NWs/um? at 150 mM of the
concentration, which also agrees with Lopez et al. [116].

4.2.1.2 Influence on the precursor concentration

4.2.1.2.1 Low precursor concentration

The hydrothermal growth of ZnO nanowires on the seeded substrates underwent a mass
transport limited growth [146]. In this mechanism, the number of reactant ions in the solution
and their diffusion rate towards the seeds/nanowires control the growth rate of the nanowires.
The presence of a thick ZnO seed layer (100 nm) on the Si substrate, as done with sputter
deposition, is thought to result in a high reaction rate at the substrate surface [42]. A growth
solution with a low precursor concentration, e.g. 2.5 mM, has a small number of ions in the
bulk solution to diffuse towards the ZnO seeds/nanowires. Subsequently, there are fewer ions

available at the nanowire surfaces during the growth that results in a slow nanowire growth.

4.2.1.2.2 Intermediate precursor concentration
Increasing the precursor concentration increases the diameter of the nanowires that grow from
the seed layer. As there are more ions available near the seed layer surface, it is more likely
for the ions to accumulate and begin the growth of wider nanowires. Furthermore, ZnO
nanowires grow intrinsically at a faster rate along the c-axis of the nanowires than the lateral
directions, as ions tend to be adsorbed more on the c-faces to reduce the overall nanowire
surface energy [125]. As the precursor concentration increases to 15 mM, the growth rate
along the c-axis increases faster than the growth rate in the lateral directions, resulting in
increased nanowire aspect ratio. At the same time, the overall density of the nanowires
decreases as the nanowires become longer and wider. As the diameter of the nanowires
increases, the space between them becomes limited for new nanowires to grow. Furthermore,
a selective competition takes place between the nanowires as they become longer and wider,
limiting the number of nanowires for further growth.

The bulk seed layer deposited by the RF sputtering on Si substrates is a 100 nm thick

polycrystalline layer with a surface roughness of 1.21 nmms, as shown in Figure 4.4 (a). The
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seed layer comprises a high density of ZnO seeds that are randomly oriented on the substrate.
The nanowires can, therefore, start growing from seeds in different orientations. As
nanowires grow, the misaligned nanowires can collide with the neighbouring nanowires that
either stops their further growth or changes their growth orientation, as shown in Figure
4.4 (b), [42,147]. The nanowires that were grown from the seeds with the c-axis
perpendicular to the substrate have, therefore, more chance to survive and continue growing.
As a result, the density of the nanowires decreases and their vertical alignment relative to the

substrate improves as the nanowires grow longer.

(b)

Figure 4.4. (a) Atomic Force Microscopy (AFM) image of sputter deposited ZnO seed layer on a Si
substrate. The surface roughness of 100 nm thick seed layer was measured to be 1.21 nmms. Scale-
bar =1 um. (b) Schematic shows the growth of ZnO nanowires on the seed layer in different
directions. While tilted ZnO nanowires collided with the neighbouring nanowires, vertical ZnO

nanowires could continue to grow longer.

At the precursor concentrations above 15 mM, both the diameter and the length of the
nanowires increase. However, the lateral growth rate increases faster than the vertical growth
that causes the aspect ratio to decrease. The growth rate along the c-axis is thought to reach a
quasi-saturation point at 15 mM of concentration; the diffusion rate of the ions from the
solution towards the nanowires equalises with the reaction rate at the growth surface
[117,145]. Increasing the precursor concentration from 15 mM to 50 mM increases the radial
growth of the nanowires more than the axial growth, resulting in the reduced aspect ratio. At
a concentration of 50 mM, the lateral growth also reaches a quasi-saturation point, but since
both vertical and lateral growth has reached their saturation points, the nanowires continue to

grow both vertically and laterally.

4.2.1.2.3 High precursor concentration
Applying a substantially high precursor concentration, > 150 mM, results in the growth of
nanowires with large diameters that can fuse into each other, forming a dense layer of ZnO

nanowires. The high precursor concentration supplies plenty of reactant ions at the nanowire
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surface that cannot solely be consumed by the existing nanowires. As a result, new clusters of
ZnO nanowires can nucleate and start growing on top of the primarily grown nanowires, as
shown in Figure 4.5. The newly nucleated nanowires have access to the ions in all directions
that make them grow in the form of florets, as shown in Figure 4.5 (b). The ZnO florets are
also surrounded by more ions as there is much free space around them for the diffusion of the
ions. The ZnO florets, therefore, grow at a much faster rate in all directions compared to the

previously grown nanowires.

By controlling the precursor concentration, it is possible to influence the morphology
of the ZnO nanowires through the hydrothermal synthesis. The precursor concentration can,
therefore, be used as a critical parameter to control the morphology of ZnO nanowires on
microelectrode arrays for integration with neuronal cells. In the next section, | investigate the

influence of growth time on nanowire growth.

Figure 4.5. (a) SEM image of new ZnO nanowire clusters grown on primarily grown ZnO nanowires
on a Si substrate with a bulk ZnO seed layer using 150 mM of precursor concentration and 4 h of

growth. (b) The SEM image shows one of the new ZnO nanowire clusters at a higher magnification.

4.2.2 Growth time

The influence of the growth time on the nanowire growth was studied to further understand
how to achieve the ZnO nanowire morphology required for my microelectrodes. ZnO
nanowires were grown on Si substrates with the bulk ZnO seed layers using 25 mM of
precursor concentration with the growth time varying from 1 h to 20 h. A concentration of
25 mM was used for studying the effects of the growth time, as it is commonly used in the
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literature [68,101,123,133] and has previously shown in Section 4.2.1 to produce nanowires
with a reasonably high aspect ratio of 25-30.

4.2.2.1 Results of the growth time variation

Figure 4.6 (a)—(f) show scanning electron micrographs of ZnO nanowires grown after 1, 2, 4,
10, 15 and 20 h, respectively. The SEM images show both the top view and insets of the side
view of the ZnO nanowires. The nanowires predominantly grew longer rather than getting
wider as the growth time increased, agreeing with previous work [118,119]. The density of
the nanowires also decreased by increasing the growth time. Furthermore, the variation in the
nanowire morphology was more prominent in the early hours of the growth, 14 h, compared

to the long growth times, 10-20 h.

Figure 4.6. SEM images of ZnO nanowires grown on Si substrates with bulk ZnO seed layers using
25 mM of precursor concentration with a growth time of (a) 1, (b) 2, (c) 4, (d) 10, (e) 15 and (f) 20
hours. The SEM images of the nanowires were taken from the top view and the side view (insets).

Figure 4.7 (a)—(d) summarises the measurements taken from the SEM images for the
nanowires grown with 25 mM of precursor concentration over the time periods of 1-20 h.
The nanowires grew fastest within 1-4 h of growth. During the first 4 h of growth, the
average length of the ZnO nanowires increased from 530 + 50 nm to 1.38 + 0.1 um, while the
average diameter only increased from 33 =4 nm to 50 + 8 nm, as seen in Figure 4.7 (a) and

(b), respectively. Consequently, the aspect ratio of the nanowires reached a maximum of
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28 + 6 within 4 h of growth and it remained nearly constant for any longer growth time, as
shown in Figure 4.7 (c). After 4 h, the nanowire growth rate slowed down in both vertical and

lateral directions, where the diameter and length did not change substantially any more.

Figure 4.7 (d) shows a plot of the nanowire density for the samples grown with
25 mM of precursor concentration for various growth times in the range of 1-20 h. For
25 mM of concentration, the density of the nanowires was maximum, 185 + 18 NWs/um?,
after 1h of growth. The density of the nanowires approximately halved to
100 + 10 NWs/um? within 2 h of growth. For any longer growth time, > 2 h, the average

nanowire density remained approximately the same at 100 + 20 NWs/um?.
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Figure 4.7. Morphological graphs of ZnO nanowires grown on Si substrates with bulk ZnO seed
layers for various growth times using a precursor concentration of 25 mM. (a) Diameter, (b) length,
(c) aspect ratio and (d) density of the ZnO nanowires were measured from SEM images. (c) The
aspect ratios were calculated from data plotted in graphs (a) and (b). Error bars represent one standard

deviation (n > 30 NWSs) in (a)—(c) and 10% deviation in (d).
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4.2.2.2 Influence of the growth time

4.2.2.2.1 Initial stages of the nanowire growth

At the beginning of the hydrothermal growth, the bulk solution concentration is at its
maximum and provides the highest possible number of ions on the seed/nanowire surfaces
[118]. Accordingly, the nanowires grow the fastest during the early stage of the growth. The
density of the nanowires is also at its highest during the early stage of the growth as ZnO
crystallisation takes place on the deposited seed layer with a high density of the seeds.
Furthermore, due to the random orientation of the seeds, the nanowires grow in all
directions [147].

4.2.2.2.2 During the nanowire growth

The concentration of the reactant ions decreases as the growth time increases due to the
consumption of the ions by the ZnO nanowire growth and precipitation of ZnO in the growth
bottle. The reducing ion concentration results in lower diffusion rates and therefore, a lower
nanowire growth rate. Despite that the growth rate is reduced, nanowires continue to grow
preferentially along the c-axis rather than the lateral directions [125]. The nanowires reach
the maximum aspect ratio of 28 + 6 within 4 h of growth. For growth times longer than 4 h,
the nanowire diameter and length stay at a plateau of 45 + 5 nm and 1 + 0.2 um, respectively,

since very few ions have remained in the solution.

The density of the nanowires almost halves, from 185 + 18 to 100 + 10 NWs/um?,
after 2 h of growth. As the nanowire length approximately doubles, from 530 nm to 970 nm,
a selective competition takes place between the nanowires. As discussed in Section 4.2.1, an
increase of the nanowire diameter and length can reduce the nanowire density. As the
nanowires grow longer and wider, they can collide and stop further growth or coalesce with
each other and continue their growth. For the growth times longer than 2 h, the nanowire
density stays reasonably unchanged at 100 + 10 NWs/um?, because most of the misaligned
nanowires that started growing from the seeds have already been affected by the selective
competition at earlier stages of the growth.

The effect of the growth time can vary significantly depending on the initial precursor
concentration and the position of the substrate in the growth medium. The pH of the solution
with 25 mM precursor concentration is measured to be stable at 6.1 £ 0.1 during 20 h of
growth. However, the pH variation by the growth time is expected to be more noticeable

when a higher precursor concentration, e.g. 100-150 mM, is used. For the high precursor
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concentration, there are more reactant ions in the solution at the beginning of the growth and

the reduction of the ion concentration can be more significant during the nanowire growth.

4.2.2.2.3 The extreme growth of nanowires

In Section 4.2.1.2.3, using a high precursor concentration of 150 mM was determined to
result in the growth of wide and long ZnO nanowires within 4 h of growth. Extending the
growth time to 19 h, as shown in Figure 4.8, allows further growth of primarily grown
nanowires both axially and radially, in such that the nanowires coalesce with each other and
form a dense layer of ZnO nanowires with a thickness of 8.2 £ 0.1 um, as seen in Figure
4.8 (b) and (c). As the ZnO nanowires coalesce, the room for radial growth reduces and the

nanowires continue their axial growth as a layer.

Figure 4.8. SEM images of ZnO nanowires grown on a Si substrate with a bulk seed layer using
150 mM of precursor concentration and 19 h of growth. (a) A topside overview of the ZnO structures
grown on the substrate. (b) Top view and (c) side view of the primarily grown ZnO nanowires on the
seeded substrate that were coalesced with each and formed a dense layer. (d) New nucleation of a
ZnO cluster on top of the primarily grown ZnO nanowires. (e) Top view and (f) side view SEM
images show extended growth of a new ZnO nucleation that formed into a large ZnO floret on top of
the underlying grown ZnO nanowires.

Figure 4.5 previously showed that new nucleation of ZnO clusters could be formed on
top of the primarily grown ZnO nanowires when a growth time of 4 h is applied using a
precursor concentration of 150 mM. Figure 4.8 (d) also shows the new ZnO nucleation on top
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of the primarily grown nanowires for 19 h of growth. The longer growth time has also
allowed new ZnO nucleation to continue their growth forming large ZnO florets, as seen in
Figure 4.8 (e) and (f), with an average diameter of 240 £ 30 um and an average height of
74 £ 11 pm. The ZnO florets are thought to undergo a faster growth rate compared to the
underlying nanowires below as more ions are available around the ZnO florets. The fast
diffusion of the ions around the ZnO florets is also considered to shape their morphology that
consists of ZnO ribbons rather than nanowires. In the meantime, the depletion of the ions as
consumed by the ZnO florets limits the growth of the ZnO layer underneath.

Applying ZnO nanowires on microelectrode arrays for electrical interaction with
neuronal cells is thought to be affected by the morphology of the nanowires. Studying the
influence of the nanowire morphology on the biocompatibility of the ZnO nanowires and the
electrical properties of the microelectrodes requires the ability to control the morphology of
the ZnO nanowires within a broad range. Increasing the growth time is expected to be an
effective way of controlling the aspect ratio of the nanowires [115,118]. However, the
nanowire growth is determined to be limited to 4 h when a growth solution with 25 mM of
precursor concentration is used. Although a precursor concentration higher than 25 mM can
be applied to continue the nanowire growth for a longer time, this can lead to the formation of
undesired ZnO clusters. A multi-step growth can subsequently be applied by changing the
growth solution after a certain time to ensure that the growth continuously takes place in the
solution [119,132]. A continuous flow system can also be applied to provide a stable growth
solution that controls the precursor concentration available in the solution for the entire
growth time [148]. Such a system can minimise the variation of growth rate over time,
allowing the nanowires to grow for a longer time to achieve high aspect ratios. In the next
section, | investigate the effect of the additive PEI to mediate the growth of the nanowires
within a long growth time as an alternative to applying a complicated multi-steps growth or a

continuous flow system.

4.2.3 Polyethylenimine (PEI)

Polyethylenimine (PEI) is a polymer commonly used in the hydrothermal synthesis of ZnO
nanowires to enhance the aspect ratio of the nanowires, which is now investigated here.
Previous work by C. Burke-Govey et al. [123] showed that PEI with a molecular weight
(Mw) of 800 g/mol is successful in controlling the morphology of ZnO nanowires in

comparison to the other PEI. ZnO nanowires were grown using a precursor concentration of
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25 mM with PEI (Mw of 800 g/mol) concentration varying from 2 mM to 8 mM. The ZnO

nanowires were grown for 4 h and 20 h on Si substrates with bulk seed layers.

4.2.3.1 Results of the PEI variation

Figure 4.9 (a)—(c) show scanning electron micrographs from both top view and side view
(insets) of ZnO nanowires grown by using 25 mM precursor concentration with PEI
concentrations of 0, 6 and 8 mM, respectively, for 4 h of growth. The nanowire length
decreased when a PEI concentration of 6 mM or lower was used compared to the nanowires
grown with no PEI, as shown in Figure 4.9 (b) and (a), respectively. As the PEI concentration
increased to 8 mM, as shown in Figure 4.9 (c), the nanowires became longer than the
nanowires grown with no PEI. Furthermore, the nanowire diameter remained unchanged
when different concentrations of PEl was applied, except 8 mM. Increasing the PEI

concentration to 8 mM also resulted in reducing the density of the nanowires.

(¢)4 h, 8 mM

(a) 4 h, 0 mM "% (b) 4 h, 6 mM
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(d)20 h, 0 mM N

Figure 4.9. SEM images of ZnO nanowires grown on Si substrates with bulk ZnO seed layers using
25 mM of precursor concentration and additive PEI with a concentration of (a, d) 0 mM, (b, e) 6 mM
and (c,f) 8 mM for 4 h and 20 h of growth, respectively. The SEM images of the nanowires were

taken from side view and top view (insets).

Figure 4.9 (d)—(f) show SEM images of ZnO nanowires grown using 25 mM
precursor concentration with PEI concentrations of 0, 6 and 8 mM, respectively, for 20 h
growth. The nanowire length increased when 6 mM and 8 mM PEI concentrations were used,
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as shown respectively in Figure 4.9 (e) and (f), compared to the nanowires grown with no
PEI, Figure 4.9 (d). The nanowire diameter also increased when 8 mM PEI concentration was
used, whereas not much changes could be observed for PEI concentration <6 mM. The
density of the nanowires decreased using 6 mM and 8 mM PEI concentration, compared to

the nanowires grown with no PEI.

Figure 4.10 (a)—(d) plot the diameter, length, aspect ratio and density of ZnO
nanowires grown on Si substrates with the bulk seed layers using 25 mM precursor
concentration with various PEI concentrations 0-8 mM for 4 h and 20 h of growth. Figure
4.10 (a) shows that the nanowires had an average diameter of 45 + 10 nm that did not change
substantially with the PEI concentration and the growth time. However, at 20 h of growth,
8 mM PEI concentration exceptionally resulted in the growth of large nanowires with an
average diameter of 65 £ 45 nm. The nanowires were also grown with a broad range of

diameters, varying from 13 nm to 210 nm, when 8 mM PEI was used for 20 h of growth.

Introducing a low concentration of PEI to the growth solution was found to shorten
the length of the nanowires, as seen in Figure 4.10 (b). For the growth time of 4 h, the
addition of 4 mM PEI reduced the length from 1.4 + 0.1 pm of no PEI to 0.53 +0.08 pm.
Applying the PEI concentration of more than 4 mM increased the length of the nanowires to a
maximum of 1.7 £ 0.4 um for 8 mM. As discussed in Section 4.2.2, a growth time longer
than 4 h did not affect the morphology of the nanowires without using PEI. Figure 4.10 (b)
shows that in contrast to the samples grown without PEI, the addition of PEI to the solution
resulted in the growth of nanowires to take place for a longer time, 20 h. However, using a
low PEI concentration of 2 mM reduced the nanowire length from 1.25 + 0.15 um to 0.81
+ 0.15 um, even after 20 h of growth. Applying a higher PEI concentration, 4-8 mM, to the
solution allowed the nanowires to grow for the much longer growth time of 20 h. At 8 mM
PEI the nanowire length was enhanced by a factor of 5%, to 6.2 + 2.5 um, after 20 h of
growth. The nanowires that were grown with 8 mM PEI for 20 h also had a broad range of

lengths that varied from 3.5 pm to 14 pm.

The aspect ratio of the nanowires varied with PEI concentration, as shown in Figure
4.10 (c). Since the diameter of the nanowires did not change substantially, as seen in Figure
4.10 (a), the aspect ratio followed the trend of the nanowire length, Figure 4.10 (b). When no
PEI was applied, the nanowires had an average aspect ratio of 28 + 7 for both 4 h and 20 h of
growth. Adding 2 mM PEI concentration to the solution reduced the aspect ratio to 19 + 6.
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Increasing the PEI concentration to 4-6 mM continued to reduce the aspect ratio to 12 + 3 for
4 h of growth time. However, for 20 h of growth, the aspect ratio began to increase when a
PEI concentration of 4 mM or higher was used. At 8 mM PEI, the aspect ratio reached its
maximum of 36 £ 14 for 4h and 95+ 75 for 20 h. Figure 4.10 (c) also shows a large
uncertainty for the nanowires that were grown with 8 mM PEI for 20 h due to their broad

range of diameters and lengths, as seen in Figure 4.10 (a) and (b) respectively.
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Figure 4.10. Morphological graphs of ZnO nanowires grown on Si substrates with the ZnO seed
layers for various PEI concentrations, using 25 mM of precursor concentration with the growth time
of 4 h (red circles) and 20 h (blue squares). (a) Diameter, (b) length, (c) aspect ratio and (d) density of
the ZnO nanowires were measured from SEM images. (c) The aspect ratios were calculated from data
plotted in graphs (a) and (b). Error bars represent one standard deviation (n > 30 NWs) in (a)—(c) and
10% deviation in (d).

Figure 4.10 (d) shows that the density of the nanowires inversely followed the trend
of the nanowire length and the aspect ratio. The average density was about 92 + 9 NWs/um?
for both 4 h and 20 h of growth when no PEI was used. The density reached a maximum of
167 + 17 NWs/um? for 4 h and 138 + 14 NWs/um? for 20 h at 4 mM PEI concentration.

Increasing the PEI concentration beyond 4 mM reduced the density to a minimum of
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76 + 8 NWs/um? and 22 + 2 NWs/um? for 4 h and 20 h of growth, respectively, when 8 mM
PEI was used. Since the diameter of the nanowires did not vary significantly for various PEI
concentrations, a selective competition between the nanowires was expected to take place as

the nanowires were growing longer, which reduced the nanowire density.

4.2.3.2 Influence of PEI

PEI allows ZnO nanowires to grow for a longer time, e.g. from 4 h to 20 h, as shown in
Figure 4.7 and Figure 4.10, respectively. ZnO crystallisation is thought to be taken
heterogeneously and homogenously during the hydrothermal synthesis. In the heterogeneous
growth, ZnO crystallisation takes place on a substrate and grow into ZnO nanostructures
[149,150]. The homogenous growth comprises ZnO formation in the growth solution that
precipitates to the bottom of the growth bottle [151]. Using a growth solution without PEI,
the homogeneous growth is the dominant mechanism that quickly consumes the reactant ions
available in the solution. The solution also changes becoming cloudy as a result of the ZnO
formation in the bulk solution that precipitates as white powders. Adding PEI to the solution
slows the homogenous nucleation in the solution and enhances the heterogeneous growth on
the substrates. The solution colour also appears to be clear yellow, due to less ZnO precipitate
in the solution. The colour change is also determined to originate from the -N=CH. groups
produced by a Mannich reaction taken between HCHO compounds and NHz groups of PEI
during the hydrothermal chemical reaction that results in the continuous growth of ZnO

nanowires over a long growth [131].

PEI increases the aspect ratio during the hydrothermal synthesis of ZnO nanowires
[123,125]. The PEI molecules can attach to the lateral (non-polar) faces of the nanowires that
confine their lateral growth [106,131]. The limited lateral growth can also be seen in my
results, as previously shown in Figure 4.10 (a), where nanowires with small diameters were
grown despite the variation in PEI concentration and growth time. Subsequently, PEI

encouraged the growth of nanowires along the c-axis that enhanced their aspect ratio.

Adding a PEI concentration of 8 mM to the growth solution spoils the pre-deposited
ZnO seed layer that was partially removed during growth. The attachment of the sputter
deposited seed layer to the substrate was weakened during nanowire growth; post-growth
sonication could remove the entire seed layer with the attached nanowires from the substrate.

The delamination of the seed layer can be associated with an increased pH level of the
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solution to 8.5 when 8 mM PEI is used compared to a pH of 6.1 for the growth solution with
no PEI.

Varying the precursor concentration (2.5-150 mM), growth time (1-20 h) and PEI
concentration (0—8 mM) controls the morphology of the ZnO nanowires within a broad range.
As a result, ZnO nanowires with a diameter of 20-300 nm, length of 0.15-6.2 um, aspect
ratio of 6-95 and density of 10-285 NWs/um? can be grown. The understanding taken from
the influence of the growth parameters can later be applied to control the morphology of ZnO

nanowires on microelectrodes for integration with neuronal cells.

The nanowires presented above were grown on the entire substrate. However,
sometimes nanowires must be grown on defined regions, e.g. microelectrodes. Furthermore,
varying the growth parameters as above will affect the nanowires similarly, requiring
different samples for different nanowire morphologies. Although this technique can be
applied to grow uniform nanowires on microelectrode arrays, nanowires with different

morphologies across the same substrate are sometimes required.

In the next section, two different patterning techniques will be introduced that allow
growing nanowires on defined regions. Furthermore, the influence of the seed layer geometry
on the morphology of the nanowires will be investigated that paves the way to grow
nanowires with different morphologies on a single substrate. The patterning technique will
then be applied in Chapter 5 to minimise the difficulties and constraints associated with
studying the integration of neuronal cells with ZnO nanowires of various morphology and

geometry.

4.3 ZnO nanowires growth on the patterned seed layer

In this work, the aim is to achieve as simple a process as possible to create controlled
variation in the morphology of ZnO nanowires on a single substrate at defined locations. The
process will then be applied for fabricating samples with nanowires in various morphologies
to study their interaction with neuronal cells. Furthermore, the patterning process will be
applied to selectively grow ZnO nanowires on the microelectrodes for integration with the
neuronal cells. The hydrothermal synthesis takes places at a low temperature (95°C) that
allows a standard photolithography technique for controlling the regions of the nanowire
growth. Two different processes, Method 2 and Method 3, as shown in Figure 4.11 (a) and

(b) and detailed in Section 3.2.3 of Chapter 3, were applied for fabrication of the samples in
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this section. 10 x 10 mm? silicon (Si) [100] substrates were initially cleaned thoroughly by
1 minute sonication in acetone and then in IPA, followed by rinsing in IPA and drying with
N2. The photolithography process (using AZ5214E photoresist) was applied to define linear
patterns on the substrates before (Method 2) and after (Method 3) deposition of ZnO seed
layers, as shown in Figure 4.11 (al) and (bl), respectively. The lift-off process was
subsequently applied in Method 2 to remove any undesired seeds, leaving a pattern of ZnO
seed lines on the substrate for the nanowire growth, as shown in Figure 4.11 (a2). In
Method 3, a photoresist pattern remained on the substrates with bulk seed layers. The lift-off
process was applied after the nanowire growth to remove ZnO nanowire debris, leaving

vertical nanowires on defined regions, as shown in Figure 4.11 (b2).

Method 2 Method 3 Pattern 1 Pattern 2

(al) (W . .
: © @)

—_—— e o o — — — — —— — — — — —— — — —— — — — —— — o — —— — — — — — — —

Figure 4.11. Fabrication processes for patterning ZnO nanowire growth. (al)—(a2) Schematic of
Method 2 fabrication process before and after the growth of ZnO nanowires, respectively. (b1)—(b2)
Schematic of Method 3 fabrication process before and after growth of ZnO nanowires, respectively.
The complete fabrication processes of Method 2 and Method 3 were detailed in Section 3.2.2 of
Chapter 3. (c)—(d) Schematics of Pattern 1 with varying seed line width, W, and Pattern 2 with varying

seed line gap, G, respectively.

Two patterns, Pattern 1 and Pattern 2, were used to investigate the effect of the ZnO
seed layer geometry on the morphology of the resulting ZnO nanowires, as shown in Figure
4.11 (c)—(d), respectively. Pattern 1 comprised 7 mm long seed lines with their widths
varying from 4 um to 1 mm and a fixed gap of 200 um between the seed lines. Pattern 2
comprised 7 mm long seed lines with a fixed width of 10 um and seed line gaps varying from
2 um to 800 um. The nanowires were grown for 4 h using a precursor concentration of
25 mM without PEL. In this work, the influence of the seed line width (W) through Pattern 1
and the seed line gap (G) through Pattern 2 on the morphology of the nanowires are first
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investigated by applying Method 2. The nanowires grown by Method 2 are then compared
with Method 3 to discuss the influence of the patterning process in the morphology of the

resulting nanowires.

4.3.1 ZnO seed line width (Pattern 1)

A pre-deposited seed layer can bypass the nucleation stage of the nanowire growth,
enhancing the heterogeneous growth during the hydrothermal synthesis [107]. The seeds can,
therefore, behave as adsorbent targets to the reactant ions available in the growth solution to
form ZnO nanowires. Here, the influence of the ZnO seed line width on the morphology of
ZnO nanowires is investigated by growing ZnO nanowires using Pattern 1 via Method 2. A

precursor concentration of 25 mM with 4 h of growth was used for growing ZnO nanowires.

4.3.1.1 Results of the ZnO seed line width variation
ZnO nanowires were grown on the seed lines with varying widths of 4 um to 1 mm, where a

fixed gap of 200 pm was provided, as shown in Figure 4.12. Figure 4.12 (a) shows a portion

(a) 4-100 pm

Figure 4.12. SEM images of ZnO nanowires grown on a Si substrate with patterned ZnO seed lines
that vary in width from 4 pm to 1 mm, using a precursor concentration of 25 mM for 4 h of growth.
The ZnO seed lines were patterned as Pattern 1 via Method 2 as detailed in Section 3.2.3 of Chapter 3.
(@) The SEM image shows a topside overview of the patterned substrate that includes ZnO nanowires
grown on seed lines with the width varying from 4 pm to 100 pm and a gap of 200 um. (b)—(f) The
SEM images of ZnO nanowires grown on the seed lines with a width of 4, 8, 20, 200 and 1000 pm,
respectively. The SEM images of the nanowires were taken from the top view and the side view

(insets).
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of the patterned substrate, where the seed lines varied in widths from 4 pum to 100 um. The
SEM images in Figure 4.12 (b)—(f) show both top view and side view (insets) of the ZnO
nanowires grown on 4, 8, 20, 200 and 1000 um wide seed lines on the same substrate,
respectively. The SEM images show that the variation in the ZnO seed line width affected the
morphology of the nanowires. Increasing the seed line width resulted in the nanowire

diameter and length to decrease and the density to increase.

Figure 4.13 plots ZnO nanowire morphology as a function of the ZnO seed line width.
The seed line width varied from 4 um to 1000 um on the same substrate, where the gaps
between the seed lines were kept fixed at 200 um. Figure 4.13 (a) plots the ZnO nanowire
diameters against the seed line widths. The nanowires had a maximum diameter of
220 £ 55 nm on the seed line with a width of 4 um. The diameter decreased, almost halved,
to 115 + 20 nm as the seed line width increased to 20 um. Further extension of the seed line
width to 200 um continued to reduce the diameter to 57 + 13 nm, but at a slower pace. For
the seed line widths in the range of 200-1000 pm, the diameters remained unchanged at
50 £ 9 nm.

Figure 4.13 (b) shows the influence of the varying ZnO seed line width on the length
of the ZnO nanowires. Like the ZnO nanowire diameters shown in Figure 4.13 (a), the length
of the nanowires was at a maximum of 2.54 £ 0.1 uym for the minimum seed line width of
4 um. The nanowire length rapidly decreased to 1.49 +£0.08 um as the seed line width
increased to 40 um. Increasing the seed line width to 200 um reduced the nanowire length to
1.28 £ 0.1 um. Further increase of the seed line width to 200-1000 pum reduced the nanowire

length to its minimum of 1.25 + 0.2 um.

Figure 4.13 (c) shows the aspect ratio of the ZnO nanowires for the varying ZnO seed
line widths. The aspect ratio was determined to be at its minimum of 11.5 + 3.0 for the
narrowest seed line width of 4 pm. Increasing the seed line width to 10 um slightly increased
the aspect ratio to 13.3+3.5. The aspect ratio continued to increase more rapidly to
22.5 £ 7.0 as the seed line width approached 200 um. As a result, the length of the nanowires
increased with a much faster rate compared to the diameter when the seed line width
increased from 10 to 200 um. The aspect ratio reached a maximum of 25.5 £ 7.5 at 400 pm
wide seed line and remained approximately the same for any further increase of the seed line
width to 1000 pm.

65



CHAPTER 4. SELECTIVE GROWTH OF ZNO NANOWIRES

300 R T T " T | T
[ (a) J[ ) ]
| z | _
Z200F = bt :
3 | 5 20 5 ;
& 5t FTY b |
2 100f {}i = [ i*ﬂ:
z Wgse | * ]
O- 1l L el M PEETEE T | 0_ sl L e el M 13 sl
10° 10! 10% 10° 10° 10! 10° 10°
ZnO Seed Line Width (zzm) Zn0O Seed Line Width (um)
40_ UL L) B L L B LR AL | 150 UL ] B R L B R L |
- (0) @
i £
S 30F S H
g | = 100 F { { H .
5 z ; 1
g 20p { H = | ;
<t 'zt
= [ H 5 50 ii .
Z, 10:' {} ; # L
Z
0 1 1 L 1 1 1
10° 10" 10° 10° 10° 10" 10° 10°

7Zn0 Seed Line Width (pm)

7Zn0O Seed Line Width (gm)

Figure 4.13. Morphological graphs of ZnO nanowires grown on a Si substrate with patterned ZnO
seed lines that vary in width, using a precursor concentration of 25 mM for 4 h of growth. The ZnO
seed lines were patterned with Pattern 1 via Method 2 as detailed in Section 3.2.3 of Chapter 3. (a)
Diameter, (b) length, (c) aspect ratio and (d) density of the ZnO nanowires were measured from SEM
images. The aspect ratios in (c) were calculated from data plotted in graphs (a) and (b). Error bars
represent one standard deviation (n > 30 NWSs) in (a)—(c), and 10% deviation in (d).

Figure 4.13 (d) plots the density of the ZnO nanowire against the seed line widths.
Nanowires were grown with the lowest density of 30 + 3 NWs/um? when a seed line width of
4 um was applied. Increasing the seed line width resulted in more individual nanowires to
grow on the seeded regions. As the seed line width was increased to 20 um, the density of the
nanowires almost doubled to 67 + 7 NWs/um?. The nanowire density rapidly increased to
107 + 11 NWs/um? as the seed line width approached 200 um. Further increase of the width
to 1000 pm slightly increased the density. At the maximum width of 1000 um the density
was found four times higher, 120 + 12 NWs/um?, compared to 30 + 3 NWs/um? for the 4 um

wide seed line.
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4.3.1.2 Influence of the ZnO seed line width

Figure 4.12 and Figure 4.13 showed that the nanowire morphology varied across the same
substrate by varying the seed line width, even when the same growth parameters were applied
to the entire substrate. Using a bulk seeded substrate with precursor concentration of 25 mM
and 4 h of growth resulted in ZnO nanowires with an average diameter of 50 + 7.5 nm, length
of 1.38 +0.11 um, aspect ratio of 27.7 + 6.4 and density of 92 + 9 NWs/um?. The 200 um
wide seed line with a gap of 200 um achieved the same morphology as the bulk seeded
substrates, with an average diameter of 57 £ 13 nm, length of 1.28 + 0.1 um, aspect ratio of
22.5 + 7.0 and density of 107 + 11 NWs/um?. The patterned ZnO seed lines can, therefore, be
determined to behave as a bulk seed layer when an equal or larger seed line width than the

seed line gap is provided.

ZnO seeds act as adsorption points for the reactant ions during the hydrothermal
growth. The seeds on a small seed region are thought to attract more ions compared to those
on a bulk seed layer. Subsequently, the diffusion rate of the ions towards the small seed areas
is relatively faster that results in a faster growth rate of the nanowires. Due to the faster
growth rate, the nanowires can grow longer and wider when a narrow seed line is provided

compared to a bulk seed layer.

As discussed in Section 4.2, the aspect ratio of the nanowires was maximum when a
precursor concentration of 15 mM was applied for 4 h of growth. The vertical growth of the
nanowires was subsequently determined to be quasi-saturated. Increasing the precursor
concentration beyond 15 mM, e.g. 25 mM, resulted in the nanowire aspect ratio decreasing,
where the nanowires grew more laterally than vertically. Reducing the seed area is thought to
increase the diffusion rate of the ions towards the seeds in the same manner as increasing the
precursor concentration for the bulk seed layers. Accordingly, the nanowire aspect ratio

reduces when a small seed area is provided, as nanowires grow more laterally than vertically.

The density of the nanowires reduces by shrinking the seed line width. As the
nanowires grow longer and wider, selective competition takes place that reduces the
nanowire density. In this respect, nanowires either coalesce with each other to continue their
growth or eliminate each other from further growth, resulting in fewer nanowires reaching the

top surface for observation by scanning electron microscopy.
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4.3.2 ZnO seed line gap (Pattern 2)

The variation of the seed layer geometry by the seed line width is determined to affect the
morphology of ZnO nanowires across the same substrate. Below we investigate the influence

of the gap between the seed lines on the morphology of nanowires.

4.3.2.1 Results of the ZnO seed line gap variation

ZnO nanowires were grown on a single substrate, using Pattern 2 via Method 2, with 25 mM
of precursor concentration and 4 h of growth. The gaps between the patterned seed lines were
varied from 2 pum to 800 um while the seed line widths were fixed at 10 um. Figure 4.14 (a)
shows both top view and side view (inset) of a portion of the substrate that includes ZnO
nanowires grown on 10 um wide seed lines with gaps of 2—400 um. The SEM images in
Figure 4.14 (b)—(f) show a top view of the gap between the seed lines and an inset of the ZnO
nanowires grown on 10 um wide seed lines with the gaps of 2, 4, 10, 100 and 800 um,

respectively. Despite that identical 10 um wide ZnO seed lines were applied on the substrate

}(c) 4 um

Figure 4.14. SEM images of ZnO nanowires grown on a Si substrate with 10 um wide patterned ZnO
seed lines where the gaps from 2 um to 800 um, using a precursor concentration of 25 mM for 4 h of
growth. The ZnO seed lines were patterned as Pattern 2 via Method 2 as detailed in Section 3.2.3 of
Chapter 3. (a) The SEM image shows a top view and a side view (inset) of the patterned substrate
with ZnO nanowires grown on 10 um wide seed lines with gaps varying from 2 um to 400 um (2 um
to 20 um for the inset). (b)—(f) The SEM images of ZnO nanowires grown on the seed lines with gaps
of 2, 4, 10, 100 and 800 um, respectively.
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and the same growth conditions were used, the grown ZnO nanowires altered in morphology.
The nanowire diameter and length increased, and the density decreased as the gap between

the seed lines increased.

Figure 4.15 plots the morphology of the resulting ZnO nanowires for various seed line
gaps that were provided between 10 pum wide seed lines. Figure 4.15 (a) shows the diameter
of the resulting nanowires for the varying seed line gaps. The nanowires had the lowest
diameter of 102 £ 16 nm when a seed line gap of 6 um was provided. Within the gap range of
2—20 um, the diameter of the nanowires remained unchanged with an average diameter of
107 = 25 nm. Increasing the gap from 20 um to 800 um increased the nanowire diameter to a

maximum of 235 + 48 nm.
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Figure 4.15. Morphological graphs of ZnO nanowires grown on patterned 10 um wide ZnO seed lines
with various gaps. The nanowires were grown on a Si substrate using 25 mM of precursor
concentration and 4 h of growth and were patterned using Pattern 2 via Method 2 as detailed in
Section 3.2.2 of Chapter 3. (a) Diameter, (b) length, (c) aspect ratio and (d) density of the ZnO
nanowires were measured from SEM images. (c) The aspect ratios were calculated from data plotted
in graphs (a) and (b). Error bars represent one standard deviation (n > 30 NWSs) in (a)—(c), and 10%

deviation in (d).
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Figure 4.15 (b) shows the effects of the seed line gap variation on the resulting
nanowire length. The nanowires had a minimum length of 1.9 £ 0.2 um when a gap range of
2-20 um was provided. Increasing the gap from 20 um to 600 pm resulted in the nanowire
length to reach 2.9 +0.2 um. For the seed line gaps of 80-100 um, the length of the
nanowires were found to be shorter, 1.65 £ 0.1 um, compared to what was expected from the
trend. These outliers are thought to be a result of the possible damage made to the nanowires
during the mechanical preparation process that had been taken for SEM imaging at the cross-

section view.

The relationship between the length and diameter of the grown nanowires is shown as the
aspect ratio in Figure 4.15 (c) for various seed line gaps. The nanowires had a maximum
aspect ratio of 17.3 + 8.6 when a minimum gap of 2 um was provided. The aspect ratio of the
nanowires stayed unchanged for 2-20 um gaps as their vertical and lateral growth did not
change substantially. Beyond 20 um of the gap, the nanowires generally grew faster in lateral
directions than the c-axis direction that slightly reduced the aspect ratio to 11.1 +3 for a

maximum seed line gap of 800 um.

Figure 4.15 (d) shows the density of the nanowires as a function of the seed line gap.
The nanowire density was maximum of 80 + 8 NWs/um? when 4-10 um gaps were provided.
As the seed lines moved further apart from each other, the density of the nanowires decreased
due to a selective competition that took place between the nanowires. The nanowire density

almost halved to 34 + 3 NWs/um? when a maximum seed line gap of 800 um was provided.

4.3.2.2 Influence of the ZnO seed line gap

The nanowire morphology is affected by varying the gap between the seed lines. With
gaps > 10 um, increasing the gap results in increased length and diameter of the nanowires
despite the identical growth conditions being applied. The diameter is also affected more than
the length by the seed line gap. Consequently, the aspect ratio reduces as the gap increases.
The nanowire density also reduces as the gap widens. The nanowire morphology is
reasonably stable for the gap < 10 um. A threshold of 10 um can, therefore, be defined for the
seed line gap, at which the nanowire morphology begins to change by increasing the gap
beyond the threshold.

The gap between the seed lines provides an area around the seeds that allows lateral
diffusion to take place during the hydrothermal growth of ZnO nanowires. The reactant ions

can, therefore, diffuse faster towards the ZnO seeds to enhance the growth rate of the
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nanowire. Besides, the by-products that are produced by the chemical reaction at the
nanowire surface act as a growth rate limiting factor [152]. Providing a gap between the seed
lines can also increase the removal rate of the by-products, to diffuse away from the seed
lines, and further boost the growth of the nanowires.

ZnO nucleation can randomly take place on Si substrates without any seed layer and
grow into randomly oriented nanowires. The random nanowires can similarly grow on
unseeded regions between the seed lines. The number of random nanowires that grow
between the seed lines varies by applying different gaps between the seed lines, as shown in
Figure 4.14. Providing a small gap between the seed lines, e.g. 2-10 um as shown in Figure
4.14 (b)—(d), respectively, is determined to reduce the number of random nanowires that grow
on unseeded regions in comparison to a large gap, e.g. 100 um and 800 pm as shown Figure
4.14 (e) and (f), respectively. When a small gap is provided, most of the reactant ions
available above the unseeded regions can be consumed by the neighbouring seeds that
prevent any growth of the random nanowires on the plain substrate surface. Expanding the
gap between the seed lines allows more reactant ions to remain above the unseeded regions

that can eventually grow into random ZnO nanowires.

4.3.3 Patterning process

Varying the seed line width and gap, by using Pattern 1 and Pattern 2 through Method 2, are
determined to alter the morphology of the resulting nanowires. In this section, the difference
in the fabrication processes of Method 2 and Method 3, as detailed in Section 3.2.3 of
Chapter 3, is investigated by growing ZnO nanowires on patterned seed lines that vary in
either the seed line width, Pattern 1, or the seed line gap, Pattern 2. Nanowires were grown
with a precursor concentration of 25 mM and 4 h of growth. The morphology of the resulting
nanowires is then examined as a function of the seed area ratio, defined as the proportion of

the seed line width to the sum of the seed line width and the gap.

4.3.3.1 Method 2 vs. Method 3

Figure 4.16 shows SEM images of nanowires grown on the patterned ZnO seed lines via
Method 2 in (a) and (c), and via Method 3 in (b) and (d). Figure 4.16 (a) and (b) show top
view of the patterned ZnO seed lines that vary in the gap within a range of 2-400 pum with the
insets showing the 200 um gaps. ZnO randomly nucleated on a plain substrate surface and
grew into undesired nanowires. A high number of random nanowires were grown on the

substrate surface when a large gap, e.g. 200 um, between the seed lines was provided, as
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shown in Figure 4.16 (a). The number of undesired randomly grown nanowires was
minimised by applying a gentle cleaning process in DI water; however, they could not be
thoroughly removed. Since the nanowire growth took place at a low temperature (95°C), a
photoresist pattern could be left on the substrates during the growth via Method 3. Lifting-off
the photoresist after the nanowire growth subsequently removed any unwanted nanowires and

left vertical nanowires on the defined regions only, as shown in Figure 4.16 (b).

(a) Method 2 (b) Method 3

(c) Method 2

Figure 4.16. Arrays of ZnO nanowires grown on ZnO seed lines patterned by Pattern 2 using
Method 2 shown in (a) and (c), and via Method 3 shown in (b) and (d). (a) and (b) show top view
SEM images of a portion of the samples with 10 um wide seed lines that vary in the gap from 2 um to
400 um (200 um gaps for the insets). (c) and (d) show SEM images of nanowires grown on 10 um

wide seed lines with an adjacent gap of 60 um from side view and top view (insets).

Figure 4.16 (c) and (d) show SEM images from side view and top view (insets) of the
nanowires grown on 10 um wide seed lines with an adjacent gap of 60 pm via Method 2 and
Method 3, respectively. Figure 4.16 (c) shows that Method 2 resulted in the lateral growth of
the nanowires at the edges of the seed region. In contrast, Figure 4.16 (d) shows that
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Method 3 blocks the lateral growth and resulted in the growth of vertical nanowires only.
Furthermore, the length of the resulting nanowires was found to be longer when Method 3
was applied compared to the nanowires that were grown by Method 2, even though their
diameters did not change significantly.

4.3.3.2 The seed area ratio

The seed area ratio was defined as the proportion of the seed line width to the sum of the seed
line width and the minimum adjacent gap, W/(W + G), as illustrated in Figure 4.11. The seed
area ratio was controlled by varying the seed line width and the seed line gap. Figure 4.17
shows the morphology of the nanowires that were grown via Method 1, Method 2 and
Method 3 as a function of the seed area ratio. Figure 4.17 also shows the morphology of the
nanowires that were grown on different seed layer patterns; Pattern 1 with varying seed line

width labelled as “~-W” and Pattern 2 with varying seed line gap labelled as “-G”.

Figure 4.17 (a) shows that the diameters of the nanowires that were grown on the
patterned seed lines closely matched with each other despite their differences in the
patterning process—Method 2 or Method 3. However, the diameter of the nanowires that
were grown on the seed lines with various gaps was slightly larger than the nanowires that
were grown on the seed lines with the various widths. The nanowires had a maximum
diameter of 235 + 48 nm and 195 + 38 nm for Method 2 and Method 3, respectively, at the
lowest seed area ratio of 1%. Increasing the seed area ratio to 83% reduced the diameter to
57 + 8.5 nm for both Method 2 and Method 3 that approached the diameter of the nanowires

that were grown on the bulk seed layer, 50 + 7.5 nm.

Figure 4.17 (b) shows the influence of the seed area ratio on the length of the ZnO
nanowires. The nanowires grown by Method 3 were longer than the nanowires grown by
Method 2. Moreover, the nanowires that were grown on the seed lines with various gaps were
longer and thicker compared to those grown using various seed line widths. At 1% of the
seed area ratio, nanowires were the longest with an average length of 2.90 £ 0.16 um and
4.60 £ 0.49 um for Method 2 and Method 3, respectively. The nanowire length reduced as the
seed area ratio increased. The nanowire length almost halved, from 2.90 £ 0.16 um to
1.20 £ 0.18 um, by increasing the seed area ratio from 1% to 83% by using Method 2. The
length of the nanowires grown via Method 3 decreased by a factor of 3, from 4.60 £ 0.49 pm
to 1.58 + 0.20 um, as the area ratio increased from 1% to 83%. The length of the nanowires

grown at the maximum seed area ratio of 83% for both Method 2 and Method 3 was close to
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1.38 + 0.11 um, which was measured as the average length of the nanowires grown on the

bulk seed layer.
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Figure 4.17. Morphological graphs of ZnO nanowires grown on Si substrates with patterned ZnO seed
lines using a precursor concentration of 25 mM and 4 h of growth. (a) Diameter, (b) length, (c) aspect
ratio and (d) density of ZnO nanowires were measured using SEM images. (c) The aspect ratios were
calculated from data plotted in graphs (a) and (b). The ZnO seed lines were patterned via Method 1
(bulk seed layer), Method 2 and Method 3 as indicated by the legends. The suffix “-W” and “-G”
correspond to the patterned seed lines that vary in width (Pattern 1) and gap (Pattern 2), respectively.

The dashed line indicates the unity seed line width-to-gap ratio, where the seed area ratio is at 50%.

Figure 4.17 (c) shows the aspect ratio plotted against the seed area ratio. The
nanowires grown via Method 2 and Method 3 can be distinguished from each other using the
aspect ratio. Method 2 resulted in nanowires with aspect ratios of 9-26 compared to
Method 3 that resulted in higher aspect ratios of 23-34. At the seed area ratio of 1%, the
nanowires grown by Method 2 had an aspect ratio of 11.1 £ 3.0. The aspect ratio increased to
23.5 = 7.6 by increasing the seed area ratio to 83%. The nanowires had a minimum aspect
ratio of 23.4 + 6.7 at 1% of the seed area ratio when Method 3 was used. The aspect ratio
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reaches a maximum of 34.6 + 7.9 at the seed area ratio of 50%. Further increase of the seed
area ratio from 50% to 83% reduced the aspect ratio to 27.8 £ 7.7, which was similar to the

aspect ratio of 27.7 = 6.4 measured for the nanowires grown on the bulk seed layer.

Figure 4.17 (d) shows the density of the nanowires as a function of the seed area ratio.
The seed lines with a minimum seed area ratio of 1%, for both Method 2 and Method 3,
consisted of the least number of the nanowires, 30 = 3 NWs/um?. Increasing the seed area
ratio increased the nanowire density on the seed lines. The density of the nanowires that were
grown via Method 2 increased faster by the seed area ratio in comparison to the nanowires
that were grown via Method 3. The nanowires reached a maximum density of
120 + 12 NWs/um? and 76 + 7 NWs/um? at a seed area ratio of 83% for Method 2 and
Method 3, respectively. The nanowires grown on the seed lines with various widths and gaps
followed the same trend line when Method 3 was used. However, this was not the case for

Method 2, where they started to diverge at the seed area ratio of 30%.

The seed area ratio of 50% is marked in Figure 4.17 that represents the unity ratio
between the seed line width and the gap, W/G = 1. A threshold of 50% can be defined for the
seed area ratio that influenced the nanowire morphology. The nanowire morphology was
affected the most within the initial 50%, where the width of the seed line was smaller than the
surrounding gap. The nanowires grew longer and thicker as the seed area ratio decreased. M.
Coltrin et al. [152] previously showed that the nanowire growth enhancement was notable
when a small fraction of the surface was exposed to the growth, where organic molecules
were used to cover the unexposed areas. As the seed area ratio approached 50%, the seed
layer behaved more like a bulk seed layer for the nanowire growth. The nanowire growth

remained reasonably steady when the seed area ratio was increased beyond 50%.

4.4 Growth kinetics

Controlling the parameters of the growth solution, such as the precursor concentration, the
growth time and the PEI concentration have conventionally been applied to alter the
morphology of ZnO nanowires through the hydrothermal synthesis. However, the results in
Section 4.3 showed that the morphology of the nanowires could also be governed by
controlling the seed layer geometry. In this section, the growth kinetics are discussed to
understand why the morphology of the nanowires is influenced by varying the seed layer

geometry.
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4.4.1 Hydrothermal growth

During the hydrothermal growth of ZnO nanowires, zinc nitrate hexahydrate and HMT
precursors go through a chemical reaction that provides Zn?* and OH ions required for ZnO
crystallisation. The ions can nucleate on the substrate surface and form ZnO crystals. A ZnO
seed layer can be applied to bypass the nucleation step, where ZnO crystallisation can take
place directly on the deposited seed layer. ZnO nanowires are formed as the ions are
generally adsorbed on polar surfaces along the c-axis [0001] due to the tendency of the ions
to minimise the surface energy of the ZnO crystals [125]. In the meantime, ZnO nanowires
can also grow in the lateral directions [1010] and [1120]—a-axis and m-axis, respectively—

to produce thicker nanowires [153].
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Figure 4.18. Schematics of ZnO nanowire growth kinetics in the growth solution. (a) Schematic
showing the reactant ions concentration above the nanowire array, where the concentration is
maximum (C.) in the bulk solution at y = ¢ and minimum (Cs) near the substrate at y = 0. (b)
Schematic showing diffusion of the ions from the bulk solution towards the nanowires and the
reaction at the nanowire surface. Most of the ions adsorb on the c-face (0001) along the c-axis
direction that has the highest surface energy compared to the lateral non-polar faces along a-axis and
m-axis, [1010] and [1120].

The deposited ZnO seeds can be used as adsorption targets for the Zn?* and OH" ions
to guide the growth of ZnO nanowires onto defined areas. Upon the adsorption of the ions by
the seeds, the ions diffuse from the bulk solution, C. at y = ¢, towards the seed surface, Cs at
y =0, as shown in Figure 4.18 (a). At the surface of the seeds/nanowires, the ions are
involved in a chemical reaction that results in the growth of the nanowires. The growth rate

of the ZnO nanowires mainly depends on the reaction rate happening on the nanowire surface

76



4.4. GROWTH KINETICS

and the diffusion rate that supplies the reactant ions from the solution to the surface, as shown
in Figure 4.18 (b). The reaction rate is a rate at which ZnO crystallisation takes place on the

nanowire surface and can be defined as:

d(ZZVS) = Nk Ay 0 Equation 4.1

Reaction rate =

where N is the number of nanowires; k is the Kkinetic coefficient (cm/min) on ZnO
nanowire/seed surfaces; Anws is the nanowire surface area, and ¢ is the distance between the
bulk solution region and the nanowire surface. Furthermore, the reaction rate for the
nanowire growth can be defined distinctly for vertical surface (0001) and lateral surfaces
(1010) (1120) as

d(NWs)
dt

] -

where Dnw and Hnw are the average diameter and height of the nanowires, respectively; k;

and ki are the kinetic coefficients for vertical and lateral surfaces, respectively.

Due to the consumption of the reactant ions by the ZnO nanowires on the substrate,
the concentration of the ions diminishes near the substrate. The deficiency of the ions near the
substrate creates a concentration gradient in the boundary layer, y =[O0, J], and the ions
diffuse from the bulk solution towards the substrate surface. The diffusion rate can be defined
as a rate at which reactant ions move from the highly concentrated region (C. at y = 9)
towards the low concentrated region (Cs at y = 0). Furthermore, the concentration of the ions
is considered to drop linearly with distance in the boundary layer [146] as

1+

C, Equation 4.3

where @ is the Thiele modulus [146,154,155] defined as the ratio between the surface

reaction rate and the diffusion rate (Q, cm?/min):

Reaction rate
" Diffusion rate
_ d(NWs)/dt
— T

_N(ékz”DNWZ + k. w Dy Hyw) 0
B 0

Equation 4.4
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The hydrothermal growth mechanism of ZnO nanowires can subsequently be categorised as a
reaction rate limited growth (& « 1) and a diffusion rate limited growth (& > 1), as shown in

Figure 4.19 (a) and (b) respectively.

by >1
Reaction rate limited

L] [ ]

Figure 4.19. (a) Reaction rate limited and (b) diffusion rate limited growth mechanisms trough the
hydrothermal synthesis. (a) The high number of the reactant ions that diffuse from the solution
towards the ZnO nanowires resulted in the relatively fast diffusion rate and slow reaction rate on the
surface of the nanowires with the small Thiele modulus (@ « 1). (b) The small number of the reactant
ions provide a slower diffusion rate towards the nanowires, where the reaction rate takes place on the

nanowire surface relatively faster (@ > 1).

In the case of @ « 1, as shown in Figure 4.19 (a), the diffusion rate is the dominant
factor that results in the reaction rate limited growth. Due to the high diffusion rate of the
reactant ions, the growth rate of ZnO nanowires is relatively fast, resulting in the formation of
long and thick nanowires. Since the diffusion rate is much faster than the reaction rate, there
are more reactant ions available at the surface than required for the controlled growth of
nanowires on defined regions. Random nucleation of ZnO can, therefore, take place that

results in the growth of random nanowires on a plain substrate.

In the case of @ > 1, as shown in Figure 4.19 (b), the nanowire growth is diffusion
rate limited (mass transport limited) implying a high reaction rate at the nanowire surface.
Many nanowires can grow heterogeneously on the substrate with limited precipitation
forming in the growth solution. Applying a seed layer of ZnO on the substrate can enhance
the reaction rate of the nanowire growth by eliminating the nucleation step, as ZnO
nanowires can grow directly on the pre-deposited ZnO seed layer. Many nanowires can grow

vertically on the seed layer while limited random nanowires grow elsewhere. Due to a high
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density of the nanowires on a small seed region, the depletion rate of the reactant ions is
much faster near the nanowire surface, resulting in a deficiency of the ions near the substrate.
Subsequently, the nanowires grown on the seed regions are short and narrow compared to the

nanowires grown via a reaction rate limited growth mechanism.

4.4.2 Influence of the growth kinetics on the nanowire growth

Figure 4.20 shows ZnO nanowires that were grown on Si substrates when a different portion
of the substrate was covered by the ZnO seed layer, using the same growth parameters;
25 mM of precursor concentration without PEI and 4 h of growth. The introduced Thiele
modulus can explain the variation in the growth of the nanowires by the seed area ratio, as
was demonstrated in Section 4.3.3. Figure 4.20 (a) shows nanowires that were randomly
grown on a plain substrate, with no ZnO seed layer. The resulting nanowires were enormous,
with an average diameter of 660 + 100 nm and length of 6.3 £ 1.5 um, and very low in
density, 0.23 NWs/um?. The resulting nanowire morphology agrees with the case of small

Thiele modulus, @ « 1, where nanowire growth is reaction rate limited.

(d) 100 % el
- > ..“l

Reaction Rate Limited Growth Diffusion Rate Limited Growth

Figure 4.20. Influence of dominant hydrothermal growth mechanisms on the growth of ZnO
nanowires for various seed layer geometry. (a)—(d) show top view SEM images of ZnO nanowires
grown on a plain Si substrate (0%), patterned seed layer with a seed area ratio of 4%, patterned seed
layer with a seed area ratio of 53% and a bulk seed layer (100%), respectively. Thiele modulus value,

@, and the dominant growth mechanism are labelled below the SEM images.

Applying a small area of the seed layer, e.g. 4% as shown in Figure 4.20 (b),
increased the Thiele modulus and results in nanowire growth less influenced by the diffusion
rate. As a result, fewer and smaller nanowires grew on the substrate with a high density of the
small nanowires grown on the seed layer. When a larger area of the seed layer was used, e.g.
53% as shown in Figure 4.20 (c), all nanowires were grown on the seed layer with no random

nanowires on the substrate surface. As the seed area ratio increased to 100%, a bulk seed
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layer as shown in Figure 4.20 (d), the surface reaction rate became the dominant factor
(diffusion rate limited growth mechanism) that resulted in the maximum density of the

nanowires with the narrowest and shortest nanowires.

Figure 4.21 (a) and (b) show SEM images of ZnO nanowires grown at the centre and
the edges of a bulk seed layer, respectively. The ZnO nanowires grown at the edges were
larger in both diameter and length, 166 + 49 nm and 2.96 £ 0.35 um, respectively, compared
to the nanowires grown at the centre with an average diameter of 42 + 5 nm and length of
0.97 £ 0.115 um. The nanowires grew both vertically and laterally at the edges of the seed
layer, forming a brush-head configuration as shown in Figure 4.21 (b) inset, at which the
alignment degrees of the nanowires varied from 0° to 90° with respect to the substrate.

Figure 4.21. SEM images of ZnO nanowires grown (a) at the centre and (b) at the edge of a seed
layer. The SEM images were taken from the top view and side view (insets). The nanowires were
grown on a 10 x 10 mm? bulk ZnO seed layer using 25 mM of precursor concentration and 2 h of
growth.

The Thiele modulus can describe the variation in morphology of the ZnO nanowires
across the seed layer. The diffusion of the ions from the solution to the seeds could only take
place vertically for the central region of the seed layer. By moving towards the unseeded
region, approaching the seed layer edges, the diffusion could occur laterally as well as
vertically. Upon the increased diffusion pathways at the seed layer edges, more reactant ions
were available for the growth of the nanowires compared to the central region of the seed
layer, as shown in Figure 4.22 (a). Similarly, the by-products that formed by the chemical
reaction at the seed layer surface could desorb much faster from the edges compared to the
central region. The Thiele modulus could subsequently be lower at the edges of the seed layer
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compared to the centre. The nanowires grew with a much faster rate at the edges that resulted
in wider and longer nanowires in comparison to the nanowires that were grown at the centre,

as shown in Figure 4.22 (b), which also agrees with J. Boercker et al. [146].

Bulk Solution
Adsorption of Desorption of
reactants
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Figure 4.22. Schematics of the ZnO nanowire growth across the seed layer. (a) Diffusion of reactant
ions around the seeded area, where blue represents the adsorption of Zn?* and OH" ions towards the
seeds and red represents the desorption of by-products from the seeds. The paler the colour is, the
lower the concentration of the corresponding ions are. (b) shows growth of the nanowires on the seed

layer with larger nanowires grown at the edges.

4.5 Summary

Figure 4.23 shows morphological graphs of the ZnO nanowires grown in this work by
varying the growth parameters and the seed layer geometry. Figure 4.23 (a) and (c) plot
morphology of ZnO nanowires grown on Si substrates with bulk seed layers (Method 1) by
varying the precursor concentration (2.5-150 mM), growth time (1-20h), and PEI
concentration (2-8 mM). Controlling the precursor concentration and the growth time
resulted in the morphology of the nanowires to change within a range of 20-300 nm of
diameter, 0.15-3.3 um of length, 6-36 of aspect ratio and 10-285 NWs/um? of density.
Adding PEI to the growth solution changed the aspect ratio of the resulting nanowires to 12—
36 and 19-95 when 4 h and 20 h of growth were used, respectively. The diameter of the
nanowires remained reasonably constant at 45+ 10 nm for various PEI concentrations;
however, the growth along the c-axis of the nanowires was affected the most that varied the

nanowire length.

Figure 4.23 (b) and (d) show the morphology of the ZnO nanowires grown by varying
the seed line width from 4 um to 1 mm with a fixed gap of 200 um (Pattern 1) and varying
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the seed line gap from 2 um to 800 pum with a fixed width of 10 um (Pattern 2) via Method 2
and Method 3. Morphology of the nanowires across a single substrate varied within a range
of 50-240 nm of diameter, 1.2-2.9 um of length, 9-26 of aspect ratio and 30-120 NWs/um?
of density by using Method 2. The length of the nanowires substantially increased to 1.5-
4.6 um with a similar diameter range of 50-200 nm when Method 3 was used, in comparison
to Method 2. The aspect ratio of the nanowires that were grown by Method 3 was
subsequently higher, 23-34, with a lower density of 28-76 NWs/um?, compared to Method 2.
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Figure 4.23. Morphological graphs of ZnO nanowires that were grown via Method 1-3. (a) and (c)
show morphology of ZnO nanowires grown by varying the growth parameters such as precursor
concentration (2.5-150 mM), growth time (1-20 h), PEI concentration (2-8 mM) for 4 h and 20 h of
the growth time on the bulk seeded substrates, using Method 1. (b) and (d) show morphology of ZnO
nanowires grown by varying the seed layer geometry using Method 2 and Method 3 with Pattern 1
(varying in the seed line width, “~-W”) and Pattern 2 (varying in the seed line gap, “-G”).
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4.6 Conclusion

This chapter demonstrates that a hydrothermal synthesis can successfully be applied for
growing ZnO nanowires on microelectrode arrays. ZnO nanowires with different
morphologies can be grown on Si substrates with seed layers by controlling the precursor
concentration and the growth time. The growth time parameter was useful for controlling
nanowire growth within the 1-4 h. The nanowires cannot grow further beyond 4 h of growth
due to the depletion of the reactant ions in the growth solution when 25 mM of precursor
concentration is used. The addition of PEI to the growth solution can mediate the growth such
that the growth can be maintained for a longer time, e.g. 20 h. Furthermore, the aspect ratio of
the resulting nanowires can be increased by growing for a longer time when PEI is applied,
because PEI molecules attach to the lateral faces of the nanowires that confine their lateral

growth and promote their growth along the c-axis.

Two different processes are introduced in this chapter that can pattern the growth of
ZnO nanowires at defined locations. The geometry of the nanowires can subsequently be
patterned using a standard photolithography technique through introduced processes,
Method 2 and Method 3. The processes can later be used for fabrication of microelectrode

arrays with ZnO nanowires grown at the top.

The seed layer geometry is introduced as a new parameter that can control the
morphology of ZnO nanowires through hydrothermal synthesis. Increasing the seed area ratio
as was done by decreasing the seed layer area or increasing the surrounding area can enhance
the growth rate of the ZnO nanowires. ZnO nanowires with various morphologies can be
grown across a single substrate by applying this technique. The difficulties and time
constraints associated with studying the influence of the nanowire morphology on their
characteristics, e.g. electrical properties and biocompatibility, can be minimised by reducing
the number of samples through this technique.

Taking the understanding of how the growth parameters such as the precursor
concentration, growth time, additive PEIl and the seed layer geometry can influence the
morphology of ZnO nanowires through the hydrothermal synthesis, new samples can be
produced for integration with cells. In the next chapter, the influence of the ZnO nanowire

morphology and geometry with human NTera2.D1 (hNT) neurons will be investigated.
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Chapter 5
Human Neurons on ZnO

Nanowire Florets

Botanic garden of ZnO dahlia flowers. The only flowers that can grow in cleanroom

laboratories.

5.1 Introduction

1-dimensional (1D) nanowires have widely been used in biological applications for cell
guidance and spatial patterning [156,157], electrical recording [12,15,158,159], mechanical
sensing [160] and biomolecule transportation [161,162]. Nanowires benefit from their high
aspect ratio (long axial dimensions with nanometre cross-section comparable to the
micrometre size of cells) and large surface areas that can improve the interaction of the
devices with the cells [163-169]. ZnO nanowires are proposed in this work as an ideal
nanomaterial to be grown on microelectrode arrays for interaction with neuronal cells. ZnO

nanowires can also be grown via a low temperature hydrothermal synthesis (at 95°C) with a
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low cost and high scalability on various substrates, including flexible substrates [43,107,119].
However, the biocompatibility of ZnO nanowires is not very well defined as it varies
depending on the application and cell type. While ZnO nanowires have demonstrated to be
biocompatible for H9c2, HEK293 cells and PC12 neurons [49,105], they have shown to
reduce the viability of 3T3 fibroblasts, human umbilical cord vein endothelial cells, bovine

capillary endothelial cells and hippocampal neurons [170,171].

The NTera2.D1 cell line (hNT) is a human embryonic carcinoma cell line that can be
differentiated into neurons that express ubiquitous neuronal markers and provide a close
model to adult human neuronal tissue [172,173]. The hNT cells are widely available and raise
no ethical concerns as they are differentiated from a cancer stem cell line rather than a
primary tissue [134]. Although to date, no study of human neurons has been reported on
pristine ZnO nanowires. Varying the morphology and geometry of the ZnO nanowires have
also been demonstrated to change the adhesion and viability of cells [174-177]. In this
chapter, the biocompatibility of ZnO nanowires on human neurons is investigated for the first
time. The influences of the ZnO nanowire morphology and geometry on adhesion and
viability of hNT neurons are studied by applying the techniques developed in Chapter 4 for

the growth of ZnO nanowires.

The work presented in this chapter is drawn from the paper “ZnO nanowire florets
promote the growth of human neurons” that is published in the Materialia journal by Brad J.
Raos, Mohsen Maddah, E. Scott Graham, Charles P. Unsworth and Natalie O.V. Plank [178].
The co-authors of this work have advised and commented on the manuscript of the published
paper, but the majority of the work has been taken by Brad J. Raos and the thesis author. The
work on fabrication and characterisation of the ZnO nanowire samples have been taken by
the thesis author at Victoria University of Wellington, while the biological experiments have
been done by Brad J. Raos at The University of Auckland. The analysis of the data presented
in the paper was a collaborative work between the thesis author and Brad J. Raos. The thesis

author has done all the work presented in this chapter unless it has been stated.

5.2 ZnO nanowire morphology

In this section, the morphology of the ZnO nanowire samples is characterised, before
investigating the adhesion and viability of human hNT neurons on the ZnO nanowires. In

Section 4.2 of Chapter 4, the morphology of the ZnO nanowires was demonstrated to be

86



5.2. ZNO NANOWIRE MORPHOLOGY

controlled by varying the precursor concentration and the growth time through the
hydrothermal synthesis. Adding 6 mM of PEI to the growth also increased the duration of the
growth time that resulted in the growth of the nanowires with high aspect ratios. The growth
of the nanowires onto the defined locations was achieved by providing a patterned ZnO seed
layer on the substrate (Method 2) through a standard photolithography process, as detailed in
Section 3.2.4 of Chapter 3. The morphology of the ZnO nanowires was also changed by
varying the geometry of the seed layer, as shown in Section 4.3.2 of Chapter 4. The samples
and growth recipes were chosen in such a way to minimise the total number of the samples
required for investigating the interaction of the hNT neurons with the ZnO nanowires. ZnO
nanowires were grown as arrays of florets (islands), so the effect of the ZnO nanowire
geometry and morphology on the adhesion and growth of the hNT neurons to both the entire
arrays and the individual nanowire florets could be examined independently. We understood
this method to have promises due to previous work by Du et al. [179] that demonstrated
patterning poly(e- caprolactone) (PCL) nanowires as an array of islands to improve the
adhesion and growth of human MG-63 cells, compared to the substrates with flat films or
bulk nanowires of PCL.

The samples here were made on 7 x 7 mm? silicon substrates with a 100 nm oxide
layer (Si/SiO2). The substrates were initially cleaned by 1 minute sonication in acetone,
1 minute sonication in isopropanol (IPA), rinsing in IPA and drying with nitrogen (N>).
Method 2 was applied using a standard photolithography technique to define a pattern of
AZ5214E photoresist on the substrates, as detailed in Section 3.2.4 of Chapter 3. A 100 nm
thick layer of ZnO seeds was then deposited on the patterned substrates, using RF sputter
coating. A lift-off process was then applied to remove the photoresist, leaving 9 arrays of
circular seed layers with diameters of 15 um and inter-floret gaps of 5-150 um on the
substrates. The lift-off process consisted of soaking in N-Methyl-2-pyrrolidinone (NMP) at
60°C for 1 h followed by 2 h sonication in NMP at 60°C, 2 minutes sonication in IPA and
drying with N2. The ZnO nanowires were then grown on the patterned substrates using the
hydrothermal synthesis. The growth solution was prepared by mixing 25 mM of zinc nitrate
hexahydrate and hexamethylenetetramine (HMT) precursors with 6 mM of polyethylenimine
(PEI with Mw of 800 g/mol) in 100 mL of deionised (DI) water. The growth substrates were
placed in the growth solution at 95°C to grow nanowires for 1, 2, 4 and 8 h. The substrates
were then removed from the solution and rinsed thoroughly in DI water with 60 seconds

sonication and dried with N». Figure 5.1 (a) shows a ZnO nanowire sample that comprised of
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9 arrays with inter-floret gaps of 5, 10, 20, 30, 40, 50, 75, 100 and 150 um. The magnified
brightfield image of the nanowire array with an inter-floret gap of 40 um is shown in Figure

5.1 (b) as an example of the arrays.

Figure 5.1. Brightfield images of ZnO nanowire arrays. (a) Brightfield image of a ZnO nanowire
sample comprised of 9 arrays of nanowire florets with inter-floret gaps of 5, 10, 20, 30, 40, 50, 75,
100 and 150 um. (b) Magnified brightfield image of the nanowire array with an inter-floret gap of

40 um as depicted with a red square in (a). Scale-bars are 1 mm.

5.2.1 Varying the ZnO nanowire inter-floret gaps

Figure 5.2 shows scanning electron microscopy (SEM) of ZnO nanowires that were grown as
arrays of florets on the same Si/SiO; substrate. Figure 5.2 (1a)—(4a) shows top view SEM
images of ZnO nanowire arrays that were grown on 15 um wide circular seed layers with
inter-floret gaps of 5, 20, 50 and 150 um, respectively. Despite applying the same growth
conditions, 25 mM of precursor concentration with 6 mM of PEI for 8 h of growth, the
nanowire morphology across the same substrate varied between the arrays with different
inter-floret gaps, agreeing with the previous results shown in Section 4.3 of Chapter 4. Figure
5.2 (1b)—(4b) and (1c)—(4c) show SEM images from the top view and 70° tilted view of the
ZnO nanowire florets, respectively. The size of the florets increased as a larger inter-floret
gap was provided within the array despite each seed layer being 15 um wide. The florets that
were grown in the arrays with small gaps, e.g. 5 um as shown in Figure 5.2 (1b) and (1c),
comprised vertical nanowires only. As a larger inter-floret gap was provided, e.g. 50 um as
shown in Figure 5.2 (3b) and (3c), lateral nanowires started to grow around the florets. The
diameter and height of the nanowire florets increased as longer nanowires were grown both

laterally and vertically on the seeds with large inter-floret gaps, e.g. 150 um as shown in
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Figure 5.2 (4b) and (4c). Furthermore, Figure 5.2 (1d)-(4d) shows that increasing the gap
between the florets also resulted in the diameter of the nanowires to increase and the density

to decrease. These details will be further explained in Section 5.2.3.
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Figure 5.2. SEM images of ZnO nanowire arrays with various inter-floret gaps of (1a—d) 5 um, (2a—

d) 20 pm, (3a—d) 50 um and (4a—d) 150 um. The nanowires were grown on circular seed layers with
diameters of 15 um, using 25 mM of precursor concentration with 6 mM of PEI for 8 h of growth on

the same Si/SiO; substrate. SEM images were taken from the top view (a, b, d) and 70° tilted view (c).

5.2.2 Varying the ZnO nanowire growth time

Figure 5.3 shows SEM images of ZnO nanowire arrays on 15 um wide circular seed layers
with inter-floret gaps of 150 um, that were grown for 1, 2, 4 and 8 h of growth time using
25 mM of precursor concentration and 6 mM of PEIl. The morphology of the nanowires
varied with the growth time as before; however, Section 4.2.2 of Chapter 4 previously
showed that the precursor ions in the growth solution ran out after 4 h of growth. In contrast,
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the addition of 6 mM PEI to the solution mediated the growth and resulted in the nanowire
growth to be maintained for 8 h without refreshing the growth solution, agreeing with the
results shown in Section 4.2.3 of Chapter 4. Fewer precipitates were also formed on the plain
substrate (unseeded regions) due to the PEI coordination of the growth, as expected [107],

than without using PEI.
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Figure 5.3. SEM images of ZnO nanowire arrays that were grown for different growth times of (la—

d) 1 h, (2a-d) 2 h, (3a—d) 4 h and (4a-d) 8 h. The nanowires were grown on circular seed layers with
diameters of 15 um and inter-floret gaps of 150 um, using 25 mM of precursor concentration with
6 mM of PEI on different Si/SiO, substrates. SEM images were taken from the top view (a, b, d) and
700 tilted view (c).

Figure 5.3 (1a)—(4a) and (1b)—(4b) show the top view SEM images of ZnO nanowire
arrays with inter-floret gaps of 150 um that were grown for 1, 2, 4 and 8 h, respectively.

Increasing the growth time from 1 h to 8 h resulted in larger florets to grow on the seeds. The
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length of the nanowires that were grown vertically and laterally from the seeds increased with
the growth time, as shown in Figure 5.3 (1c)—(4c). Furthermore, the nanowire diameter
slightly increased while the density decreased when the growth time increased from 1 h to
8 h, as shown in Figure 5.3 (1d)—(4d).

5.2.3 Characterisation of the ZnO nanowire morphology

Figure 5.4 plots the morphology of the ZnO nanowires that were grown as florets on 15 pum
wide circular seed layers with inter-floret gaps of 5-150 um, and growth times of 1, 2, 4 and
8 h. Figure 5.4 (a) shows that the average diameter of the resulting nanowires was within a
range of 20—75 nm when different inter-floret gaps and growth times were used. The average
diameter of the nanowires increased from 27 +6 nm to 46 + 8 nm as the inter-floret gap
increased from 5 pum to 50 um using 1 h of growth time. The nanowire diameter stayed
unchanged for any further increase of the gap beyond 50 um. Increasing the growth time
from 1 h to 8 h slightly elevated the average diameter by 5-15 nm.

Figure 5.4 (b) shows the variation of the nanowire length for different inter-floret gaps
and growth times. Increasing the gap from 5 um to 50 um for 1 h of growth time resulted in
the length of the nanowires increasing from 360 £ 25 nm to 750 £ 70 nm. As the growth time
was increased from 1 h to 8 h, the average length of the nanowires for all arrays significantly
increased from 600 £ 180 nm to 3.4 + 0.7 um. The nanowire lengths for all growth times also
increased by increasing the inter-floret gap from 5 um to 50 um; however, the length did not
change for the gaps greater than 50 pum.

The proportion of the nanowire length to the diameter, defined as the aspect ratio, is
shown in Figure 5.4 (c). The average aspect ratio increased from 14 +2 to 70+ 6 by
increasing the growth time from 1 h to 8 h. The aspect ratio enhancement with increased
growth time agreed with the results shown in Section 4.2.3 of Chapter 4 and the previous
work [123,125] that showed PEI as an aspect ratio enhancing agent. The influence of the
inter-floret gap on the aspect ratio was more noticeable within the range of 5-50 um, as the
nanowire length increased more than the diameter. The aspect ratio remained at a plateau for
the inter-floret gaps larger than 50 um, since the nanowire diameter and length did not

change considerably, as seen in Figure 5.4 (a) and (b), respectively.

Figure 5.4 (d) plots the density of the nanowires that were grown on the seed patterns

for various inter-floret gaps and growth times. The density of the nanowires was estimated by
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counting the number of nanowires within an area of 2—4 um? of the SEM images from the top
view. The smallest inter-floret gap of 5 um with 1 h of growth time resulted in the maximum
density of 450 + 45 NWs/um?. Increasing the inter-floret gap from 5 um to 50 pm resulted in
the density of the nanowires decreasing from 450 + 45 NWs/um? to 220 + 20 NWs/um?. The
density stayed unchanged when the inter-floret gap increased beyond 50 um. The density also
decreased as a longer growth time was applied. The nanowire density range for all arrays
reduced from 200-450 NWs/um? to 40-120 NWs/um? as the growth time increased from 1 h
to 8 h.
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Figure 5.4. Characterisation of the nanowire morphology as (a) diameter, (b) length, (c) aspect ratio
and (d) density for various inter-floret gaps of 5-150 um, and growth times of 1-8 h. ZnO nanowires
were grown as florets on 15 um wide seeds using 25 mM of precursor concentration with 6 mM of

PELI. Error bars represent one standard deviation (n > 30 NWs) in (a)—(c) and 10% deviation in (d).

Figure 5.4 showed that the morphology of the nanowire florets varied across the same
substrate due to the variation of the inter-floret gaps within the arrays. The length and density
of the nanowires varied significantly between the arrays with inter-floret gaps of 5-50 um.
Furthermore, a broader range of the nanowire morphology was achieved by using different

growth times, 1-8 h. The nanowires that were grown for a long time, i.e. 8 h, were
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determined to have high aspect ratios and low densities compared to the nanowires that were
grown for a short time, i.e. 1 h. The morphology of the nanowires that were grown in this
work agreed with the results demonstrated in Chapter 4. The resulting ZnO nanowires
provide a broad range of morphology and geometry that are comparable to the micrometre
size of the neuronal cells and are ideal for biocompatibility studies as well as integration with

microelectrode arrays.

5.3 hNT neurons on ZnO nanowires

In this work, hNT neurons were used to investigate the compatibility of the ZnO nanowires
for integration with human neurons. hNT neurons can provide a close model to adult human
neuronal tissues, while they are widely available with no ethical concern because they can be
differentiated from cancer stem cell lines [134]. All of the cell growth experimentation work,
including the neuron differentiation and plating, fluorescence labelling and image processing
were taken by Brad J. Raos at The University of Auckland, as detailed in Appendix A. In
short, human hNT neurons were differentiated from the NTera2.D1 (hNT/NT2) cell line
following the previously introduced protocols [134-138]. After culturing neurons for 4-5
weeks, the hNT neurons were plated on the ZnO nanowire substrates at approximately
1000 cells/mm?. The Ca?* functionality of neurons on the ZnO nanowires was measured after
2 days in vitro (DIV) to visualise free Ca®* in the cytoplasm using an Olympus BX53
microscope. The cytoplasm and the nuclei of the neurons were labelled by using green
CMFDA and blue Hoechst 33343 fluorescent stains, respectively. The individual
fluorescence images taken over the entire ZnO sample chip were then stitched into a single
image using CellSens Dimension (Olympus). Image processing was finally performed using

custom software in MATLAB to study the growth of hNT neurons on ZnO nanowires.

In this section, the adhesion of the hNT neurons to the entire ZnO nanowire arrays
with various geometry and nanowire morphology is studied first. The localisation of the
neurons to the individual nanowire florets within the array is then investigated to demonstrate
the influence of the nanowires on the growth of the neurons. Lastly, the functionality of the
neurons is examined by stimulation with glutamate, showing that hNT neurons are

functionally viable on ZnO nanowires.
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5.3.1 Neuronal adhesion to the entire ZnO nanowire array

Figure 5.5 shows fluorescence images of hNT neurons on ZnO nanowire arrays that are
outlined with red squares. The inset of Figure 5.5 shows the growth time (hours) and the
inter-floret gaps (um) of the ZnO nanowire arrays. The fluorescence images show the
neuronal cytoplasm that was labelled by the green stains and the nuclei by the blue stains.
The cytoplasm shown in Figure 5.5 corresponds to the entire neuron body, including the cell
body (soma) as well as the neurites (dendrites and axons). The neuronal nuclei were
measured to have an average diameter of 11 +2 um. The soma was also measured to be
approximately 15-25 pum wide.

Figure 5.5 (1a—) and (2a—c) show ZnO nanowires that were grown for 1 h and 8 h
with inter-floret gaps of 5, 40 and 150 pum, respectively. Although hNT neurons were grown
on the entire sample, the density of the neurons placed within the ZnO nanowire arrays was
different compared to the substrate areas surrounding the arrays that were used as controls.
Furthermore, the neuron density was determined to be different between the arrays that were

grown with different growth times and inter-floret gaps.

la) 1 h,5 um (1b) 1 h, 40 um (1c¢) 1 h, 150 um
(1a) ! ) L ) L

2a) 8 h, 5 um (2b) 8 h, 40 um (2¢) 8 h, 150 um
( L L L

Figure 5.5. Fluorescence images of hNT neurons on ZnO nanowire arrays that were grown for (1a—c)
1h, and (2a-c) 8 h. Fluorescence images show cytoplasm (green) and nuclei (blue) of the hNT
neurons. The red squares outline the regions of the nanowire arrays with inter-floret gaps of (a) 5 um,

(b) 40 um and (c) 150 um. Scale-bars are 1 mm.
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The adhesion and growth of the hNT neurons to the ZnO nanowire arrays are
demonstrated in Figure 5.6. Figure 5.6 (a) and (b) show the brightfield image of a ZnO
nanowire array and the fluorescence image of hNT neuronal cytoplasm and nuclei on the
nanowire array, respectively. The neuron density ratio was subsequently defined as the area
of the neurons within the nanowire array, the white regions of Figure 5.6 (c), relative to the
area of the neurons on the control substrate surface surrounding the array, the white regions
of Figure 5.6 (d). The adhesion and growth of both neuronal nuclei and cytoplasm on the
ZnO nanowire arrays with inter-floret gaps of 5-150 um and growth times of 1-8 h were
investigated. Figure 5.6 (e) represent the neuronal nuclei density ratio that accounts to the
adhesion of the neurons to the entire ZnO nanowire arrays when neuronal cells were plated
on the sample. Figure 5.6 (f) represents the neuronal cytoplasm density ratio that corresponds
to the adhesion of the entire neuronal body (cell body and neurites) and growth of the neurites
(dendrites and axons) on the entire ZnO nanowire arrays after cell plating. The colour maps
in Figure 5.6 (e) and (f) indicate the level of the neuron growth on the nanowire arrays with
blue regions indicating the promotion, grey colours indicating no effect and red colours
indicating inhibition of the neuron growth.

Figure 5.6 (e) and (f) show that both nuclei and cytoplasm density ratios were
similarly influenced by the nanowire array geometry and growth time. The variation of the
neuron density ratios could be categorised into two trends. First, the neuron density ratio
reduced by increasing the growth time of the nanowires. Second, as the inter-floret gap within
the nanowire array increased from 5 um to 150 um, the neuron density ratio approached

unity; the adhesion and growth of the neurons on and off the nanowire array equalised.

ZnO nanowire arrays promoted the adhesion and growth of the neurons when 1 h and
2 h of growth time were used, as indicated by blue regions in Figure 5.6 (¢) and (f). The
greatest promotion of the neuron growth was achieved on the ZnO nanowire arrays that were
grown for 1 h. The neuronal nuclei and cytoplasm density increased by 33% and 30%,
respectively, on the ZnO nanowire arrays with inter-floret gaps of 20 um. In contrast,
growing ZnO nanowires for 4 h and 8 h, the adhesion and growth of the neurons were
inhibited, as shown by red regions in Figure 5.6 (e) and (f). The neuronal nuclei density ratio
reduced by 65% on the ZnO nanowire arrays with inter-floret gaps of 5 um that were grown
for 8 h. The neuronal cytoplasm density ratio reduced by 55% on the ZnO nanowire arrays

with inter-floret gaps of 10 um that were grown for 4 h.
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Figure 5.6. Adhesion and growth of the hNT neurons on the entire ZnO nanowire arrays. (a)
Brightfield image of a ZnO nanowire array. (b) Fluorescence image of the hNT neuronal cytoplasm
(green) and nuclei (blue) on the nanowire array shown in (a). (c) The neuronal nuclei and cytoplasm
area within the nanowire array (white regions). (d) The neuronal nuclei and cytoplasm area on the
control substrate area surrounding the array (white regions). Scale-bars are 1 mm. (e) Neuronal nuclei
density ratio and (f) cytoplasm density ratio of the hNT neurons that were grown within the nanowire
array, e.g. (c), relative to the control substrate area, e.g. (d), for various inter-floret gaps and growth
times. The blue regions indicate promotion; the grey regions indicate no effect and the red regions

indicate inhibition of the neuron growth on the nanowire arrays relative to the control substrate areas.

Increasing the inter-floret gap of the nanowire arrays from 5 um to 150 um faded the
influence of the ZnO nanowire array on promotion/inhibition of the neuron adhesion and
growth. The variation of the neuron density for different growth times was most
distinguishable on the ZnO nanowire arrays with inter-floret gaps of 5-30 um. Despite the
promotion of neurons on 1 h and 2 h arrays and the inhibition on 4 h and 8 h arrays, the
neuron density ratio approached unity as the inter-floret gap increased from 30 pum to
150 pm. The unity density ratio determined that the hNT neurons adhered and grew on the
entire ZnO nanowire arrays with large inter-floret gaps (> 30 um) similarly to the control

substrate area.
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Figure 5.7. Influence of the nanowire array geometry on the variation of the neuron density ratio with
the nanowire morphology. The neuronal cytoplasm density ratio (red) and nuclei density ratio (blue)
are plotted against the (a) diameter, (b) length, (c) aspect ratio and (d) density of the nanowires,
respectively. The geometry of the nanowire array varied with the inter-floret gaps of 5, 10, 20, 30, 40,
50, 75, 100 and 150 pum in (1-9), respectively. The linear trendlines are shown to guide the eye.
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The understanding of the hNT neuron adhesion and growth to the ZnO nanowire
arrays can be deepened by analysing the nanowire morphology, which | previously discussed
in Section 5.2.3. Figure 5.7 shows the influence of both nanowire array geometry (inter-floret
gaps) and the nanowire morphology (diameter, length, aspect ratio and density) on the neuron
density ratio for the entire nanowire arrays. ZnO nanowires with average diameters of 27—
37 nm, lengths of 0.36-2.13 um, aspect ratios of 13-58, and densities of 120-450 NWs/pum?
were grown on the nanowire arrays with small inter-floret gaps of 5 um and growth times of
1-8 h, as shown in Figure 5.7 (1a—d). The neuronal cytoplasm and nuclei density ratio
changed within a range of 0.50-1.23 and 0.36-1.30, respectively, due to the variation of the

nanowire morphology.

The slope of the linear trendlines in Figure 5.7 (1)—(6) determined that the nanowire
morphology had the greatest effect on the neuron adhesion and growth when arrays with
inter-floret gaps of 5-50 um were provided. As the inter-floret gap was increased to the 75—
150 pum range, the variation of the neuronal cytoplasm and nuclei density ratios reduced, as
shown in Figure 5.7 (7)—(9). Increasing the growth time from 1 h to 8 h for the arrays with
inter-floret gaps of 75-150 um resulted in the ZnO nanowires with diameters of 47-56 nm,
lengths of 0.61—4.2 um, aspect ratios of 13-77, and densities of 42—225 NWs/um? to grow, as
discussed in Section 5.2.3. Despite the variation in the nanowire morphology, the neuron
density ratio did not change significantly. The neuronal cytoplasm and nuclei density ratios
were measured to be 0.99 £ 0.06 and 0.98 + 0.09, respectively, across all samples produced in

this range.

As well as considering the effect of the inter-floret gap on the nanowire morphology,
it is crucial to consider the proportion of the substrate region that is covered by the ZnO
nanowires. The ZnO nanowire arrays with small gaps of 5 um between 15 um wide circular
seed layers implied that 44% of the nanowire array region was covered by the ZnO nanowires
and the remaining 56% was plain Si/SiO> substrate surface. The neuron adhesion and growth
were, subsequently, influenced the most by the nanowires when a small inter-floret gap was
used. As the inter-floret gap increased to 50 um, only 4.2% of the array region was covered
with the ZnO nanowires, significantly diminishing the effect of the ZnO nanowires on the
neuron density variation. Further increase of the inter-floret gaps to 75-150 um resulted in
only 2.2% down to 0.6% of the array regions to include ZnO nanowires. The nanowire arrays
appeared more like a plain substrate to the neurons, regardless of the changes in the nanowire

morphology when large inter-floret gaps were used. As a result, the promotion and inhibition
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of neuron adhesion and growth on the ZnO nanowire arrays were less prominent compared to
the control substrate areas surrounding the arrays. ZnO nanowires are, therefore, required to
cover more than 4% of the sample area, e.g. microelectrode surface in this work, to promote
the growth of hNT neurons.

The neuronal cytoplasm and nuclei density ratios on the ZnO nanowire arrays
decreased with increasing the nanowire diameter, length and aspect ratio, as shown in Figure
5.7 (la—c), respectively. The adhesion and growth of the hNT neurons on the nanowire array
was promoted when nanowires shorter than 500 nm were grown. Zaveri et al.[174]
previously determined that ZnO nanowires with diameters of 50 nm and lengths of 500 nm
can pierce the cell membrane of primary mouse macrophages that can lead to cell death. The
neuronal cytoplasm and nuclei density ratios also increased when more nanowires were
grown on the seeds, as shown in Figure 5.7 (1d). The nanowires with densities higher than
350 NWs/um? were shown to promote the adhesion and growth of the hNT neurons on the
entire nanowire arrays. Bonde et al. [164] demonstrated that high-density nanowires
(> 30 NWs/um?) could support the growth of adherent cells, where cells could grow on top of
the nanowires without sinking down. However, the promotion and inhibition in the growth
and adhesion of the cells on high-density nanowires largely depend on the geometry and the
material of the nanowires. Here, ZnO nanowires with lengths shorter than 500 nm and
densities higher than 350 NWs/um? are shown to promote the growth and adhesion of human
hNT neurons on the entire ZnO nanowire arrays. These ZnO nanowires can, therefore, be
integrated with microelectrode array devices to record extracellular signals from the hNT

neurons.

5.3.2 Localisation of hNT neurons to the individual ZnO-NW

florets

In the previous section, the adhesion and growth of hNT neurons on the ZnO nanowire arrays
were demonstrated to vary with the geometry of the nanowire array and the morphology of
the nanowires. In this section, the localisation of the hNT neurons to the individual nanowire
florets within the nanowire array is investigated. Figure 5.8 shows the fluorescence images of
hNT neurons, with the nuclei labelled by the blue stains and the cytoplasm labelled by the
green stains, on the ZnO nanowire florets that are outlined with white circles. The ZnO
nanowire florets were grown for 1 h and 8 h with the inter-floret gaps of 5, 40, and 100 pum,

as shown in Figure 5.8 (1a—c) and (2a—c), respectively.
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(Ic) 1 h, 100 pm

Figure 5.8. Fluorescence images of hNT neurons on ZnO nanowire arrays that were grown for (1a—c)
1 h, and (2a—c) 8 h. Fluorescence images show cytoplasm (green) and nuclei (blue) of the hNT
neurons. The locations of ZnO nanowire florets are outlined with white circles. The ZnO nanowire

arrays have inter-floret gaps of (a) 5 um, (b) 40 um and (c) 100 um. Scale-bars are 200 pm.

The localisation of hNT neurons within the array was investigated by measuring the
density of the neuronal nuclei on the individual ZnO nanowire florets and around the florets
in proportion to the neuronal nuclei density on the control substrate area. Figure 5.9 shows
the area of the 15 um wide florets and 10 um concentric bands at increasing distance from
the florets that were used for investigating the localisation of the neurons. The plain substrate
area surrounding the nanowire array was used as the control area to calculate the neuron

density ratio.

mmm On Floret
mmm 010 pm

mmm 10-20 pm

s 20-30 pm
30-40 pm
40-50 pum

Figure 5.9. Schematic diagram of the nanowire florets and 10 um wide concentric bands that show the

distance from the florets.
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Figure 5.10 shows the neuronal nuclei density ratio on the nanowire florets and the
10 um concentric bands around the florets. ZnO nanowires were grown for 1, 2, 4, and 8 h, as
shown in Figure 5.10 (a)—(d), respectively. The inter-floret gaps of 5-100 um were used in
this analysis. The 150 um gap samples were not included since the localisation of neurons to
the exact location of the individual nanowire florets with 150 um gap was challenging and
not entirely reliable. The neuronal nuclei density on the entire nanowire array, as previously
shown in Figure 5.6 (e), is also repeated at the top row of Figure 5.10 (a)—(d) for comparison.
The neuron density presented in here comprised the neuronal nuclei only, not the cytoplasm,
for simplicity in the analysis as they both followed a similar trend. The white regions in
Figure 5.10 represent no information since the gap between the florets was smaller than the
indicated concentric bands. The blue and red regions in Figure 5.10 indicate the increasing
and decreasing population of the neurons that resided on the florets and the concentric bands

relative to the control substrate area, respectively.

Two general trends can be seen in the localisation of the hNT neurons to the
individual ZnO nanowire florets within the array, as shown in Figure 5.10 (a)—(d). Firstly, the
neuron density ratio on the florets increased for all growth times of 1-8 h, as the inter-floret
gap within the array increased. This trend can be seen by moving from left to right in Figure
5.10. Secondly, the neuron density ratio reduced in the areas that were further away from the
floret sites. The trend can be seen by moving from top to bottom in Figure 5.10.

The nanowire florets with small inter-floret gaps of 5 um were demonstrated to have
neuron density ratios of 1.16 and 1.01 when nanowires were grown for 1h and 2 h,
respectively. In contrast, the 4 h and 8 h nanowire florets reduced the neuron density ratio to
0.47 and 0.49, respectively. The nanowire florets with the inter-floret gaps of 5 pum
comprised a high density of nanowires, 120-450 NWs/um?, for 1-8 h of growth times, as
characterised in Figure 5.4 (d). Persson et al. [168] previously determined that a high density
of gallium phosphide (GaP) nanowires acted as a bed-of-nails to the mouse fibroblasts, at
which cells could reside on top of the nanowires and be fully motile. Here, growing florets
for a short time of 1-2 h resulted in the nanowires with high densities of 390 + 60 NWs/pum?
and low aspect ratios of 13.5 + 0.1. The same population of hNT neurons resided on these
nanowires as the control Si/SiO> substrate surface, where neuronal density ratios of 1.16 and
1.01 were measured for 1 h and 2 h samples, respectively. In contrast, growing florets for 4—
8 h resulted in nanowires with a relatively lower density of 155 + 35 NWs/um? and a higher

aspect ratio of 40 + 20. The hNT cells tended not to reside on the sparse nanowires with high
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aspect ratios (narrow and long nanowires). The neuron density ratio subsequently reduced to
0.47 and 0.49, for 4 h and 8 h grown nanowires, respectively. Lee et al. [170] previously
demonstrated that, although NIH 3T3 fibroblasts and human umbilical cord vein endothelial
cells could initially adhere on ZnO nanowires, cells could not spread if the spacing between
the nanowires were more than 70 nm. For the ZnO nanowires with a large inter-spacing, the
focal adhesion of the cells on the nanowires could not assemble as required for the formation
of lamellipodia (cytoskeletal actin that allows cells to spread) [180]. In this work, using a
long growth time of 4-8 h resulted in the nanowire density to decrease and subsequently, the
spacing between the nanowires to increase. Here, the reduced viability and growth of hNT
neurons on 4 h and 8 h ZnO nanowires could be associated with the low focal adhesion

assembly on the sparse ZnO nanowires.
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Figure 5.10. The density ratio of human hNT neurons on the nanowire florets and 10 pm concentric
bands around the florets. The density ratio was calculated as the density of the neuronal nuclei on
florets or within the concentric bands in proportion to the nuclei density on the control substrate area
surrounding the array. The nuclei density ratio over the entire nanowire array, as previously shown
in (b), is repeated here and labelled as “Array”. The ZnO nanowires were grown for (a) 1 h, (b) 2 h,
(c) 4 hand (d) 8 h with inter-floret gaps of 5-100 pum.
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As the inter-floret gaps increased to 100 um, the neuron density ratio on all florets
increased to 1.45-1.98 for growth times of 1-8 h. Despite that providing a large inter-floret
gap increased the aspect ratio of the nanowires, 16—76 for growth times of 1-8 h as shown in
Figure 5.4 (c), more hNT cells resided on the florets in comparison to when a small inter-
floret gap was provided. Hanson et al. [181] and Buch-Manson et al. [166] previously
demonstrated that cell membranes could deform and wrap around sparse vertical InAs and
SiO2 nanowires. Here, the hNT neurons with approximated 15-25 um wide cell body (soma)
could have deformed and adhered tightly to the florets (with diameters of 15-20 um) that

were located sparsely from each other (e.g. inter-floret gap of 100 pum).

The localisation of the hNT neurons on the floret sites was considerably varied by the
growth times and inter-floret gaps, as shown in Figure 5.10. The population of the neurons
decreased by increasing the distance from the floret sites. The reduced neuron density is
shown in Figure 5.10 as the colour of the regions changed from blue to grey and from grey to
red by increasing the diameters of the concentric bands (moving from top to bottom).
Although hNT neurons did not physically contact the ZnO nanowire florets, their viability
was reduced, particularly for 4-8 h grown nanowires, as shown in Figure 5.10 (c) and (d).
This behaviour can be attributed to the possible effects of the ZnO nanowires to the culture

medium.

ZnO has been defined as a biocompatible material when it has been used in bulk
(above the micrometre range) as commonly used in healthcare and biomedical products
[182]. However, as the size of ZnO is reduced to the nanoscale, the cytotoxicity of ZnO
nanowires could be observed due to the release of Zn?* ions [175]. Although Zn?* is
determined as an essential ion for many biological processes; a high concentration of Zn?*
can lead to cell death [183]. Racca et al. [183] found ZnO ions to be cytotoxic at
concentrations above 10 pg/mL due to phagocytosis and subsequent dissolution of free-
floating ZnO ions within the cytoplasm of the cells. Although the ZnO nanowires grown in
this work were physically attached to the substrates, and it was not possible for the cells to
phagocytose the ZnO nanowires, there is a possibility that ZnO nanowires could be dissolved
partially in the culture media, as demonstrated by Zaveri et al. [174]. The reduced growth of
neurons even at a distance away from the florets could, therefore, be a result of the released

ZnO ions from the ZnO nanowires.
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Figure 5.10 (c) and (d) show that the growth of the neurons between the florets was
significantly reduced when nanowires were grown for 4-8 h. The reduced neuron density
could be attributed to an increased concentration of the Zn?* ions released from the ZnO
nanowires, although I have no direct evidence of this. Using a growth time of 4-8 h resulted
in longer ZnO nanowires to grow in comparison to a growth time of 1-2 h, as demonstrated
in Figure 5.4. As a result, it is possible that a higher amount of Zn?* ions could be released by

the large nanowires, impacting the viability of hNT cells around the florets.

Another method of investigating the biocompatibility of the ZnO nanowires is to
assess the growth of the neurites (neuronal axons and dendrites). The neurite growth was
calculated by measuring the total area of the neuronal cytoplasm, representing the neuronal
cell bodies and neurites, relative to the total area of the neuronal nuclei across the entire
substrate. Ciofani et al. [105] previously demonstrated that the neurite growth could also be
inhibited on ZnO nanowires due to the release of Zn?* ions in the culture solution. Figure
5.11 shows the neurite growth on the ZnO nanowire substrates that were grown for 1, 2, 4,
and 8 h. Here, the neurite growth was measured to be maximum at 3.94 £ 0.77 when ZnO
nanowires were grown for 1 h. Increasing the growth time of the nanowires from 1 h to 8 h
reduced the overall neurite growth on the sample. The neurite growth reached a minimum of
2.76 = 0.29 when ZnO nanowires were grown for a maximum of 8 h. The neurite growth that
decreased with increasing the ZnO nanowire growth time from 1h to 8 h can further
contribute to the possible dissolution of the ZnO nanowires in the culture solution; however,

more investigation is required to confirm this hypothesis.
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Figure 5.11. Neurite growth on ZnO nanowire substrates for growth times of 1, 2, 4, and 8 h. Neurite
growth was calculated as the total area of the neuronal cytoplasm across the whole substrate, relative

to the total neuronal nuclei area. Error bars represent one standard deviation.

104



5.3. HNT NEURONS ON ZNO NANOWIRES

5.3.3 hNT neuron functionality

The functionality of hNT neurons on ZnO nanowires was examined by measuring their
responses to glutamate stimulation. Glutamate is an amino acid that is commonly used as a
neurotransmitter for transmission of signals between neuronal cells [184]. The cytoplasmic
Ca?" concentration of the hNT neurons was increased when stimulated with glutamate;
however, only about 40% of hNT neurons are expected to respond to the glutamate
stimulation since hNT neurons contain a heterogeneous subpopulation of dopaminergic,

cholinergic, GABAergic and glutamatergic neurons [185,186].

Figure 5.12 (a)—(d) shows the viability of the hNT neurons located on the ZnO
nanowire arrays that were grown for 1, 2, 4, and 8 h, respectively. Figure 5.12 (1) shows the
Fluo-4 fluorescence images of hNT neurons inside and outside of the nanowire arrays. Fluo-4
is a calcium (Ca?") indicator that exhibits a large fluorescence intensity when it binds Ca?*
molecules that were induced from the cells for neurotransmissions [34]. Figure 5.12 (2)
shows the selected hNT neurons inside and outside of the nanowire arrays for tracing the

Fluo-4 fluorescence intensity as a response to the glutamate stimulation.

The fluorescence traces of the hNT neurons inside and outside the ZnO nanowire
array are shown in Figure 5.12 (3) and (4), respectively. The cytoplasmic Ca?* concentration
of hNT neurons within the ZnO nanowire arrays and on the control substrate area increased
after stimulation with glutamate. The hNT neurons were, subsequently, determined to be
alive and functionally viable, inside and outside of all ZnO nanowire arrays. In Section 5.3.1,
the 4-8 h nanowires were demonstrated to reduce the adhesion and growth of the hNT
neurons on the entire nanowire arrays; however, Figure 5.12 (3a—d) shows that the remaining
hNT neurons on all nanowire arrays are alive and functional. The resulting ZnO nanowires
are, therefore, determined to be biocompatible for human hNT neurons, and the adhesion and
growth of the hNT neurons can be controlled by the morphology and geometry of the ZnO

nanowires.
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Figure 5.12 Viability test of hNT neurons on ZnO nanowires by measuring their response to the
glutamate stimulation. (1) Fluo-4 (green) fluorescence images of hNT neurons inside and outside of
the nanowire arrays. (2) The colour-coded neurons that were selected inside and outside of the
nanowire arrays for tracing the changes in the intensity of the Fluo-4 fluorescence as responses to the
glutamate stimulation. (3, 4) Fluo-4 fluorescence traces of neurons inside and outside of the nanowire
arrays that were coloured with reference to the neurons shown in (2), respectively. The dashed lines
indicate the glutamate stimulation time in (3, 4). (a—d) ZnO nanowire arrays were grown for 1, 2, 4,
and 8 h, respectively. ZnO nanowire florets were outlined by white circles in (1-2) with scale-bars of
100 pm. (3-4) AF/F, scale-bars = 0.2.

5.4 Conclusion

ZnO nanowires are demonstrated to be a biocompatible nanomaterial for human NTera2.D1
(hNT) neurons. The promotion and inhibition in growth of hNT neurons on ZnO nanowire

arrays are shown to be influenced by both the geometry and the morphology of the
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nanowires. The ZnO nanowires are required to cover at least 4% of the substrate area for
controlling the adhesion and growth of the neurons, either to promote or to inhibit. In this
chapter, the growth of the hNT neurons on the ZnO nanowire arrays was increased by 30%
compared to the control Si/SiO; substrate surface when ZnO nanowires with lengths of less
500 nm and densities of higher than 350 NWs/um? were provided. The promotion of the hNT
neuron growth demonstrated the biocompatibility of the ZnO nanowires and the favourable

surface roughness for the neurons to reside.

Growing ZnO nanowires for a long time, 4-8h, resulted in narrow and long
nanowires (high aspect ratio) with a low density that reduced the adhesion and growth of the
neurons on the entire nanowire arrays. The sparse and sharp nanowires can pierce the cell
membrane and cause cell death. Furthermore, ZnO nanowires may also dissolve into Zn?*
ions in the culture media to reduce cell viability. Although Zn?* ions are essential ions for
many biological processes, an excessive concentration of Zn?* that could be released from the

large ZnO nanowires may be cytotoxic to the hNT neurons, causing cell death.

The increase of the inter-floret gaps reduces the ability of ZnO nanowire morphology
for controlling the hNT neuron growth. However, the hNT neurons can be immobilised on
the sparse nanowire florets due to the possible deformation of the cell membrane around the
nanowires. The localisation of the hNT neurons on the ZnO nanowire florets can, therefore,

be increased by providing a larger inter-floret gap within the array.

By tracing the fluorescence intensity of the hNT neurons, the cytoplasmic Ca?*
concentration of the neurons was increased after stimulation with glutamate. The hNT
neurons are determined to be alive and functionally viable both inside and outside of all ZnO
nanowire arrays. | propose that ZnO nanowires can be applied as a biocompatible
nanomaterial on microelectrode arrays (MEAS) for interaction with human hNT neurons. The
ZnO nanowires on the MEAs are ideally required to be short in lengths (i.e. <500 nm for
diameters of 30 nm) with a high density (i.e. > 350 NWs/um?) to support the growth of hNT
neurons. In the next chapter, the MEAs will be integrated with ZnO nanowires, and their
electrochemical impedance will be investigated to characterise their electrical properties

required for neuronal applications.
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Chapter 6
ZnO Nanowire Microelectrode

Arrays (ZnO-NW MEAS5)

Fury roads to the ZnO towns for a mad neuroscientist to study neurons.

6.1 Introduction

Microelectrode arrays (MEAS) have conventionally been applied in recording electrical
signals from neuronal cells to understand the communication and processing that take place
within the neuronal networks [187]. Advances in neuroscience demand MEAs with small
microelectrodes that can record electrical signals from neuronal cells at single-cell resolution.
However, as the microelectrodes reduce in size, their electrical impedance increases
proportionally to their surface area that degrades the signal-to-noise ratio (SNR) of the
recording signals [25,90]. In this regard, researchers have made efforts to fabricate small
MEAs comparable to the micrometre size of the neuronal cells [164] with low impedance
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(<2 MQ) [188] that are capable of recording action potential (AP) signals with a high SNR at

single-cell resolution.

Gold [17,21,29-32,69], platinum [65,71,72], titanium [33,74] are the most common
materials that have been used as microelectrodes in MEAs due to their excellent electrical
characteristics, corrosion resistance and biocompatibility. Platinum black (Pt black) coating
has also been commonly applied by covering the planar microelectrodes of different materials
through a platinisation process to reduce the impedance [21,58,64]. Similarly, conductive
polymers such as polypyrrole (PPy) [189-191] and poly(3,4ethylenedioxythiophene)
(PEDOT) [90,192,193] have been utilised as a coating layer to improve the electrical
properties and biocompatibility of the MEAs. However, polymer microelectrodes can be

mechanically unstable for long term neuronal applications [194,195].

While small planar surface areas are required for recording AP signals from neuronal
cells at single-cell resolution, the SNR of the recording signals reduces with the
microelectrode size due to the increased impedance. One way to keep the impedance of the
microelectrodes low with small planar surface areas is to increase the total surface area by the
introduction of 3D topological structures. 3D nanomaterials have previously been exploited
to reduce the impedance of microelectrodes with Gold (Au) nanostructures [17,29-32],
carbon nanotubes (CNTs) [33-35], vertical silicon nanowires (Si-NWs) [12,36,37], and
vertical platinum nanowires (Pt-NWs) [15,38] being the most common nanomaterials that

have been applied on MEAs to increase the surface area for integration with neuronal cells.

A more recent introduction to the nanowire technology for cell applications has been
the introduction of vertical zinc oxide nanowires (ZnO-NWs), natural n-type semiconductors,
commonly used in light-emitting diodes (LEDs) [39], solar cells [40-42], biosensors [43-45]
and piezoelectric devices [46-48] due to their excellent electronic and photoelectronic
properties. ZnO nanowires can be grown via a hydrothermal synthesis at a low temperature
(at 95°C) with low cost and high scalability, as demonstrated in Chapter 4. Using the
hydrothermal synthesis, ZnO nanowires can be grown on flexible substrates that are ideal for
biological applications [43]. The morphology of ZnO nanowires can also be controlled by the
hydrothermal growth parameters such as precursor concentration, growth time, ZnO seed
layers, and additive polyethylenimine (PEI), as demonstrated in Chapter 4. Furthermore,
Section 4.3 of Chapter 4 showed that ZnO nanowires could be grown on defined regions of a
substrate using standard photolithography techniques [145]. In Chapter 5, ZnO nanowires
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were shown to be a suitable biocompatible nanomaterial for human NTera2.D1 (hNT)
neurons; however; their biocompatibility could alter depending on the morphology and
geometry of the nanowires. The short ZnO nanowires (< 500 nm for diameters of 30 nm)
with a high density (> 350 NWs/um?) were also demonstrated as an ideal morphology that

promoted the growth of hNT neurons.

Despite the great potential of ZnO nanowires for integration with MEASs in neuronal
applications, Ryu et al. [49] are the only group that recently utilised MEAs with ZnO
nanowires for recording neuronal signals from rat’s brain in vivo. Ryu et al. also
demonstrated that encapsulation of ZnO nanowires with Cr/Au and PEDOT layers could
improve their electrical characteristics as well as their biocompatibility. The impedance of
MEAs can also be influenced by the morphology of the nanomaterials, as Nick et al. [29]
demonstrated improved impedance of MEAs when high aspect ratio gold nanopillars were

used.

In this chapter, the electrical characteristics of MEAs in different configurations are
investigated to define their electrical compatibility for neuronal applications. The electrical
properties of MEAs are characterised by electrochemical impedance spectroscopy (EIS). To
do so, planar MEAs are initially fabricated and characterised as a benchmark to identify any
improvement in the electrical properties of the nanostructured MEAs. The electrochemical
impedance of MEAs with ZnO nanowires in different morphology is then investigated, using
a modified Randles equivalent circuit. Finally, the impedance of MEAs is studied when ZnO
nanowires are encapsulated with different metals (Cr/Au, Ti, and Pt). In addition to the
electrical characteristics, the robustness of ZnO nanowires and metal encapsulated ZnO
nanowires are investigated to determine their compatibility for long term measurements in
neuronal applications. The work presented in this chapter is drown from the paper “Ti and Pt
encapsulated ZnO nanowire microelectrodes for neural applications” by Mohsen Maddah, Yi
Wang, Gideon J. Gouws, Charles P. Unsworth, and Natalie O. V. Plank that has recently been
submitted. The co-authors of this work have advised and commented on the manuscript of the

paper, but the thesis author has done all the experimental work and analysis.

6.2 Planar MEAs

In this section, the electrical properties of planar MEAs are investigated through EIS

measurements. Planar MEAs were fabricated using a standard photolithography technique, as
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detailed in Section 3.2.5.1 of Chapter 3. MEAs were fabricated on 15 mm x 15 mm silicon
substrates with a 100 nm oxide layer (Si/SiOz). The substrates were initially cleaned
thoroughly by sonication in acetone (1 minute), sonication in isopropanol (IPA) (1 minute),
rinsing in IPA and then drying in a stream of clean nitrogen (N2). Standard photolithography
was applied to define a pattern of AZ1518 photoresist on the substrates. Electrodes were
deposited via thermal evaporation of 5 nm chrome followed by 50 nm of gold (Cr/Au) onto
the Si/SiO2 substrates. A lift-process was then applied using acetone and IPA to remove
photoresist with the excessive Cr/Au, leaving a pattern of Cr/Au electrodes with central
working microelectrodes (200 um in diameters) on the substrates to create planar MEAS. The
fabrication of planar MEAs was completed by photolithography of 8 um thick SU8-2150 as a
passivation layer. The SU8 layer covered the entire substrate except for the regions above the
working microelectrodes (with diameters of 50 um) and the outer electrode contact pads to
allow for the electrical measurements. The samples were finally hard-baked at 200°C for
15 minutes to heal any surface cracks of the SU8 layer and to improve the chemical and

physical stability of the SU8 layer.

6.2.1 MEA configuration

Figure 6.1 (a) shows an optical image of a fabricated planar MEA. The fabricated planar
MEA was comprised of 32 Cr/Au working microelectrodes and one reference electrode on
the Si/SiO2 substrate. The central working microelectrodes were placed in a 6 x 6 matrix
within an area of 4 x 4 mm?, which were connected to the outer electrode contact pads, as
shown in Figure 6.1 (b). The microelectrodes were 200 um in diameters with spacings of
700 um in between. Figure 6.1 (c) and (d) show a planar microelectrode before and after the
SU8 photolithography process, respectively. The SU8 photolithography defined 50 um wide

open windows concentric with the central microelectrodes for EIS measurements.
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Microelectrode - Microelectrode

S1/S10, substrate

Figure 6.1. Planar microelectrode array. (a) and (b) show optical image and SEM image of a
fabricated planar MEA without SU8 passivation layer, respectively. (c) and (d) show SEM images of
a planar microelectrode before and after SU8 photolithography process, respectively. SEM images
were taken at 70° tilted view.

6.2.2 EIS of planar MEAS

Electrochemical impedance spectroscopy of the MEAs was measured using the Agilent
4294A precision impedance analyser in the configuration shown in Figure 6.2. A frame made
of polydimethylsiloxane (PDMS) was used to keep 100 pL of the phosphate-buffered saline
solution (PBS-1x) on the central region of the MEA excluding the outer electrode contact
pads. The high potential and current terminals of the impedance analyser were connected to a
tungsten electrode probe and placed in the PBS solution. The low potential and current
terminals were connected to the MEA electrode contact pads using a tungsten electrode
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probe. A potential of 100 mV (with 0 Vyias) was applied at high terminals by sweeping over a

frequency range of 40 Hz to 10 MHz, and the impedance was recorded at the low terminals.

L ob L(‘ur
# Hpob chr

i
\

Figure 6.2. Measurement setup for the electrochemical impedance spectroscopy of MEAs. Two-point
measurement connection, where Hpo and Heur represent the high potential and current terminals of the
instrument connected to a tungsten electrode probe placed in phosphate-buffered saline solution
(PBS-1x), and Lpot and Ly represent the low potential and current terminals of the instrument

connected to a tungsten electrode probe attached to the outer electrode contact pad of MEA.

The EIS measurements included the impedance of the MEA as well as all auxiliary
connections used between the impedance analyser terminals and the MEA, e.g. coax cables,
adapters, probe electrodes and the PBS solution. An open/short compensation was applied to
correct the impedance measurements, defining the true characteristics of the MEAs. The
open-circuit impedance was measured by opening the circuit at the electrode probe ends. The
short-circuit impedance was measured by placing both electrode probes in the PBS solution.
The corrected impedance was calculated by

P Zy -Zs
MEA_ZO_ZM 0

Equation 6.1

where Zvea is the true impedance of the MEA, Zw is the measured impedance of the MEA,
Zo is the impedance of the open-circuit and Zs is the impedance of the short-circuit. All of the
impedance data presented in this work are the average impedance measurements taken from
more than 20 microelectrodes (n > 20) on multiple samples with the same microelectrode
configuration. The measurements have all been corrected by applying the open/short

compensation described above.

Figure 6.3 (a) and (b) show the electrochemical impedance Bode plots, impedance

magnitude and phase vs frequency, of planar MEAs that were averaged over multiple
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samples with the same microelectrode configuration, respectively. The impedance of the
MEAs before and after the open/short compensation were presented in Figure 6.3. Figure 6.3
also shows the impedance of the open-circuit and the short-circuit that were used for the
open/short compensation procedure. The open-circuit impedance magnitude was measured to
be 20 GQ that decreased to 5 MQ as the frequency increased from 40 Hz to 10 MHz. The
impedance phase of the open-circuit was determined to alter within —90° to 90°, particularly
for the frequencies below 10 kHz, since an auto-balancing bridge method was used in the
Agilent 4294A precision impedance analyser. The measured short-circuit had an impedance
magnitude of 10 kQ that decreased to 300 Q as the frequency increased from 40 Hz to
10 MHz. The impedance phase of the short-circuit was at —60° at 40 Hz that increased to 30°
at 10 MHz. The short-circuit impedance represented the impedance of the auxiliary
connections and the PBS solution that were used in the EIS measurement of MEAs.

Figure 6.3 (a) shows that the impedance magnitude of the planar MEA decreased with
increasing frequency from 40 Hz to 10 MHz. The impedance phase was determined to be
stable at about —90° (capacitive behaviour) for the frequency range of 40 Hz to 100 kHz, as
shown in Figure 6.3 (b). Increasing the frequency beyond 100 kHz resulted in the measured
impedance phase to increase to 0° (ohmic behaviour), however, due to the applied open/short
compensation the true phase of the planar MEA reached a maximum of —70° at 2 MHz. The
transition of the impedance behaviour from capacitive to ohmic at high frequencies was,
therefore, determined as an influence of the auxiliary connections or the PBS solution, not the

characteristics of the MEAs.

A frequency of 1 kHz has commonly been used in neuronal applications [25,90], as
neuronal action potentials typically take place at this frequency. Therefore, it is useful to
investigate the electrical characteristics of different MEAs by comparing their impedance at a
frequency of 1 kHz. Ganji et al. [90] previously determined that the impedance of MEAs
substantially varied from 1 kQ to 1 MQ as the diameter of planar gold electrodes decreased
from 2 mm to 20 um. In this thesis, the fabricated planar MEAs were measured to have an
average impedance magnitude of 835 + 40 kQ with a phase of —89° + 0.5° at the frequency of
1 kHz. The measured impedance is slightly higher than the average impedance of 500 kQ that
Ganji et al. [90] measured for 50 um wide gold microelectrodes, but lower than
1.17 £ 0.24 MQ that Nick et al. [29] measured for 40 pum wide gold microelectrodes.
Furthermore, Ganji et al. [90] determined that the microelectrodes with diameters smaller

than 100 um have capacitive-like behaviour with a phase spectra close to —90° for the

115



CHAPTER 6. ZNO NANOWIRE MICROELECTRODE ARRAYS (ZNO-NW MEAS)

frequency range of 1 Hz to 10 kHz that agrees with the measured impedance phase in this

work.
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Figure 6.3. Electrochemical impedance spectroscopy Bode plots (a) impedance magnitude vs
frequency and (b) impedance phase vs frequency of planar MEAs. The average impedance of planar
MEAs before and after the open/short compensation are indicated by ‘MEA-No comp’ and ‘MEA-
O/S comp’, respectively. The measured impedance of the open-circuit ‘O-Circuit’ and the short-
circuit ‘S-Circuit’ that were used for the open/short compensation are also plotted in (a) and (b).

Dashed lines indicate the frequency of 1 kHz.

6.3 ZnO-NW MEASs

MEAs with ZnO nanowires were then fabricated by directly growing the ZnO nanowires onto
the planar MEAs without SU8 passivation layer, as detailed in Section 3.2.5.2 of Chapter 3.
Photolithography was carried out using AZ1518 photoresist to define a circular gap with a
diameter of 100 um concentric with the central working microelectrodes. A 100 nm thick
ZnO seed layer was then deposited by sputter deposition followed by a lift-off process to
leave ZnO seeds on the central working microelectrodes. Further photolithography was then
carried out using AZ5214E photoresist to define a pattern with 200 um wide open areas
concentric with the pre-deposited ZnO seeds. The hydrothermal synthesis was carried out at
95°C to grow ZnO nanowires from the pre-deposited ZnO seed layers, as described in
Chapter 4 [145]. The morphology of the ZnO nanowires was controlled by varying the
equimolar concentration of the zinc nitrate hexahydrate and hexamethylenetetramine (HMT)
precursors within the range of 2.5-100 mM for 4 h of growth time. The growth of nanowires
with high aspect ratios was controlled through the addition of 6 mM polyethylenimine (PEl,

Mw = 800 g/mol) as an auxiliary precursor to the “standard” 25 mM of precursors for various
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growth time within the range of 4-35 h. Post nanowire growth lift-off was carried out via
immersion in n-methyl-2-pyrrolidinone (NMP) for 2 h followed by 2 minutes sonication in
NMP, 2 minutes sonication in IPA, rinsing in IPA and drying with N2. The SU8 passivation
layer was then applied by a photolithography process to open a 50 pum wide circular window
concentric with the ZnO nanowire microelectrodes. The SU8 passivation layer allowed only
ZnO nanowires of the microelectrodes to be exposed to the electrolyte solution during the

electrochemical impedance characterisation.

6.3.1 ZnO-NW morphology
Figure 6.4 (a) and (b) show SEM images of ZnO nanowires that were grown on MEAS by

using 25 mM and 100 mM precursor concentrations for 4 h of growth, respectively.
Increasing the precursor concentration is shown to increase the nanowire diameter and length
while their density decreased, agreeing with the previous work demonstrated in Section 4.2.1
of Chapter 4 [145]. The nanowires were also demonstrated to have a flat top surface for the
high precursor concentration compared to the tapered nanowires for the low concentration.
Figure 6.4 (c) and (d) show SEM images of ZnO nanowires that were grown by using 25 mM
of precursor concentration with 6 mM of PEI for 4 h and 35 h of growth time, respectively.
The addition of PEI to the growth solution allowed mediation of the precursors within the
hydrothermal growth solution and extended the active growth time compared to the standard
growth without PEI. The ZnO nanowires were subsequently grown with high aspect ratios, as
previously demonstrated in Section 4.2.3 of Chapter 4. The PEI molecules attached to the
lateral faces of the nanowires that confined their radial growth and enhanced the axial growth
over time [106,131]. As a result, nanowires grew longer when the growth time increased with
PEI presented during the growth, in contrast to the growth without PEI that resulted in the
nanowires to grow thicker and longer. The density of the nanowires also reduced as the
nanowires grew for a longer time, agreeing with the results shown in Section 4.2.3 of
Chapter 4.
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,4h

Figure 6.4. SEM images of ZnO nanowires grown on Cr/Au MEAs via the hydrothermal synthesis

with varying growth parameters: ZnO nanowires were grown with equimolar precursor concentration
of (a) 2.5 mM for 4 h, (b) 100 mM for 4 h, (c) 25 mM with 6 mM of PEI for 4 h and (d) 25 mM with
6 mM of PEI for 35 h. The SEM images of nanowires were taken at 70° tilted view and top view

(insets).

Figure 6.5 (a)-(d) plot diameter, length, aspect ratio and density of the ZnO
nanowires, respectively, that were grown on MEAs by either varying zinc nitrate hexahydrate
and HMT concentrations for 4 h of growth or by varying the growth time when 25 mM of
precursor concentration with 6 mM of PEI was used. The aspect ratio of the nanowires was
calculated as the ratio of the measured nanowire length to the diameter from the SEM images.
The density of the nanowires was estimated by counting the number of nanowires within an

area of 2—-4 um? of the SEM images from the top view.
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Figure 6.5. Morphological graphs of ZnO nanowires grown on MEAs, measured as nanowire
(a) diameter, (b) length, (c) aspect ratio, and (d) density. The aspect ratios were calculated from data

plotted in (a) and (b). Error bars represent one standard deviation (n > 30 NWs).

Varying the precursor concentration from 2.5 mM to 100 mM increased the nanowire
diameter from 60+£20nm to 175+55nm and decreased the density from
170 + 17 NWs/um? to 40 + 4 NWs/pum?. The nanowire length varied within the range of 1—
2 um for different precursor concentrations, with a maximum of 1.88 +0.18 um at the
precursor concentration of 25 mM. Subsequently, the aspect ratio of the nanowires was at its
maximum of 25 + 8 when 25 mM of precursor concentration was used for 4 h of growth time.

Adding 6 mM of PEI to the growth solution reduced the growth rate of the ZnO
nanowires. When 6 mM of PEI was added to 25 mM of precursor concentration for 4 h of
growth, the nanowire diameter and length reduced from 75 £ 23 nm to 48 + 14 nm and from
1.88 £0.18 um to 0.97 = 0.14 um, respectively. The density of the nanowires also increased
from 57 £ 6 NWs/um? without PEI to 172 + 17 NWs/um? with PEI. Increasing the growth

time from 4 h to 35 h significantly increased the nanowire length by a factor of 5%, from
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0.97 £0.14 um to 4.8 £ 0.3 um, and doubled the aspect ratio from 20 £ 7 to 49 + 22. The
diameter of the nanowires also increased from 48 + 14 nm to 98 £ 43 nm while the density
reduced by a factor of 6, from 172 + 17 NWs/um? to 30 + 3 NWs/um?,

6.3.2 EIS of ZnO-NW MEAs

The ZnO nanowires were hydrothermally grown from a pre-deposited ZnO seed layer island
on the microelectrodes, as shown in Figure 6.6 (a). The nanowires grew vertically from the
seed layer with some residual scattered nanowires that either grew elsewhere on the
microelectrodes or nucleated in the growth solution and were deposited onto the outer
microelectrode area during removal from the growth solution. The MEAs were enclosed
within an 8 um thick layer of SU8, as shown in Figure 6.6 (b), to ensure that only the vertical

nanowires within a 50 um defined window contributed to the EIS measurements.

(a) No SUS (b) With SUS

Figure 6.6. ZnO nanowire microelectrode before and after SU8 photolithography. (a) The SEM image
of ZnO nanowires that were grown as an island on a microelectrode with a pre-deposited ZnO seed
layer. ZnO nanowires were hydrothermally grown using a precursor concentration of 25 mM and
growth time of 4 h. (b) The SEM image shows successful photolithography of SU8 passivation layer
with 50 pm wide open window. The SEM images were taken at 70° tilted view.

Figure 6.7 shows the SEM image and energy-dispersive X-ray spectroscopy (EDS) of
a ZnO-NW microelectrode with the SU8 passivation layer. The EDS shows silicon (Si) of the
Si/SiO; substrate and gold (Au) of the deposited Cr/Au microelectrode in Figure 6.7 (b) and
(c), respectively. The microelectrodes were 200 um in diameter that attributed to the
appearance of gold everywhere within the Figure 6.7 (c) window. Zinc (Zn) and oxygen (O)

of ZnO nanowires are shown in Figure 6.7 (d) and (e), respectively, although oxygen also
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attributed to the Si/SiO> substrate. Figure 6.7 (c) shows carbon (C) mapping on the MEA that
defined the successful photolithography patterning of the SU8 passivation layer on the ZnO-
NW microelectrode without any defects or debris. The SU8 passivation layer ensured that
only the ZnO nanowires of the microelectrodes were exposed to the electrolyte solution

during the EIS measurements.

Figure 6.7. SEM and Energy-dispersive X-ray spectroscopy (EDS) of ZnO nanowire microelectrode.
(a) SEM image of a ZnO-NW microelectrode enclosed with the SU8 passivation layer. (b)—(f) EDS
mapping of the ZnO-NW microelectrode shown in (a). The EDS mapping shows (b) silicon (Si) of the
Si/SiO, substrate; (c) gold (Au) of the underlying Cr/Au microelectrode; (d) zinc (Zn) of ZnO
nanowires; (e) oxygen (O) of ZnO nanowires and the Si/SiO; substrate; and (f) carbon (C) of the SU8

passivation layer.

The EIS Bode plots of MEAs with ZnO nanowires in different morphologies are
shown in Figure 6.8 (a)—(d). Figure 6.8 (a) and (b) show the impedance magnitude and phase
of MEAs for a broad range of frequency, 40 Hz-10 MHz, respectively. Figure 6.8 (c) and (d)
show the impedance magnitude and phase of MEAs at low frequencies, 40 Hz-2 kHz in
linear scale, respectively, where neuronal action potential signals typically take place [25,51].
Figure 6.8 (a) shows that the impedance magnitude of all MEAs decreased with increasing
frequency. Figure 6.8 (b) shows that the impedance phase of all MEAs generally remained
constant around —90° for the frequency of lower than 100 kHz, corresponding to the
capacitive behaviour of the MEAs. The dominant capacitive behaviour indicates that the
impedance is significantly influenced by the surface areas of the microelectrodes that are
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exposed to the electrolyte. Hence, variation in the microelectrode surface area as done by
controlling the ZnO nanowire morphology is the reason that changed the impedance of the
MEAs. Furthermore, texturising the nanowire surface can improve the impedance of the

microelectrodes by increasing the total surface area.
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Figure 6.8. Electrochemical impedance spectroscopy of MEAs with ZnO nanowires that vary in
morphology compared to the planar MEAs. (a) and (b) plot the average impedance magnitude and
phase of MEAs for the frequency of 40 Hz-10 MHz in logarithmic scale, respectively. (c) and (d) plot
the average impedance magnitude and phase of MEAs for the frequency of 40 Hz—2 kHz in linear
scale, respectively. The dashed lines presented in (a)—(d) indicate the frequency of 1 kHz. The ZnO
nanowires were hydrothermally grown with varying precursor concentration within the range of 2.5—
100 mM for a growth time of 4 h, or with varying growth time within the range of 4-35 h for 25 mM
of precursor concentration and 6 mM of PEI. Error shades represent one standard deviation

(n > 20 microelectrodes).

The impedance of the MEAs with ZnO nanowires varied with the morphology of the
nanowires where it was seen to be lower, the same, or even higher than the impedance of the
planar MEAs. The variation of the impedance magnitude for ZnO-NW MEAs with different
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morphologies was more evident at low frequencies, as shown in Figure 6.8 (c). The MEAs
with ZnO nanowires that were grown by using a precursor concentration of 50 mM for 4 h of
growth improved the impedance the most by reducing the impedance magnitude. In contrast,
the MEAs with ZnO nanowires that were grown by using 25 mM of precursor concentration

with 6 mM of PEI for 35 h increased the impedance magnitude.

The 1 kHz impedance magnitude and phase of MEAs with different morphologies of
ZnO nanowires are plotted in Figure 6.9 (a) and (b), respectively. Applying a 100 nm thick
layer of ZnO seeds on MEAs resulted in a slight increase of the 1 kHz impedance magnitude,
965 £ 100 kQ, compared to 835 + 40 kQ of planar Cr/Au MEAs. Growing ZnO nanowires on
the seeds, using precursor concentrations within the range of 2.5-100 mM for 4 h of growth
reduced the impedance magnitude, at which a minimum impedance of 540 *+ 20 kQ was
achieved for the precursor concentration of 50 mM. The 50 mM nanowires were determined
to have an average diameter of 105 + 40 nm, length of 1.56 + 0.18 um, aspect ratio of 15+ 6
and density of 54 + 5 NWs/um?. The overall surface area (S) of the microelectrode with ZnO

nanowires was calculated by
! : :
S = (Z D°+D L) oy ©° R Equation 6.2

where D and L were the diameter and length of the nanowires, respectively, oy, Was the
density of the nanowires, and R was the radius of the hole (25 um) in the SU8 passivation
layer concentric with the ZnO-NW microelectrode. The overall surface area was increased by
a factor of 28x, to 55,320 + 29,750 um?, compared to the average surface area of 1,960 pm?
for the planar MEAs. Furthermore, an average impedance phase of —88° + 2° at the frequency
of 1 kHz was measured for all MEAs, except the 50 mM ZnO-NW MEA with a phase of
—76° = 1°, showing that the capacitive behaviour as affected by the surface area was

dominant in the electrochemical characteristics of the MEAs.

The addition of 6 mM PEI into the growth solution for 4 h of growth resulted in an
increase of the impedance to 870 + 35 kQ, in comparison to 700 + 40 kQ of the 25 mM ZnO
nanowires with no PEIl. The PEI addition has caused the nanowires to grow smaller and
shorter since PEI molecules slowed the growth rate of the ZnO nanowires by chelating Zn?*
ions in the growth solution [131]. The diameter and length of ZnO nanowires were reduced
from 75+£23nm and 1.88 £0.18 um of no PEI to 48+ 14 nm and 970 £ 140 nm with

additive PEI, respectively. The density of the nanowires was also increased from
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57 + 6 NWs/um? to 172 + 17 NWs/um? by adding PEI to the growth solution. Although, the
overall surface area was similar for the nanowires grown with and without PEI,
49,820 + 22,170 um? and 50,400 + 22,730 um?, respectively, the impedance of MEAs was
found to be different. The high impedance of PEI nanowires could be associated to the PEI
molecules that were attached to the lateral surfaces of the nanowires during the hydrothermal

growth and had possibly changed the electrochemical characteristics of the nanowire

surfaces.
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Figure 6.9. Impedance magnitude (a) and phase (b) at the frequency of 1 kHz for MEAs with ZnO
nanowires in various morphology. ZnO nanowires were grown with varying precursor concentration
for 4 h of growth, or with varying growth time when 25 mM of precursor and 6 mM of PEI were
applied. Error bars represent one standard deviation (n > 20 microelectrodes).

PEI is a nonpolar polymer with side amino-groups (—NH2), which can be protonated
and positively charged [107,196]. The positively charged PEI were adsorbed to the negatively
charged lateral surfaces of the ZnO nanowires that could partially passivate the surface states
[196]. The passivation layer on the ZnO nanowires could subsequently increase the total
impedance of ZnO-NW MEAs as the electrochemical charge transfer that took place at the
surface of the nanowires was limited. However, the effect of different passivation layers such
as polymethyl methacrylate (PMMA) [197], tin oxide (SnO2) [198], aluminium oxide (Al2O3)
and hydrogen (H) [199] were previously demonstrated to change the optical and electrical
properties of the ZnO nanowires, no studies have been taken yet on characterisation of the

ZnO nanowires with PEI as the passivation layer.

As the ZnO nanowires were grown with additive PEI for a longer time, the impedance
continued to increase, reaching a maximum of 2.085 + 0.035 MQ for 35 h of growth. Despite
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the increase of the nanowire overall surface area from 49,820 + 22,170 um? at 4 h of growth
to 88,130 + 54,670 um? at 35h of growth, the impedance has unexpectedly increased to
become even larger than the impedance of the planar Cr/Au MEAs, 835 + 40 kQ. Increasing
the growth time from 4 h to 35 h resulted in the length of the nanowires to significantly
increase by a factor of 5x and reduce the density by a factor of 6, while the diameter only
doubled, as discussed in Section 6.3.1. Subsequently, the total top surface area of the
nanowires (not including the lateral surfaces) reduced from 605 + 255 um? of 4h
to 445 + 285 um? of 35h. These results show the possibility of the PEI behaving as a
passivation layer at the lateral faces of the ZnO nanowires, which can limit the
electrochemical conduction paths from the solution to the nanowire surfaces. The PEI was
expected to reduce the impedance of the microelectrodes by growing ZnO nanowires with
high surface areas and aspect ratios, but the EIS results showed that the PEI increased the
impedance of microelectrodes. Although these MEAs with PEI ZnO nanowires can still be
useful for AP signal recording as they have previously been shown in Chapter 5 to be
biocompatible with human hNT neurons, they are not ideally optimised due to their electrical

properties.

6.3.3 EIS modelling of ZnO nanowire MEAs

The electrochemical impedance of MEAs was examined by using a modified Randles
equivalent circuit model [90,200,201], as shown in Figure 6.10. The equivalent circuit
comprised series resistor (Rs), charge transfer resistor (Rct), adsorption capacitor (Cad), and
constant phase element (CPE). The series resistor (Rs) represented all series resistance in the
measurement, including the resistance of the auxiliary connections, PBS solution, and
underlying metal electrodes. The charge transfer resistance (Rct) or the redox reaction
resistance represented the resistance for the charges transferring from the solution to the
microelectrode surface. The adsorption capacitor (Cad) accounted for the adsorption of the
transferred species through the double-layer interface onto the microelectrode surface that
participated in the redox reaction. The faradaic impedance, Z:, was defined as a series
combination of the charge transfer resistance and the adsorption capacitance by

Zf = Rct +jXCad Equation 6.3

where Xcad Was the reactance associated with the adsorption capacitance. The reactance of

the adsorption capacitance was calculated by
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1

Xcud = m Equation 6.4

where f was the signal frequency used in the EIS. The constant phase element (CPE)
accounted for the double-layer capacitance at the interface of the microelectrode and the
electrolyte solution that behaved as a non-faradaic pseudo-capacitance. The reactance of the
CPE was defined as

1
XerE = 570 Equation 6.5

0 (2xp)"

where a was the constant exponent, 0 <a <1, with 1 representing an ideal capacitor and 0
representing an ideal resistor, and Q was a constant coefficient with the unit of F-cm 2-s"*

that represented the double-layer capacitance at the angular frequency of 1 rad/s.

Figure 6.10. Modified Randles equivalent circuit model of MEAs for electrochemical impedance
simulation. The equivalent circuit comprises series resistor (R,), charge transfer resistor (R,),

adsorption capacitor (C,,), and constant phase element (CPE). Z represents the faradaic impedance of

the circuit as a series combination of R, and C,; impedance.

The obtained impedance of MEAs was fitted to the equivalent circuit by using the
Palmsens PSTrace software to extract the electrochemical parameters of the MEA
impedance. A Chi-Squared test was applied to evaluate the goodness of the fit, ensuring that
the average error of the fit was less than 1%. Figure 6.11 (a)—(d) shows the charge transfer
resistance, the adsorption capacitance, 1 kHz faradaic impedance, and 1 kHz non-faradaic
impedance of the planar MEAs and ZnO-NW MEAs, respectively. The series resistance was
also determined to be negligible (1 nQ2), demonstrating the successful impedance correction
achieved by the open/short circuit compensation, where the influence of the solution and

auxiliary connections on the impedance measurements were minimised.

Figure 6.11 (a) and (b) show the simulated Rct and the Cag parameters of the MEAs

associated with the faradaic impedance (Zs), respectively. The obtained values of R for the
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MEAs varied in the range of 0.76-6.43 kQ, while Ca varied from 10 pF to 120 pF. The
reactance of the Cag was calculated, using Equation 6.4, to be greater than the R for all
MEAs at frequencies below 100 kHz. The faradaic impedance was subsequently determined
to be influenced the most by the Ca than the Ret at low frequencies. To understand the
electrochemical behaviour of the MEAs, the simulated faradaic impedance magnitude (|Zs| as
a combination of R¢t and Cag), and the non-faradaic impedance magnitude (|Xcpe|) at 1 kHz of

frequency, as shown in Figure 6.11 (c) and (d), respectively, are discussed below.
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Figure 6.11. Electrochemical impedance analysis of MEAs with ZnO nanowires in various
morphology. (a)—(d) Electrochemical parameters of charge transfer resistance (Rc), adsorption
capacitance (Cag), faradaic impedance magnitude at 1 kHz (]Zq), and non-faradaic impedance
magnitude at 1 kHz (|Xcre|) of MEAS, respectively, which are simulated by fitting the experimental

impedance data to the modified Randles equivalent circuit.

The electrochemical impedance of the planar MEA was determined to be equally
influenced by |Z:] and |Xcpe| parameters, with the respective fitted values of 1.64 MQ and
1.66 MQ at 1 kHz. As a ZnO seed layer was deposited on the planar MEA, the faradaic
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impedance increased to 2.74 MQ at 1 kHz due to its semiconductive characteristics, while the
non-faradaic impedance stayed about the same, 1.50 MQ at 1 kHz. The overall impedance of

the MEASs with ZnO seeds was subsequently higher than the planar MEAs.

Growing ZnO nanowires from the seed layer on MEAs enhanced the capacitive
coupling of the EIS due to the reduced |Xcpe| associated with the increased surface area. The
capacitive coupling of the MEAs with the 50 mM ZnO nanowires was reduced to 570 kQ, in
comparison to 1.64 MQ of planar MEAs. The |Zs| of the 50 mM ZnO-NW MEA increased to
7.80 MQ due to the weak redox reaction (high Rct and low Cag) and long nanowires that made
ions less accessible to the microelectrode surface [202]. Although the faradaic impedance
was high at 50 mM compared to the other precursor concentrations, the non-faradaic
impedance was relatively low that provided the dominant conduction pathway in the EIS of
the ZnO-NW MEA:s.

Growing ZnO nanowires for 4 h with additive PEI reduced the |Zs| from 2.05 MQ to
1.38 MQ and increased the |Xcpg| from 1.03 MQ to 2.34 MQ, compared to when 25 mM
precursors without PEI were used. The faradaic impedance of 4 h PEI nanowires reduced as
the Rt decreased and the Caq increased that were associated with the redox reaction on the
nanowires. The redox reaction is typically expected to take place at the top surface of the
nanowires than the lateral sides since it is the closest surface to the electrolyte where ions can
diffuse quickly, particularly when a high density of nanowires are provided and a fast
reaction is carried out for a high frequency of 1 kHz. The total top surface area was increased
from 500 + 225 pm? to 605 + 255 um? when PEI was utilised in the growth of 25 mM ZnO
nanowires for 4 h that subsequently reduced Rct and increased Caq associated with the redox
reaction. Despite decreasing the faradaic impedance |Zs|, the non-faradaic impedance |Xcpe|
was increased since PEI passivated the lateral faces of the nanowires that reduced the total
surface area for the double-layer capacitance (CPE). As a result, the overall impedance was
increased to 870 + 35 kQ, in comparison to 700 + 40 kQ of no PEI nanowires.

When ZnO nanowires were grown for 35 h with using PEI, both faradaic and non-
faradaic impedances reached the maximum of 15.55 MQ and 2.38 MQ, respectively. The
faradaic impedance |Zs| significantly increased from 1.38 MQ to 15.5 MQ, as the nanowire
growth time was increased from 4 h to 35 h. The resulting nanowires were observed to have a
small top surface area, 445 + 285 um?, compared to 605 + 255 um? of 4 h since the density of
the nanowires that could be seen by SEM from the top view was reduced. The decreasing top
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surface area limited the redox reaction on the nanowires that resulted in the |Z¢ to increase. In
addition, the increased length of the nanowires from 1.8 £ 0.18 um to 4.8 £ 0.3 um could
have increased the |Zs since the PBS electrolyte ions became less accessible to the surface of
the planar gold microelectrodes underneath of the nanowires [202]. The non-faradaic
impedance |Xcpe| of the PEI nanowires was approximately similar, 2.25 + 0.2 MQ, despite
the difference in the total surface area of the nanowires, 49,820 + 22,170 ym? of 4h
compared to 88,130 * 54,670 um? of 35 h. The adsorption of PEI molecules on the lateral
faces of the nanowires could, therefore, restrict the double-layer capacitance, where the top

surfaces of the nanowires were the only surfaces responsible for the non-faradaic impedance.

ZnO nanowires with PEI were shown in Chapter 5 to be biocompatible with human
hNT neurons. In Chapter 5, short nanowires with a high density were grown with additive
PEI that promoted the growth of hNT neurons. In contrast, no studies have confirmed the
biocompatibility of the pristine ZnO nanowires without PEI for hNT neurons. The EIS
measurements showed that the ZnO nanowires that were grown with additive PEI are not
suitable for MEAs since the adsorption of PEI on the lateral faces of the nanowires forms a
passivation layer that increases the impedance of the ZnO-NW MEAs. Subsequently, the PEI
ZnO nanowires are not expected to improve the electrical characteristics of MEAs for
recording AP signals with high SNR from neuronal cells. In the next section, the pristine ZnO
nanowires with no PEI are encapsulated with different metallic layers to further improve their

electrical characteristics.

6.4 Metal encapsulated ZnO-NW MEAs

MEAs with metal encapsulated ZnO nanowires were fabricated by an additional fabrication
step on the ZnO-NW MEAs without SU8 passivation layer, as detailed in Section 3.2.5.3 of
Chapter 3. Photolithography was carried out using AZ1518 photoresist to define 200 um
wide open areas concentric with the central working microelectrodes with ZnO nanowires.
Different encapsulation layers of Cr/Au (2/20 nm), Ti (10 nm) and Pt (10 nm) were deposited
on the ZnO nanowires by thermal (Cr/Au) or e-beam (Ti and Pt) evaporation perpendicular to
the substrate plane. A lift-off process was then applied to remove the excessive deposited
materials, leaving a metallic layer on the ZnO nanowires. Finally, the SU8 photolithography

process was carried out to complete the fabrication of the encapsulated ZnO-NW MEA:s.
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The ZnO nanowires on the MEAs were previously grown using the standard 25 mM
of precursor concentration with 4 h of growth time since they resulted in a low impedance of
700 £ 40 kQ at 1 kHz with a stable phase of —84° £ 4° for the entire frequency range of
40 Hz to 10 MHz. Figure 6.12 (a) and (b) show top view SEM images of ZnO nanowires
before and after Cr/Au encapsulation, respectively. The metallic layer was deposited
perpendicular to the substrate plane, resulting in the tops of the nanowires being fully
encapsulated by the metallic layer, whereas the lower regions were only partially covered.
Since the metallic encapsulation layer did not cover the entire nanowires, the conduction
could not be taken directly by the metallic layer to the underlying microelectrodes. The ZnO
nanowires that were encapsulated with Cr/Au, Ti and Pt, were therefore thought to behave

differently from the pristine Cr/Au, Ti and Pt metallic nanowires.

(a) Pristine ZnO-NWs
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Figure 6.12. SEM images of (a) pristine ZnO nanowires and (b) Cr/Au encapsulated ZnO nanowires.
The SEM images were taken from the top view.

6.4.1 EIS of metal encapsulated ZnO nanowires

Figure 6.13 (a)-(d) show the EIS Bode plots of MEAs with ZnO nanowires that were
encapsulated with the different metallic layers of Cr/Au, Ti, and Pt. Figure 6.13 (a) and (b)
show the impedance magnitude and phase of MEAs for a broad frequency range of 40 Hz—
10 MHz, respectively. Figure 6.13 (c) and (d) show the impedance magnitude and phase at
low frequencies, 40 Hz-2 kHz in linear scale, respectively, where neuronal action potentials
take place. Figure 6.13 (a) and (c) show that the impedance magnitude of the MEAs with Ti
and Pt encapsulated nanowires decreased, particularly at low frequencies, compared to the
planar MEAs and pristine ZnO-NW MEAs. The impedance phase of the Ti and Pt
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encapsulated nanowires appeared to be higher for frequencies below 100 kHz compared to
the other MEAs, as shown in Figure 6.13 (b) and (d). While Ti and Pt coating resulted in
improved impedance, the impedance of Cr/Au encapsulated nanowires was similar to the

pristine ZnO nanowires.
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Figure 6.13. Electrochemical impedance spectroscopy of MEAs with metal encapsulated ZnO
nanowires. (a) and (b) plot the average impedance magnitude and phase of MEAs for the frequency of
40 Hz-10 MHz in logarithmic scale, respectively. (c) and (d) plot the average impedance magnitude
and phase of MEAs for the frequency of 40 Hz-2 kHz in linear scale, respectively. The dashed lines
presented in (a)—(d) indicate the frequency of 1 kHz. The ZnO nanowires were hydrothermally grown
with 25 mM of precursor concentration for 4 h of growth time. Error shades represent one standard

deviation (n > 20 microelectrodes).

Figure 6.14 (a) and (b) show the impedance magnitude and phase of MEAs with
encapsulated nanowires at the frequency of 1 kHz, respectively. Encapsulating ZnO
nanowires with a 10 nm thin layer of Ti and Pt reduced the impedance magnitude from
835 £ 40 kQ of the planar Cr/Au MEAs to an average impedance of 400 = 25 kQ at the
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frequency of 1kHz. The impedance phase of Ti and Pt also increased to —77° £ 2° and
—60° = 4° at 1 kHz, respectively, showing the increased ohmic behaviour that contributed to
their electrochemical impedance. The impedance of Cr/Au encapsulated ZnO-NW MEAs,
with an average impedance magnitude of 680 + 10 kQ and phase of —84° +5°, was very
similar to the pristine ZnO-NW MEAs, with an average impedance magnitude of
700 £ 40 kQ and phase of —85° + 2° at 1 kHz. Although Ti and Pt encapsulation of the ZnO
nanowires improved the electrochemical characteristics of the microelectrodes by reducing
the impedance, the Cr/Au encapsulation did not make any significant changes to the
electrochemical impedance of the ZnO-NW MEA:s.
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Figure 6.14. (a) Impedance magnitude and (b) phase at the frequency of 1 kHz, for MEAs with metal
encapsulated ZnO nanowires compared to the planar MEAs and ZnO-NW MEAs. ZnO nanowires
were grown with a precursor concentration of 25 mM for 4 h of growth time. Error bars represent one

standard deviation (n > 20 microelectrodes).

6.4.2 EIS modelling of encapsulated ZnO nanowires

Figure 6.15 shows the electrochemical impedance parameters of the metal encapsulated ZnO-
NW MEAs, obtained by fitting the measured impedance to the modified Randles circuit
model that was presented in Figure 6.10 in Section 6.3.3. Figure 6.15 (a) and (b) show the
charge transfer resistance (Rct) and the adsorption capacitance (Caq) that correspond to the
redox reaction at the surface of the metal encapsulated ZnO-NW MEAs. Figure 6.15 (c) and
(d) show the faradaic impedance magnitude (|Z¢| as a series combination of R¢t and Cad
impedances), and the non-faradaic impedance magnitude (|Xcre|) of metal encapsulated ZnO-

NW MEA:s at the frequency of 1 kHz, respectively.
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The encapsulation of the ZnO nanowires with the metallic layers of Cr/Au, Ti and Pt,
increased the charge transfer resistance (Rct) from 1.46 kQ of pristine ZnO nanowires to
3.04kQ, 2.27 kQ and 1.85 MQ, respectively. Despite the increase of the R, the faradaic
impedance |Zs| was mainly influenced by the Caq at low frequencies, < 1 kHz (e.g. ZnO-NW
MEAS with |Xcad| = 2.05 MQ for Cag 0f 77.5 pF). The variation in the Rct and Cag of the ZnO
nanowires that were encapsulated with different metals is attributed to the electrochemical
properties of the metals for the redox reaction and the morphology (e.g. porosity) of the
encapsulation layer that appeared on the nanowires.
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Figure 6.15. Electrochemical impedance analysis of MEAs with metal encapsulated ZnO nanowires.
(@)—(d) Simulated electrochemical parameters of charge transfer resistance (R.), adsorption
capacitance (Cag), faradaic impedance magnitude at 1 kHz (]Z:]), and non-faradaic impedance
magnitude at 1 kHz (|Xceel), respectively, by fitting the experimental impedance data to the modified
Randles equivalent circuit.

The non-faradaic impedance of the encapsulated nanowires was the dominant factor

that affected the electrochemical impedance of the MEAs. Applying Ti and Pt encapsulation
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on the ZnO nanowires reduced the 1 kHz non-faradaic impedance from 1.03 MQ of pristine
ZnO nanowires to 430kQ and 470 kQ, respectively, which improved their overall
electrochemical impedance. The 10 nm thin encapsulation layers of Ti and Pt were observed
to form as a porous structure (non-uniform layer) that texturised the surface of the ZnO
nanowires. As the surface roughness of the nanowires increased, the overall surface area
increased that reduced the non-faradaic impedance. The Cr/Au encapsulation of ZnO
nanowires also reduced the non-faradaic impedance to 871 kQ, but with a lower impact than
the Ti and Pt encapsulation. As a thick layer was deposited for the Cr/Au encapsulation
(2/20 nm), the encapsulation layer on the nanowires were more uniform (with less porosity)
compared to the Ti and Pt encapsulation. Moreover, the thick Cr/Au encapsulation layer
partially fused the adjacent nanowires, particularly at the top regions, which could reduce the

overall surface area of the encapsulated nanowires.

6.4.3 Mechanical stability

Growing ZnO nanowires on MEAs was shown in Section 6.3 to improve the electrochemical
characteristics of the microelectrodes by reducing the impedance. Encapsulation of the ZnO
nanowires with a thin layer of Ti and Pt layers further reduced the electrochemical impedance
of the ZnO-NW MEAs that can record high SNR action potentials from neuronal cells. In
Chapter 5, the dissolution of ZnO nanowires into ZnO ions was hypothesised as a limiting
factor in the biocompatibility of the ZnO nanowires for hNT neurons, where an excessive
amount of ZnO ions could result in cell death. Although the short ZnO nanowires with a high
density were shown to promote the growth of hNT neurons, the ZnO nanowires were grown
with additive PEI. The adsorption of PEI on the lateral faces of the nanowires could have
limited the dissolution of the ZnO nanowires into ZnO ions that improved their
biocompatibility. In this section, the mechanical stability of the PEI ZnO nanowires is
investigated in comparison to the PEI ZnO nanowires that were encapsulated with Ti, as an
example of the metal encapsulated ZnO nanowires. The mechanical stability of the ZnO
nanowires is examined by submerging ZnO nanowires in DI water and applying an
ultrasound sonication (240 W at 35 kHz) for 24 h, as previously carried out by Nick
et al. [35].

Figure 6.16 (a)—(c) show SEM images of PEl ZnO nanowires before and after the
robustness test, respectively. The ZnO nanowires were grown on the seed layer array patterns

that were used in Chapter 5. The ZnO nanowires were grown using 25 mM of precursor
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concentration with 6 mM of PEI for 1 h, as detailed in Section 3.2.4 of Chapter 3. The ZnO
nanowires were grown as ZnO florets with different morphologies (diameters of 27-47,
lengths of 360-800 nm, aspect ratios of 12-17, and densities of 200-450 NWs/um?) for
arrays with different inter-floret gaps, 5-150 um, on the Si/SiO, substrates. While ZnO
nanowires with lengths shorter than 700 nm and densities higher than 220 NWs/um? were
found to be stable during the sonication, the longer nanowires with lower densities were
damaged by the sonication, as shown in Figure 6.16 (b) and (c). The determined length of
<700 nm and density of >220 NWs/um? for the mechanical stability is comparable to the
length of <500 nm and density of > 350 NWs/um? that were defined for the optimum
biocompatibility in Chapter 5. Moreover, the ZnO nanowires that were grown laterally at the
edges of the seed layers appeared to be more fragile, as shown in Figure 6.16 (c), compared
to the vertical nanowires that were grown at the centre, as shown in Figure 6.16 (b).

@:inO—NWs/PEI, before tefll (bj‘ZnO_—_,NWs/PEI, aftér testill (c¢) ZnO-NWSs/PEL after test

Figure 6.16. Robustness test of PEI ZnO nanowires and Ti encapsulated PElI ZnO nanowires are
shown in (a)—(c) and (d)—(f), respectively. Top view SEM images of PEI ZnO nanowires before (a)
and after (b, c) the robustness test are shown, respectively. Top view SEM images of Ti encapsulated
Zn0O nanowires before (d), and after (e, f) the robustness test are shown, respectively. (b) and (e) show
SEM images of the vertical nanowires that were grown at the centre of the seed layer. (c) and (f) show
SEM images of the lateral nanowires that were grown at the edges of the seed layer. The robustness

test was carried out by 24 h ultrasound sonication of the nanowires in DI water.
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Figure 6.16 (d)—(f) show the mechanical stability of the PEI ZnO nanowires that were
encapsulated with a 10 nm thin layer of Ti. Interestingly, the encapsulated nanowires are
shown to be quite robust, with no damage observed for any of the encapsulated nanowires
after 24 h of the sonication. Although the mechanical stability of only Ti encapsulated ZnO
nanowires were tested here, the Pt and Cr/Au encapsulations are expected to similarly
improve the robustness of the nanowires. The good mechanical stability, as well as the
reduced electrochemical impedance, make Ti and Pt encapsulated ZnO-NW MEAs suitable
for neuronal applications. Although no study has yet demonstrated biocompatibility of Ti and
Pt encapsulated ZnO nanowires, both Ti and Pt are commonly used microelectrode materials

in neuronal applications, so no cytotoxicity is expected [33,65,71,72].

6.5 Conclusion

ZnO nanowires were demonstrated to improve the electrochemical impedance of
microelectrode arrays (MEAS) by increasing the 3D surface area of the microelectrodes. The
morphology of the ZnO nanowires on MEAs was determined to influence the impedance of
the MEAs. The ZnO nanowires that were grown with 50 mM of precursor concentration for
4 h achieved to improve the electrical characteristics of MEAs the most by reducing the
electrochemical impedance from 835 * 40 kQ of planar MEAs to 540 + 20 kQ at the
frequency of 1 kHz. The resulting nanowires with diameters of 105 =40 nm, lengths of
1.56 + 0.18 um, aspect ratios of 15 + 6 and densities of 54 + 5 NWs/um? were determined as
the ideal nanowire morphology for recording neuronal signals.

A modified Randles equivalent circuit was used to examine the electrochemical
impedance spectroscopy of the MEAs. While applying ZnO seed layers on MEASs increased
the impedance due to the semiconductive characteristics of ZnO, growing ZnO nanowires
from the seed layers enhanced the capacitive coupling (reduced the non-faradaic impedance)
due to the increased surface area. The overall surface area of the microelectrodes was
increased by a factor of 28x, to 55,320 + 29,750 um? when 50 mM ZnO nanowires were

applied, compared to the average surface area of 1,960 pm? for the planar MEAs.

The ZnO nanowires that were grown on MEAs with 25 mM of precursor
concentration and 6 mM of PEI for 4 h had a morphology comparable to the ZnO nanowires
in Chapter 5 that were shown to be biocompatible with human hNT neurons. The addition of

PEI is commonly used to mediate and extend the hydrothermal growth time that can result in
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the nanowires with larger surface areas. The PEI molecules increase the aspect ratio of the
ZnO nanowires by sitting on the lateral faces of the nanowires; however, the adsorbed PEI is
hypothesised to behave as a passivation layer that can limit the electrochemical conduction
paths at the surface of the ZnO nanowires. The EIS measurements showed that the 4 h PEI
ZnO nanowires did not improve the electrochemical impedance of the MEAs, 870 + 35 kQ
compared to 835 £ 40 kQ of planar Cr/Au MEAs. The MEAs with PEI ZnO nanowires can
still be applicable for recording action potential (AP) signals with high signal-to-noise ratios
(SNR) from neuronal cells since they have shown to be biocompatible with the human hNT

neurons and their impedance is within the range of < 2MQ as desired for neuronal recording.

Pristine ZnO nanowires were also encapsulated with different metallic layers of
(Cr/Au, Ti and Pt) to further reduce the impedance of MEAs. Encapsulating the ZnO
nanowires with a 10 nm thin layer of Ti and Pt resulted in the lowest electrochemical
impedance of 400 +25kQ at 1kHz in this work. The texturised surface of the ZnO
nanowires, particularly at the top regions, through the metal encapsulation process, is thought
to increase the total surface area of the nanowires that reduced the electrochemical impedance
of the MEAs. The Ti and Pt encapsulated ZnO nanowires on the MEAs can, therefore,

increase the SNR of the recording AP signals from the neuronal cells.

The ZnO nanowires that were grown with additive PEI were shown in Chapter 5 to be
biocompatible for human hNT neurons, but no studies have yet been conducted to show the
biocompatibility of pristine ZnO nanowires with the hNT neurons. The dissolution of the
ZnO nanowires to ZnO ions in the culture media was hypothesised to cause the variation in
the hNT neuron growth by the nanowire morphology. The adsorption of PEI to the lateral
faces of the ZnO nanowires could have limited the dissolution rate of the ZnO nanowires that
improved their biocompatibility. A mechanical robustness test was carried out by 24 h
ultrasound sonication to qualify the robustness of the PElI ZnO nanowires with and without
metal encapsulation for long term measurements in the neuronal applications. While PEI ZnO
nanowires were damaged by the sonication test, the Ti encapsulated PEI ZnO nanowires as
an example of the metal encapsulated ZnO nanowires were found to be robust. The Ti and Pt
encapsulated ZnO nanowires can, therefore, improve the mechanical durability as well as the
electrochemical characteristics of the MEAs. The ZnO nanowires with morphology of 105
nm + 40 nm in diameter, 1.56 um + 0.18 pm in length, 15 + 6 in aspect ratio and 54 + 4

NWs/um? in density that were encapsulated with 10 nm thin layer of Ti or Pt were
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determined as the ideal nanomaterial on microelectrodes for recording AP signals with high

SNR for long term measurements from human hNT neurons.
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Chapter 7
Conclusion and Future Work

Mt. ZnO, Mt. Taranaki’s baby brother with a height of 5.9 um (1.94x107° ft) at silicon valley.

The smallest mountain that Sir Edmund Hillary regretted for not having a chance to climb.

7.1 Conclusion

This thesis has explored the integration of microelectrode arrays (MEAs) with ZnO
nanowires with an end goal of recording action potential (AP) signals from neuronal
networks that can improve their signal-to-noise ratio (SNR) and single-cell resolution. ZnO
nanowires have successfully been grown via a low temperature hydrothermal synthesis in this
work. The morphology of the ZnO nanowires can be controlled by the critical growth
parameters such as the precursor concentration, growth time and additive polyethylenimine
(PEI). The ZnO seed layer can also be controlled using standard photolithography techniques
to grow ZnO nanowires at exact locations across the substrate, which influences the nanowire
morphology. The adhesion and growth of human NTera2.D1 (hNT) neurons were
investigated on ZnO nanowires for the first time in this work that showed biocompatibility of

the ZnO nanowires with the human neurons. The electrical properties of the MEAs, as
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determined by electrochemical impedance measurement, have also been improved by
integration with pristine ZnO nanowires and different metal encapsulated ZnO nanowires
(Cr/Au, Ti and Pt). Using both pristine and metal encapsulated ZnO-NW MEAs can pave the
way for recording AP signals from neuronal networks with high SNR at single-cell

resolution.

7.1.1 Selective growth of ZnO nanowires

ZnO nanowires were grown via the hydrothermal synthesis method at a low temperature
(95°C), allowing a low cost and a highly scalable synthesis that can be applied on flexible
substrates including the plastics. The morphology of the ZnO nanowires was varied
(diameters of 20-300 nm, lengths of 0.15-6.2 um, aspect ratios of 6-95 and densities of 10—

285 NWs/um?) by controlling the precursor concentration, growth time and additive PEI.

Increasing the concentration of zinc nitrate hexahydrate and hexamethylenetetramine
(HMT) precursors from 2.5 mM to 150 mM resulted in thicker and longer nanowires to be
grown. The density of the nanowires was also reduced, and the vertical alignment of the
nanowires relative to the substrate was improved as a higher precursor concentration was
used. A concentration of 25 mM was chosen as a standard precursor concentration since it
has commonly been used in the literature and has shown to result in consistent nanowires

with relatively high aspect ratios.

The hydrothermal growth time of 1-4 h was found to be effective when a standard
precursor concentration of 25 mM was used. The diameter and length of the nanowires
increased as the growth time was increased from 1 h to 4 h. As the growth time was increased
beyond 4 h, the concentration of the precursor ions in the solution was reduced due to the
consumption of the ions by the ZnO nanowire growth and precipitation of ZnO in the growth
bottle. The addition of 6 mM PEI to the growth solution was demonstrated as a technique to
mediate the growth and extend the growth time to 20 h or longer, without any need for
refreshing the growth solution. Moreover, The PEI molecules were adsorbed on the lateral
surfaces of the nanowires that hindered the radial growth and promoted the axial growth of
the nanowires. Subsequently, ZnO nanowires with high aspect ratios of 67 =21 were

achieved compared to 12 + 3 when no PEI was used.

Standard photolithography techniques were utilised for patterning the ZnO seed layer

on the substrate and patterning the areas of the seed layer that were exposed to the growth
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solution, allowing ZnO nanowires to grow at exact locations across the substrates. The role of
the ZnO seed layer geometry was also investigated on the growth of the ZnO nanowires when
a constant growth condition (standard precursor concentration of 25 mM and growth time of
4 h) was carried out. The seed layer area ratio, which was determined as a proportion of the
seed line width to the sum of the width and the adjacent gap, showed that reducing the area
ratio below 50% resulted in the growth rate of the nanowires to be increased. Changing both
the seed line width (4 pum-1 mm) and the gap (2 pm-800 um) resulted in nanowires with a
broad range of morphologies to grow across the same substrate (diameters of 50-240 nm,
lengths of 1.2—4.6 um, aspect ratios of 9-34 and densities of 28-120 NWs/pum?).

7.1.2 Biocompatibility of ZnO nanowires

The biocompatibility of ZnO nanowires was examined by culturing human hNT neurons and
analysing the growth of the neurons on the arrays of ZnO nanowire florets. The adhesion and
growth of the neurons were found to be both promoted and inhibited depending on the
morphology of the nanowires when at least 4% of the substrate area was covered by the
nanowires. The growth of the neurons on the nanowire arrays was increased by up to 30%
when nanowires with lengths shorter than 500 nm and densities higher than 350 NWs/pum?
were grown. In contrast, the long nanowires with low densities inhibited the growth of the

neurons by 55%, since sparse sharp nanowires less supported the neuronal cells to reside.

The possible dissolution of the ZnO nanowires into Zn?* ions in the culture media
could have also caused cell death when large ZnO nanowires were provided. Although Zn%
ions are determined as essential ions for many biological processes, the excessive
concentration of Zn?* that could have been released from the large ZnO nanowires could
reduce the cell viability. Furthermore, the neurites were demonstrated to grow less on the
samples with large ZnO nanowires, which support the hypothesis of excessive Zn?* ions
released from the ZnO nanowires. In contrast, the adsorption of the PEI molecules on the
lateral surfaces of the nanowires could have limited the dissolution of the ZnO nanowires to
the Zn?* ions. The viability of the hNT neurons was also investigated by tracing their
cytoplasmic Ca?* concentration as a response to the glutamate stimulation. The hNT neurons

on all ZnO nanowires were subsequently determined to be alive and functionally viable.
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7.1.3 ZnO-NW MEAs

ZnO nanowires were demonstrated to improve the electrical characteristics of the MEAS by
reducing the electrochemical impedance. Growing ZnO nanowires with 50 mM of precursor
concentration for 4 h of growth time increased the 3D surface area of the microelectrodes by
a factor of 28x that resulted in the reduced impedance from 835 + 40 kQ of planar Cr/Au
MEAs to 540 + 20 kQ at a frequency of 1 kHz. Using a modified Randles equivalent circuit
showed that the improved impedance was attributed to the increased capacitive coupling of
the ZnO-NW MEAs. The ZnO-NW MEAs can, therefore, be used for improving the SNR of
the recording AP signals from neuronal networks.

Using PEI to grow ZnO nanowires with higher surface area (i.e. increasing the aspect
ratio by extending the active growth time) has surprisingly resulted in the electrochemical
impedance of the MEAs to increase. The adsorption of PEI molecules to the lateral surfaces
of the nanowires was hypothesised to form as a passivation layer that could have restricted
the electrochemical charge transfer characteristics of the nanowires. Subsequently, the top
surface area of the nanowires could be the only surface area that was responsible for the
passage of the current at the microelectrode-electrolyte interface, which was reduced from
1,960 pm? of planar MEAs to 445 pm?. The resulting electrochemical impedance was
increased from 835 + 40 kQ of planar Cr/Au MEAs to 2.25 + 0.2 MQ at 1 kHz of frequency.
Although the PEI ZnO nanowires have shown a higher impedance compared to the planar
MEAs, their impedance is within the range desired for neuronal signal recording. Further
optimisation of the PElI ZnO nanowires can improve their electrical characteristics for the

neuronal applications alongside their capability for promotion of the human neuronal growth.

The pristine ZnO nanowires that were grown by using standard precursor
concentration of 25 mM with 4 h of growth time have also been encapsulated by different
metallic layers of Cr/Au, Ti and Pt, using thermal or e-beam evaporation techniques. The
metallic encapsulation was demonstrated to further improve the electrochemical impedance
of the ZnO-NW MEAs, where the lowest impedance of 400 + 25 kQ was achieved for Ti and
Pt encapsulated ZnO-NW MEAs. The mechanical stability of the Ti encapsulated ZnO
nanowires (as an example of metal encapsulated nanowires) has also been shown to be
improved, compared to the PEI ZnO nanowires. While PEI ZnO nanowires with the length
longer than 700 nm and densities lower than 220 NWs/um? were demonstrated to be

damaged by 24 h sonication in DI water, all Ti encapsulated ZnO nanowires with different
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morphologies were maintained to be mechanically robust as required for reusability and for

the long-term use in neural applications.

In conclusion, this research determines ZnO nanowires as a suitable nanomaterial on
microelectrode arrays for integration with neuronal networks. ZnO nanowires are shown to
be grown hydrothermally at low temperature (below 100°C) that can allow fabrication of
MEAs on flexible substrates as desired for biological applications. The morphology of the
ZnO nanowires can easily be varied within a wide range by controlling the growth parameters
suited to the desired applications. The topography of the ZnO nanowires can also be defined
through a standard photolithography process that is desirable for the microelectronic
fabrication of neural devices. The control of ZnO nanowire morphology and topography can

further be adjusted to promote and pattern neuron growth.

Applying Ti and Pt encapsulated ZnO nanowires on Cr/Au microelectrodes is shown
to offer a viable microelectrode modality for use in long-term neural applications that require
single-cell resolution and high SNR. Figure 7.1 illustrates the ideal microelectrode having
ZnO nanowires with 10 nm encapsulation layer of Ti or Pt at the top regions. The ZnO
nanowires have the ideal morphology of 105 £+ 40 nm in diameter, 1.56 £ 0.18 um in length,
15 + 6 in aspect ratio, and 54 = 4 NWs/um? in density as were hydrothermally grown with
50 mM precursor concentration for 4 h of growth time without using PEI. The specified
microelectrode configuration resulted in improved electrical characteristics (reducing the
electrical impedance from 835 % 40 kQ of planar Cr/Au microelectrodes to 400 + 25 kQ at

1 kHz of frequency) and improved mechanical robustness as required for neural applications.
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Figure 7.1. lllustration of the ideal microelectrode for neural application. (a) Overview and (b) cross-

sectional magnified view of the Ti encapsulated ZnO-NW microelectrodes.
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7.2 Future work

This research could have been extended in multiple ways if more time was devoted to it. The
role of the additive PEI in the growth of the ZnO nanowires has been demonstrated in this
thesis; however, the influence of the PEI on the characteristics of the resulting nanowires is
unclear and has not been defined in the literature. The encapsulation of ZnO nanowires with a
metallic layer as carried out in this work is a novel technique that requires further
optimisation and investigation. In this work, the ZnO nanowires and metal encapsulated ZnO
nanowires have shown to improve the electrical characteristics and biocompatibility of MEASs
for neuronal applications However the suitability of these novel techniques need to be

confirmed by recording AP signals from neuronal cells.

7.2.1 Influence of the PEI on the characteristics of ZnO nanowires

The influence of the PEI is very well known in the literature to control the morphology of the
ZnO nanowires through the hydrothermal synthesis. However, no study has been taken on the
influence of the PEI on the characteristics of the ZnO nanowires after the growth. In this
work, the difference in the electrochemical characteristics of the pristine ZnO nanowires and
PEI ZnO nanowires was observed, that could be attributed to the passivation behaviour of the
PEI molecules on the lateral surfaces of the ZnO nanowires. Further investigation is therefore
required to confirm this, as it can have a significant impact on optimisation of the electronic

and sensing applications that utilise ZnO nanowires.

The PEI ZnO nanowires have also been shown to be biocompatible with the human
hNT neurons and even to promote the growth of the neurons if nanowires with desired
morphology and geometry were provided. The appearance of the PEI on the lateral faces of
the nanowires was thought to behave as a factor that limited the dissolution of the ZnO
nanowires into the Zn?* ions in the culture media that could have improved their
biocompatibility. This hypothesis needs to be further investigated and compared with the

biocompatibility of the pristine ZnO nanowires.

7.2.2 Metal encapsulation of ZnO nanowires

Metal encapsulation of ZnO nanowires was demonstrated to improve the electrochemical
impedance of the MEAs and the mechanical stability of the nanowires as desired for long
term measurement. While Ryu et al. [49] reported that the sputtered Cr/Au encapsulation

layer on the ZnO nanowires was fused to the underlying microelectrodes, the metal
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encapsulation that was carried out in this work by thermal and e-beam evaporation
demonstrated no connection between the encapsulation layer and the underlying
microelectrodes. Further investigation is required on the encapsulation techniques to optimise
the electrical characteristics of the ZnO-NW MEAs. The deposition mechanism of the
metallic layer/nanoparticles on the ZnO nanowires is also required to be investigated and
optimised for the neuronal applications. Studies also need to be conducted on the interaction
of the metal encapsulated ZnO nanowires with human neuronal cells to confirm their

biocompatibility.

7.2.3 Recording signals form neuronal networks

The integration of ZnO nanowires and metal encapsulated ZnO nanowires with MEAS
demonstrated their compatibility for recording signals from human neuronal networks, due to
the reduced electrochemical impedance and biocompatibility with human hNT neurons.
However, this needs to be confirmed by recording AP signals from human neuronal cells and
comparing the recording signal resolution with the industrial planar MEAs. The MEAs
should also be examined for electrical stimulation of the neuronal cells that allows
neuroscientists to both control and monitor the electrical signal communication with the

neuronal networks.

Studying the neuronal networks can be simplified by patterning the networks into
dedicated positions and configurations. The MEAS can be integrated with some topological
structures (e.g. cages to trap neurons and trenches to guide neurite growth between the
neurons) [58,69] and chemical patterning techniques (e.g. Parylene-C strips to guide the
growth of neurons and neurites) [140,173,203]. Using the MEAs that comprise of both
recording and stimulation sites would allow neuroscientists to study the neuronal networks
precisely in a controllable manner that can advance their understanding of the neuronal signal

communication and processing.
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Appendix A: hNT Neuron Growth

and Analysis

A superbly balanced object on ZnO nanowires in a vacuum down here on earth.

As discussed in Section 3.3.2 of Chapter 4 and Chapter 5, the biological experiments for the
growth of hNT neurons have all be done by Brad J. Raos at the University of Auckland. Here,
the detailed processes of hNT neuron differentiation and plating, fluorescence labelling and

imaging and image processing are described.

A.1 neuron differentiation and plating

hNT neurons were differentiated from the NTera2.D1 (hNT/NT2) cell line (ATCC® CRL-
1973™), NT2 cells were differentiated into neurons using a protocol that was first described
by Andrews et al. [134] with subsequent modifications by Pleasure et al. [135], Paquet-
Durand et al. [204], Jain et al. [137], and MacDonald et al. [138]. Briefly, NT2 cells were
grown in T75 flasks in DMEM:F12 (ThermoFisher Scientific, Cat#12634010) that was
supplemented with 10% foetal bovine serum (FBS, Moregate) and 1% Penicillin-

Streptomycin-Glutamine (PSG, ThermoFisher Scientific, Cat#10378016) and were cultured
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at 37°C/5% COa. Cells were passaged 1:4 at 80% confluence. NT2 cells were plated in four
Petri dishes at 6 x 10° cells per dish in DMEM:F12/10% FBS/1% PSG. On the day following
plating, retinoic acid (RA) was added to the media to a final concentration of 10 uM. Cells
were replated in fresh Petri dishes and media (DMEM:F12/10% FBS/1% PSG/10 um RA)
every 2-3days for 2weeks. Cells were then replated in two T75 flasks in
DMEM:F12/10% FBS/1% PSG/10 um RA and cultured for a further 7-10 days. Cells were
replated in T75 flasks and cultured for a further 7 days in DMEM:F12/5% FBS/1% PSG that
was supplemented with uridine (10 uM), 5-fluoro-2’-deoxyuridine (10 uM) and g -D-
arabinofuranoside (1 pM) for 7 days. Neurons were harvested by selective trypsinization
(12 mL 0.25% trypsin-EDTA) and mechanical detachment at room temperature and plated in a
T75 flask that had been coated with poly-D-lysine (PDL) and Matrigel (Falcon, Cat#354234).
Neurons were cultured for 1 further day, harvested using the selective trypsinization

procedure and plated on the ZnO nanowire substrates at approximately 1000 cells per mm?.

A.2 Fluorescence labelling and imaging

Images were captured on an Olympus BX53 with an Olympus XC50 camera using a 20x
magnification water immersion objective (UMPLFLNW 20x, NA 0.50). The microscope
stage was contained within an environmental chamber that maintained an atmosphere of 5%
CO2 and 37°C. Fluorescence images were captured using standard GFP and DAPI (470-
495/550 nm and 360-370/410 nm, Em/EX) fluorescence filters. Illumination was provided by
a 12 W halogen lamp.

The Ca?* functionality of neurons on ZnO nanowires was measured after 2 DIV (days
in vitro) by using Fluo-4 (ThermoFisher Scientific, Cat#F14201) to visualise free Ca?* in the
cytoplasm. Neurons were labelled with Fluo-4 (2 uM in 1% FBS/Fluorobrite) for 30 minutes,
transferred to fresh 1% FBS/Fluorobrite and placed in the microscope incubation chamber for
15 minutes prior to imaging. Images were captured with 500 ms exposures at an inter-frame

interval of 1.2 s.

Immediately following Ca?* imaging, the cytoplasm and nuclei of neurons were
labelled with the fluorescent stains CellTracker Green CMFDA (2 uM, ThermoFisher
Scientific Cat#C2925) and Hoechst 33343 (1 drop per 500 pL media, ThermoFisher
Scientific, Cat#R37605). Neurons were labelled in Fluorobrite DMEM (ThermoFisher
Scientific, Cat#A1896701) that was supplemented with 1% FBS for 30 minutes. The neurons
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were then gently washed with 1 mL of Fluorobrite DMEM/1% FBS for 5 minutes and
transferred to fresh Fluorobrite DMEM/1% FBS for imaging. Fluorescence images of each
entire ZnO sample surface were captured over the entire substrate and stitched into a single
image using CellSens Dimension (Olympus).

A.3 Image processing

Image processing was performed using custom software written in MATLAB® (2018b, The
MathWorks Inc., Natick, MA). Fluorescence images were converted to binary masks that
represented the neuron nuclei. A 5 x 5 Weiner filter was applied to the Hoechst and CMFDA
fluorescence images, and a threshold value was manually selected for each sample. The
nuclei density was calculated as the proportion of any given area that was covered by nuclei
in the binary mask.

The Ca?* imaging experiments were processed by using the nuclei mask to define
regions of interest for the measurement of changes in fluorescence. Fluorescence was
averaged over each region of interest for every time-point that was recorded. The resulting
fluorescence traces were then processed to represent the change in fluorescence over the
baseline (AF/Fo) according to the method described in detail by Jia et al. [205].

Neuron adhesion and patterning was quantified within multiple areas. Binary masks
were generated for areas representing: the area within the nanowire array (Figure 3.13 (a)),
the area outside of the nanowire array (Figure 3.13 (b)), the area directly on the nanowire
florets and the areas within 10 um concentric bands at increasing distances from the nanowire
florets (Figure 3.13 (c)). The influence of various experimental parameters on neuron growth
was encapsulated by nuclei and cytoplasm density ratios. The nuclei and cytoplasm density
ratios were calculated as the density within a given area, relative to the density outside the
nanowire. The area outside the nanowire array was a plain SiO> surface that did not contain
any nanowires and was, therefore, used as the baseline to measure relative changes in neuron
growth. A density ratio of greater than 1 represents increased neuron growth or adhesion
compared to bare SiO2, whereas a nuclei density ratio of less than 1 represents reduced

neuron growth or adhesion compared to bare SiOa.
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Figure A.1. Schematics showing the areas of the ZnO nanowire samples used for quantification of
neuronal adhesion and localisation. (a) The plain substrate area outside of the nanowire array region
for controls. (b) The area on the entire nanowire array for defining the neuronal adhesion and growth.
(c) The area on the individual floret sites and 10 um wide concentric band at increasing distances

from the florets.
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