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Abstract

Much progress has been made in the field of neuromodulation implants in recent years. These devices
aim to improve the diagnosis and treatment of neural pathologies such as chronic pain, epilepsy, and
Parkinson’s disease. This progress would not be possible without continued advancement in biomaterials
that are stable and well tolerated within the brain. However, these devices are still limited primarily due
to the inability of current implantable electrodes to interface with meaningful numbers of individual
neurons long-term. Interfacing with many single units long term allows for complex and localized
interventions for these diseases. Advancements in flexible, micro scale electrodes have improved the
effectiveness of neural electrodes with more work still required to create a fully implantable chronic array
of electrodes. A material that shows promise in overcoming many of the current limitations is carbon
fiber. This is due to the flexibility, robustness, biocompatibility, conductivity, and size of the material.
Work has been conducted recently to demonstrate carbon fiber micro electrodes viability for chronic
single unit recordings that could expand on the ever-increasing field of neural interfacing. Currently no
high-density electrode arrays have been constructed that could fully capitalize on this promising material’s
potential. The overall aim of this project is to develop methods to fabricate, optimize and assess carbon
fiber electrode arrays for chronic neural interfacing applications.

This thesis includes the fabrication and assessment of a carbon-based microelectrode array which
comprises a diamond substrate to house the array of carbon fiber electrodes in a novel configuration.
Research was conducted to electrically connect these devices and create a fully functional neural implant.
This involved numerous novel techniques for fabrication and treatment of the devices to produce
chronically implantable arrays. Each aspect of the construction and performance of the devices were
validated through various techniques, including electrical testing, surface characterization, mechanical
analysis, and imaging techniques. Complete devices were implanted into both acute and chronic animals
for extensive in vivo validation. These results showed the electrical performance of the electrodes and
their ability to record single unit neuronal cell signals. The chronic stability of the implant within the tissue
was assessed using imaging techniques. The safety of the implant and the associated impact on neural
tissue was confirmed using immunohistological staining, implying that this device configuration has much
potential as a chronic solution for neural interfacing.

Carbon fiber electrodes still possess some limitations. Chronic recording and stimulation from the
electrode tips require additional coating applied to these sites. Commonly used coating materials for
improving the electrode performance possess electrical and stability limitations long term. These coatings
are only applicable for neural recording and lack the chronic ability for alternative neural interfacing
processes like those used for neurotransmitter detection. An alternative to electrical signal acquisition
from neurons has seen promise in the treatment and detection of a broader range of neural pathologies.
In this thesis, research was also completed on expanding the utility of these devices by developing a
Boron-doped Nano Crystalline Diamond (NCD) coating onto carbon fibers for neurochemical sensing.
Collaborative work was completed to establish the potential benefit such a coating would have for
dopamine sensing. Finally, the ability to translate this novel coating onto the proposed carbon fiber array
configuration was also explored. This aimed to highlight the potential of the device proposed and the
future promise of further development with these technologies. Bridging the gaps in technology that are
currently limiting neural disease treatment, diagnosis and understanding will improve the outcomes for
those suffering from such pathologies. All work in the following thesis was performed by me, unless
specifically otherwise stated.
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BCI Brain Computer Interface
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Chapter 1: Introduction of neuromodulation devices and current

limitations

1.1 Chapter Aim

This chapter first summarizes the state-of-art interfacing technology and their limitations in long-term,
high-resolution applications. The associated theory of neuroanatomy and function is then discussed. In
the end, this chapter focuses on carbon fiber technology in the context of current neural interfacing
technology and explores potential approaches for improvement.

1.2 Current Neural Interfacing Technology

1.2.1 Current Neural Implants

The first neural interfacing device controlled by neurons was developed in the 1970s [1]. This device was
able to control a cursor on a screen using EEG data collected from the patient looking at the screen. Such
devices are referred to as Brain Computer Interfaces (BCls). These possess the ability to analyse, record
and in some cases control the propagation of neural signals using a connected computer [2-4]. Brain
computer interfaces aim to leverage the vast advancements in computing power to understand and
modulate neural signals like never before. Much of the limitation therefore lies in the complexity and
resolution of the neural signals obtained and highlights the potential of what can be done with ever
improving neural interfacing devices.

Neural interfacing devices are also emerging as a viable treatment of neurological diseases such as
Parkinson’s Disease, Epilepsy and Dystonia. A commonly used treatment for some of these disorders is
Deep Brain Stimulation (DBS). As the name suggests, this involves the stimulation of neural structures
deep within the brain. Such stimulation has been an effective intervention in these diseases for decades
[5-8]. For DBS applications, the stimulation current required for a therapeutic outcome is high. To safely
deliver high stimulation currents, large (>1 mm diameter) electrodes are required. These larger electrodes
cause more localized damage to surrounding tissue than smaller electrodes. This damage is a result of
acute trauma caused during insertion and chronic scar tissue forming at the electrode interface over time.
To overcome the developing scar tissue, the voltage required for stimulation must be increased over time.
This allows the device to outlast tissue damage and inflammation that would render smaller electrode
devices unusable [9].

Examples of devices that utilizes Deep Brain Stimulation are the Medtronic Activa™ RC, Abbott Infinity,
PINS Medical and Boston Scientifics Vercise™ DBS [10-12] (Figure 1.1 and 1.2). These devices have proven
an ability to chronically interface with the patient’s tissue by both recording and stimulating the target
tissue in real time to provide a treatment of Parkinson’s disease [13]. DBS implants consist of 4-8 platinum
iridium ring electrodes at the end of a polyurethane lead (Figure 1.1 and 1.2). These devices are surgically
implanted into deep regions of the patient’s brain using imaging to identify the target location before
insertion [14]. The implant location can be refined by using a reduction in the patients’ symptoms as a
means of establishing correct implantation location [15]. Often multiple insertion attempts are required
before a therapeutic location is found. Variability of deep brain stimulation can be produced by the
positioning of the electrodes and as such is an important consideration for treatment intervention. These
devices have shown viability as chronic implants for decades. This is made even more impressive due to

value in
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the device being able to both stimulate and record,as stimulating devices tend to increase scar formation
which can interfere with recording performance. [16]. Despite the low electrode number, DBS devices can
successfully treat the target pathologies in a manner that greatly improves the lives of their recipients.

Cartesia directional lead

Boston Scientific

Linear 8-contact lead

Medtronic 3389
Medtronic Medtronic 3387

Medtronic 3391

SceneRay 1200
SceneRay

SceneRay 1210

Infinity 4-channel lead 6166 & 6168

Infinity 4-channel lead 6167 & 6169

Abbott/St. Jude

Infinity directional lead 6170 & 6172

Infinity directional lead 6171 & 6173

PINS L301

PINS

PINS L302

Figure 1.2: Commercially available DBS electrode leads [10].

One of the oldest approved neural interfacing devices, and the only commercially successful sensory
recovery device, is the Cochlear Implant [17]. Figure 1.3 shows an illustration of the implanted component
of cochlear device and a close up of the electrode array in situ. This device is implanted within the cochlear
of a patient to restore hearing in the recipient. The implant works by triggering auditory sensations
through directly stimulating the auditory nerve as a replacement for damaged inner ear hair cells. The
length of the electrode array is up to 3otnm to coil around the cochlear that is between 6.53mm and
8.3%nm in diameter (Figure 1.3) [18]. These arrays contain 22 evenly spaced platinum electrodes (~250
um long) to stimulate different regions in the cochlear corresponding to different frequency bands in the
auditory spectrum. The cochlear implant has proven to be an incredibly robust neural interfacing
technology often lasting the duration of the lifetime of the recipient with most revision surgeries being a
result of infections resulting from the implant. The surgical insertion of these implants is well developed
and slight variations in the implantations have proven unlikely to compromise the performance of the
implant [19].
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Figure 1.3: Cochlear Implant shown implanted within the human cochlear [17]. The working electrode sites (shown in black)
correspond to the different frequency ranges of the intact auditory architecture. These prevrde-stirmiationto stimulate the
normal working function of the system.

Interfacing directly with the still functioning systems of a damaged neurological system is a promising
technique as exemplified by the cochlear implant. The same concept is being explored in the visual
pathways as a treatment for retinal diseases. An encouraging device using this concept is under
development by Pixium as the PRIMA retinal implant [20]. This device is a Subretinal prosthesis that is
surgically inserted between the retinal epithelium and the retinal cell layer [20]. Like the cochlear,this
device requires the intact architecture of the rest of the visual neural pathway and targets conditions that
result in degeneration of the light-sensitive neural elements in the retina. Retinitis pigmentosa and
macular degeneration are the two most pertinent pathologies for retinal implant devices. The PRIMA
device has proven to be a successful treatment for the patients that are recipients of the implant for up
to 3 years, with in vitro accelerated stimulation tests showing minimal pixel loss for up to 10 years. This
device can stimulate surviving retinal cells to mimic what would occur in a healthy visual pathway. A
benefit of the surgical location is the lower degree of foreign body response experienced in this location
[21, 22]. The larger challenge for retinal implants is the corrosive environment in which they are
implanted. This means material selection is tailored to these conditions instead of limitations arising from
the foreign body response. The other primary failure method for the device is overstimulation. Despite
the difficulties stimulating electrodes face,this device is again a testament to the potential benefits
successful neural interfacing may elicit.

A unique method for neural interfacing has been developed in the Synchron Stentrode [23]. This device is
an endovascularly implanted brain computer interface. This device capitalizes on the already well-
developed technology of endovascular stents, by using them as an avenue for implanting an electrode
interface into accessible areas of the brain, such as the motor cortex. This method has been utilized in
similar technology already implemented in pacemakers and defibrillators [24]. The Stentrode consists of
eight'8, 750 um diameter, platinum disc electrodes connected to leads that are inserted through the jugular
vein. The stimulator is position in the chest in a similar location to that used for cardiac pacemakers (Figure
1.4). This technique is very promisingas it is implanted without the need to breach the blood brain barrier
and this avoids the nervous system foreignbody response, the primary failure mechanism in many neural
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interfacing devices [25]. The endovascular surgical approach, however, does limit the number of viable
implantation locations,and leads to other limitations for the device. The device may only record in areas
proximal to that of the vasculature, meaning some of the intervening tissue is inaccessible to the recording
electrodes. This is somewhat mitigated by the incorporation of electrodes into the vessel walls to help
limit the distance between the target neurons and the electrodes. The spatial resolution is further limited
by the low number of electrodes the device contains. The device can potentially however record over a
larger area compared to some other implants due to its size, albeit at a lower spatial frequency. This device
has been proven in human trials where patients with limb paralysis were able to regain limited control of
digital devices upon implantation [23, 26, 27]. This device is not fully approved for human use but has
demonstrated great promise in interfacing chronically with a patient’s neural tissue for a diverse range of
neurological disorders.
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Figure 1.4: Synchron Stentrode device including the platinum disc electrodes (yellow) and the insertion catheter (green) [23].

recentl
Another emerging neural interfacing device that has shown great promise eflate %the Saluda Evoke ©

closed-loop Spinal Cord Stimulation system. This device targets the dorsal root ganglion within the
patient’s spinal cord as a means of treatment for chronic pain. This innovative device can stimulate and
record its own Evoked Compound Action Potentials (EPAC) [28]. This detectable feedback system allows
the device to modulate its output and provide a greater refinement for treatment compared to other
implants [29]. This is incredibly important in the treatment of chronic pain,as each patient at a particular
time requires a specific amount of stimulation. If the stimulation is too little,no effect is seen, too great
and there is an increase in the patient’s discomfort or pain. This feedback system allows this balance to
be maintained chronically to match the specific requirements over time. Other devices require either the
patient to describe sensations or for pathological differences to be measured to determine the
therapeutic range of the implant. The device itself contains two leads with 12 Platinum Iridium electrodes.
This is an appropriate level of spatial resolution for this purpose while the two leads allow for the
recording of the other leadd EPAC for treatment refinement. Due to the functional importance of the
junction at the dorsal root ganglionsafety studies are imperative,and extensive safety testing has been
performed and will continue to be developed for this electrode type [30]. The device is inserted into the
dorsal root ganglion using an epidural needle and utilizes the ECAP measurements of the closed-loop
system to obtain the optimal placement. Like DBS techniques, this implant can overcome some FBR issues
of chronic applications using larger stimulating voltages and larger electrodes. The Evoke records at a low
spatial frequency signal, however, which is suitable for this specific application.
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One of the newest devices that has garnered an increased amount of media attention is the Elon Musk
Funded Neuralink Project. This device contains 96 small flexible electrode threads over 32 arrays for a
total of 3072 recording sites [31]. Neuralink boasts a larger number of potential recording sites than
similar technology and like the Stentrode system, it is fully implantable. The Neuralink electrodes are also
very small, allowing them to interface with single neurons in some cases. This increases the potential of
this technology to perform more complex analysis and therefore expands its potential use cases,unlike
devices built to target specific neurological conditions. The electrodes themselves consist of gold with a
conducting polymer (PEDOT:PSS) and Iridium Oxide coating as a means of lowering impedance and
increasing their effective charge-carrying capacity required for electrophysiology [32]. The insertion of
this device has been well developed and utilizes a complex surgical robot capable of detecting and
avoiding blood vessels which helps reduce complications and limitations that arise from penetrating the
tissue with a probe (Figure 1.5). The device is notable as it aims to optimize many aspects of technology
that has already been developed and shows the potential for improving current neural devices. A
photograph of the Neuralink surgical robot is shown in Figure 1.5. Much work is still required to
completely show the chronic safety and performance of this device [33].

Figure 1.5: Neuralink probe insertion (left) and surgical insertion robot (right) [32].

The most successful device,to date,in terms of electrode number and chronic performance,is the
Neuropixel device. This implant is primarily made of silicon and boasts a shank electrode design with 1000
recording sites outfitted with on board amplification and digitization [34]. This device (Figure 1.6) shows
the best ratio of device size with increased channel count. Newer versions have multi shanks with upwards
of 5000 electrode sites boasting recordings for up to 300 days post implantation [35, 36]. Successful
human acute recordings have also been demonstrated across multiple experiments, further
demonstrating that this is the current“gold'standard"neural implant [37, 38]. Much of the success is owed
to the data acquisition system, as the scalable recording of numerous parallel channels presents a large
concern for implantable devices. The current version still requires external connection to be able to
process the vast amount of data presented from the system, showing that there is a balance between
device feasibility and the amount of actionable data collected [39].
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Figure 1.6: Neuropixel probe for human implantation showing the shank and full device size as well as insertion
potential into human neural tissue [37].

More common interfacing devices consist of electrode arrays that are primarily utilized for research
purposes. These include the Michigan/ Neuronexus and Utah (Blackrock Microsystems) arrays. The
Michigan array is a shank electrode with recording sites along the length of the shaft whereas the Utah
array consists of multiple individual electrodes (Figure 1.7). The Michiganstyle electrode is insulated with
silicon and Parylene-C and has shanks that are 3.8 mm long, 5 microns thick and 50-100 microns wide [40,
41]. Due to the increased size of the electrode shank,the MichigarTstyle electrode tends to perform poorly
when chronically implanted, with signals degrading after only a couple of weeks [42]. Effort has been
made to improve the viability of the electrodes including the use of conductive polymers such as PEDOT
to improve the eIectrochgmicaI characteristics for recording [43]. The current Neuronexus array contains
either 16 or 32 recording ¢hannels with a shaft length of San (Figure 1.7). These devices may be either
shank or Utah like, with the smallest of which being 5[nm long and 33x15 um at the tip. The increase in
options for this style of electrode is quite unique and therefore provides greater versatility for potential
uses.
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Figure 1.7: Examples of current electrode implant variations currently used, including the Michigan-type and Utah-type (left)
and the Neuronexus (shank) array (right) [44] [45].

The Utah array consists of a 10 x 10 electrode array (100 total electrodes) on a 4x4 mm footprint. The
electrodes themselves contain 35-75 um recording tips and show an impedance of 100-500 KQ (at 1 kHz).
Due to the inflexibility of the silicon used, this array is limited to electrode lengths of 1.5Enm. This renders
the Utah array ineffective for certain treatments, including deep brain stimulation due to the inability to
reach neural layers below that of the cortical level. The Utah Array has shown mixed preliminary results
in human trials [46]. Stimulating electrodes showed tip degradation in the majority of electrodes, however
this did not correlate to a reduction in recording quality. Unlike the Michigan electrode array,the Utah
Array has been proven to perform well chronically for recording periods of up to 3 years [46-50]. More
recent studies suggest that this time length may be higher_.,however)this was performed with a low sample
number and requires further validation [46]. Although better than the alternatives, the 6-month time
frame is not suitable for a chronically implanted device for clinical use. Open brain surgery is high risk and
even annual replacements would be considered too risky. Utah arrays have also been shown to produce
a larger amount of acute vascular damage in the tissue than Michigan style arrays [25]. This increase in
vascular damage is caused by the larger array footprint, meaning it is more difficult to avoid vascular
architecture in the tissue during insertion. This drawback is outweighed by the increase in spatial
frequency this array type provides and the fact that each individual electrode causes less damage upon
insertion resulting in a net dec egse in inflammation [51]. The tissue damage is also different depending
on the depth of the tissue, witL_majority of the inflammation caused at the base of the electrodes [46].
This level of tissue inflammation is not as relevant;as it will not impact the ability of the electrodes to
record if damage is not localized at the electrode tip. Even with the reduced inflammation of the Utah

a Array, no current electrode™array technology can present an incorruptible implant-tissue interface with
single neurons [52].
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1.2.2 Limitations and Failure Modes of Neural Interfacing Devices

Despite the success of some of the current neural modulating technologies, there are still many
improvements needed to achieve higher density chronic neural interfacing devices. The cochlear and
Pixium devices are adequate at treating specific pathologies but still require intact audiological and visual
pathways respectively,for successful treatment. DBS and Stentrode treatments are subject to spatial-
resolution limitations,and the newer technologies have yet to be proven to interface chr%%itc;}“\éavith
single neurons. The Neuralink and Neuropixel project shows there is much benefit to be macﬂe rom
further development beyond what has already been achieved with traditional techniques and materials.
This highlights the importance of optimization in the neural interfacing field,and the multitude of avenues
wherein this could occur. Developing a device that can capture chronic recordings over a patient’s lifetime,
for a diverse range of single neuron units, would provide an avenue for treatment of a multitude of

neurological disorders, potentially improving the lives of many people.

Interfacing directly with neural tissue presents inherent risks and difficulties, to both the patient and the
implant. These issues are mostly the result of acute and chronic inflammation that leads to changes in
electrode performance over time (Figure 1.8). Much of the patientg’ limitations result from the tissued
Foreign Body Response (FBR) [51, 53]. The FBR is an immune response within the hostg tissue that
produces what is known as glial scarring. This is the production and mobilisation of immune cells made
up primarily of astrocytes and microglial cells [54-56]. This scarring creates a barrier around the electrode
that renders them electrically isolated from the adjacent neurons,reducing signal quality. The size and
shape of the electrodes is the principal predictor of the level of this host immune response [51, 57].
Inflammation is exacerbated by the insertion trauma experienced by the tissue upon implantation [58,
59]. The mechanical propertllyegf the elt%ctggde also playg a large role in this damage. Through matching of
the implant’s mechanical properties to tRa.t of the tissue, you-may-reduce the chronic damage experienced
by the tissue}57, 60]. This mechanical mismatch can be compounded by the tethering of the implant to
the skull;as the implant is not able to comply with the normal motion of the neural tissue causing
mechanical stress and continuous chronic damage [51, 61]. Tissue damage is not the only factor impacting
the long-term viability of an implant. Material or electrical failure of the implant itself also adds to the
degradation observed in chronic recording [43, 47, 62]. The—ﬁ-mi-tat—iens—fer—n!l\w/laterial choice is further
limited by the availability of biocompatible, non-cytotoxic, non-biodegradable materials that are
mechanically able to be inserted into tissue [63].
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Figure 1.8. Timeline depicting the acute and chronic phases of the tissue response and electrode performance upon implantation
into neural tissue [64]. This caption needs expanding greatly, with each of
these failure modes explained.
As computing and electronic technology advances, so tooéar does the potential of neural interfacing

devices. The signals gathered from interfacing devices can be complex and therefore require high level
analysis to elicit meaningful interventions [65-67]. More complex pathologies,such as epilepsy,require
higher fidelity recordings and hence,more complex signalzanalysis systems [13, 68]. This means that higher
spatial frequency is required which necessitates implants with a larger number of active electrodes. This
can be achieved by using multiple implants or larger implants. The use of larger implants presents a
problem,as increasing implant size will increase the degree of tissue damage and limit the chronic viability
of the implant [51, 57, 69]. Multiple~electrode implants have shown success; however, this increases the
complexity of surgery and device fabrication [25]. Multiple implants also have the potential to reduce
vascular damage that occurs during implantation,as it would be possible to implant around vascular
architecture in the tissue,reducing inflammation. With these limitations in mind, it is important to startto
consider a wider variety of materials for an implantable neural electrode. Such a material would need to
be conductive, able to be fabricated into a micrdelectrode array, flexible and workable into a functional
device. To be able to fabricate a device of such a material into a multi-channel neural interfacing array

could drastically improve the potential therapeutic benefits of Meural implantable devices.
n
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1.2.3 Metal Micro-Wire Electrodes

Biocompatible metals are the most commonly used material for micro-wire electrodes. These metals
include tungsten, platinum, and iridium [52, 70-73]. Metal micro”electrodes can be fabricated at the
micrometre scale required for single”unit recordings,and possess innate stiffness that allows for their
insertion into neural tissue. The electrical properties of these materials vary but can be further improved
through electroplating or processing methods to improve their electrochemical properties for neural
applications [74, 75]. Metal micro-wire electrodes still, however, possess the chronic issues that are
associated with the FBR [76]. This is exacerbated by the potential corrosion concerns for some materials
as well [70]. The stiffness to insert the metal microwires is still too large to avoid the chronic tissue damage
from the mechanical mismatch between the tissue and the implant. Some thinner metal electrodes have
been developed with flexible backing to minimize the stiffness of the electrodeslbugreeqslﬁre guides to be
inserted [77-80]. Often in these cases, the inserter guides themselves produce much of the insertion
trauma that the electrodes are aiming to avoid. These are a potentially viable route for an implantable
chronic neural interfacing device. However, because of the complexity of fabrication and design
limitations,alternative materials are worth investigation.

1.2.4 Carbon Fiber Neural Devices

Carbon fibers are the most prevalent carbon-based micro-electrode being developed for neural
interfacing [81-83]. These individual fibers are electrically conductive and possess mechanical properties
that are conducive to electrode insertion [84]. Carbon fibers have also exhibited good biocompatibility
and a reduced degree of tissue inflammation primarily due to their innate flexibility [85-87]. Although the
diameter of the fiber can vary, typically 7 um diameter fibers are used for neural electrodes.

As a result of their conductivity, the electrodes must therefore be insulated to obtain individual unit
recordings. The most common of these insulators is Parylene-C.-Rarylene-Cis a vapor deposited polymer
commonly used in the implant industry. It has proven biocompatible properties and biostability [88-91].
Carbon fiber materials have also shown the ability to electrochemically record neurotransmitters, further
increasing their versatility as a neural interfacing material [92]. Carbon fiber electrodes possess a flexibility
that more closely imitates neural tissue than other array alternatives,such as platinum. The flexibility of
the electrodes is vitally important,as neural tissue will move along with normal bodily motion; if the
implant is unable to move along with the tissue,wear will be experienced at the interface. Despite the low
mechanical stress of Parylene-C (1|§Pa) and @arbon Viber (“400kPa), the mechanical stress of brain tissue
is still lower (IO(IlfPa) [93, 94]. They show robustness and a penetrative ability not shown with other
carbon-based materials that is conducive togdepfl_’pelectrodes up to Zlfnm [95]. Through the use of
insertion guideﬁthis can potentially be even deeper [96].

Conductive polymers have been shown to improve the electrochemical characteristics of carbon fibers for
neural recording. One such polymer,pPon (3,4-ethylenedioxythiop enlre) (PEDQT), has proven to reduce
the impedance of the electrodes whilst simultaneously improving its charge injection capacity required
for neural stimulation in vivo [97-99]. Despite its potential, PEDOT has yet to be proven for longterm
stability past that seen in other devicegsuch as the Utah array [45]. Additives and alternative dopants
have been shown increased chronic stability [100]. An alternative electrochemically deposited tip-
modification to PEDOT is Iridium Oxide [101]. Like PEDOT, Iridium Oxide has been shown to improve the
electrochemical characteristics of carbon fiber microelectrodes [102, 103]. The benefit of electrochemical
deposition is the ability to apply the conductive polymer strictly on the interfacing tip of the electrode.
This allows for a much more controlled deposition required for electrode manufacture at scale.
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Carbon fibers provide an avenue to produce a flexible, viable Utah style array that shows great potential
for chronic single unit neural interfacing. The highest channelcount array that has been achieved thus far
with this technology is 16 eIectrodes?§hown in Figure 1.9) [104]. The electrode geometry is conducive to
single neuron recording as tip geometry will mimic the size of single neurons. The electrical properties
allow for both stimulation and recording,with further work being done to increase this ability for chronic
applications [16, 105-108]. There are, however,no commercially available carbon fiber-based arrays,
principally due to a lack of engineering solutions for bonding and forming reliable, high count, electrical
connections to carbon fibers. Despite its promise, more work is needed to fully capitalize on this emerging
technology.

(a)

0.5 mm

Figure 1.9: A comparison of a carbon fiber (A) and Neuronexus array (B) [45].
1.3 Neuronal Interfacing

1.3.1 Neuronal Communication

To control the development of neural devices,more insights into the complex workings of the neural
systems is required. Neural cells (called neurons) communicate through the propagation of electrical and
chemical signals. The structure of the neuron consists of a cell body, dendrites, and an axon. These are
connected to one another via extracellular spaces known as synapses [109] (Figure 1.10). The dendrite
receives the signal from the presynaptic neuron which carries it along the cell down the axon to the next
cell in the signal pathway. The axon can pass signals over a range of O.]lmm to with a speed of 1 to
100 m/s. Neurons may be unipolar, bipolar, or multipolar depending on the number of processes that the
specific neuron conveys. Unipolar cells have one process,whereas bipolar have two. Multipolar cells are
the most common type of neuron in mammals and allow for more complex neural communication
between cells. The electrical signals that pass through the neurons are called action potentials. The action
potential is caused by a depolarization of the membrane potential [109]. This potential pa»@s alongthe
membrane between nodes of Ranvier, exposed membrane gaps between insulating myelinated Schwan
Cells [110]. The nodes of Ranvier contain a higher density of the sodiumeotassium ion channels required
e
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for the regeneration of the membrane potential, so it remains constant along the length of the axon. The

signal travels along the length of the neuron until the synaptic junction at the end of the axon.
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Figure 1.10: Image of a pluripotent neuron showing the myelin insulated cells and nodes of Ranvier along the axon of the
presynaptic neuron [109]. The presynaptic axon connects to the postsynaptic dendrites to provide an avenue for signal
propagation across the synapse.

T eedepolarization of the action potential is passed along to postsynaptic cells using ion channels [111].
Inymajority of nerve cells, these ion channels are activated using signalling molecules known as
neurotransmitters [112]. These are predominately acetylcholine molecules (such as dopamine) that have
receptor ion channels on the postSynaptic neuron surface [109]. This transfer takes less than 100 uFSénd
occurs over a distance of less than 200iim. Neurotransmitters are released at the axon terminals of the
presynaptic neuron and bind to receptors on the postsynaptic neuron [113, 114]. These receptors are
calciuntion channels that depolarize the membrane potential causing an increase in voltage towards OpnV.
Once this voltage exceeds the activation threshold (around -55 mV) the voltageTgated Jodium channels
open further increasing the membrane potential (up to 30/mV). This produces the characteristic spike of
an action potential that a.lce recorded by neural electrodes (Figure 1.11). The resting potential is
repolarized through combined passive movement of potassium ions out of the cell and active transport
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of sodium and potassium by the sodium™potassium pump. This exceeds the resting potential of the

membrane, causing a hyperpolarized state preventing the neuron from firing again instantaneously. This
hyperpolarization is called the refractory period and is what causes the time delay between single heuron™
unit spikes [115]. If the synapse is sufficiently small (<20J1M), the depolarization may be passed directly
between the membranes of two neurons [116, 117]. These types of synapses are called gap junctions and
voltage-gated ion channels. The gap junction provides a direct connection between the cytoplasm of the
pre“and post Synaptic neurons [109]. The voltage-gated channel passes the action potential along the
synapse)directly regenerating the transferred signal.
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Figure 1.11: The characteristic shape of an action potential. This includes the depolarization and repolarization of the membrane
potential. The hyperpolarization observed occurs due to the decreased potential of the refractory period caused by the passive
movement of potassium ions out of the cell [118].

The number of these neuronal connections varies between animals as well as in different parts of the
brain,meaning that different areas of the brain will display different characteristics that need to be
considered for neural implants. The neural density of a human cortex is among the highest in the animal
kingdom, an important point for translating any animal studies into their human applications. Neuron
density is an important characteristic of the nervous system. Brain size has been shown in the past to scale
with body size [119]. However, it has also been shown that neuronal density and the number of
connections between these neurons that has the biggest implication in terms of processing power [120-
122]. This has implications on device design and the ability of electrodes to interact with the largest
number of signals. Devices must be as small as possible arrr)]d COP/oer'ﬁeWide enough sr%%trial area in order to
obtain the most accurate picture of these connections. g urﬁwer evidence te the use of micro-
electrodes for neural™device design. Implants that are able to detect more of these vast and complex
signals could provide much more insightful information about the neural system.

1.3.2 Neural Electrode Double-Layer and Electrode Impedance
The crux of neural interfacing is the ability to present a material to the tissue that can detect changes in
the environment that indicate the presence of localized action potentials. The area of electrolyte

immediately adjacent to the electrode will not inherently mimic that of the bulk tissue [123]. For neural
eIectrodesjthis effect can be seen in the Electric Double Layer (EDL) that is present at the electrode/ tissue
=
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interface. An electric double layer is dependent on the accumulation of ions at the interface between a

conducting material and the surrounding electrolyte, in this case the neural tissue [124]. Counter ions are
adsorbed at the surface due to electrical attraction of opposing charges. For electrodes this will be directly
affected by the size and shape of the electrode recording site. The movement of opposingly charged ions
adsorbing to the recording electrode create a region of charge that is not representative of the
surrounding tissue. The diffuse layer of ions fiaas closest to the electrode) can be thought of as the
dielectric layer of a double-layer capacitor (Figure 1.12) [125]. One plate of the capacitor"‘sche recording
electrode, and the other plate heing the nearby neural tissue. Like all capacitors, a change in the
distribution of charge on one of the capacitor plates will result in a voltage change across the capacitor.
In neural recording, the neural tissue will cause a change in local ionic concentrations during an action
potential. This/in turn will cause a change in voltage at the electrode. It is this change in voltage over time
that can be amplified and plotted to represent depolarising of a nearby neuron. The challenge is to tune
the electrochemical properties of the recording electrode such that the voltage change on the electrode
is large enough that it can be successfully amplified and recorded.

The electrochemical characteristics of this doublée layer capacitor is @#limportant in capturing small charge
fluctuations such as those produced by neurons during a depolarisation. The main effect of the double ~

layer capacitor is changes in electrode reaction rate and the introduction of noise due to capacitive and .
faradaic current introduced into the system [126]. This will have a direct impact on the §i i S|%r(1)al—to—n0|se
Batio (SNR) of the recording and hence the ability to extract meaningful neural signals above the noise

floor [127]. This may change the charge transfer rate on the electrode,and as such impact on the electrode
recordings. Faradaic reactions at the electrode/electrolyte interface involve the reduction or oxidation of

species on the electrode surface introducing noise into the signal in the form of these faradaic currents

[128]. This mechanism}lﬂa%can be leveraged with some forms of neural sensing relying on the

reductive and oxidative currents produced from faradaic reactions to detect the presence of neuro-
transmitters [129].
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Figure 1.12: Model of the doubleayer region of electrodes showing the adsorbed ions on the surface of the electrode [125]. This
accumulation of ions at the surface is not indicative of the bulk area around the electrode and hence will introduce
inconsistencies when measuring especially at the micra=scale of neural tissue.
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Another important electrochemical characteristic defining the viability of neural interfacing electrodes is
electrode impedance [73, 130]. Electrode impedance refers to the resistance to current transfer in an
alternating current system like those seen in biological signals. An increase in impedance will reduce the
SNR of the signal and hence reduce the quality of the recordings [131]. The impedance is an important
measurement as it will show the ability of the electrode to detect the electrical signals at different
frequencies. Due to neurons firing at rates between 200 and 1000 Hz (the base width of the average action
potential is ](ms) most papers cite the electrode impedance simply at the 1sz range [127]. This is not
necessarily indicative of electrode viability,as the impedance will be different for different spike rates and
hence different frequencies. For this reason,it is often beneficial to plot the impedance magnitude as well
as the phase over the entire frequency range [132]. The measured impedance for electrodes is not the
entire picture,as the impedance of the electrode/tissue interface will differ slightly to normalized
impedance spectroscopies in PBS solution [133]. The specific location of the recording and reference/
ground electrodes (these are often shorted during in vivo electrophysiology recordings) will influence the
electrode impedance in vivo [134]. Electrode impedance will also change over time due to glial scarring
and the FBR changing the electrode/tissue interface [135]. As such, electrode impedance is an important
characterization that needs to be evaluated over several conditions to assess and compare the viability of
recording and stimulating devices.

1.3.3 Action Potential Detection

Action poten 'aelsecan be detected in multiple ways)including electrically and chemically. The most
common of is the electrical recording of the potential difference between the electrode and the
extracellular matrix surrounding the neurons. Electrical signals can either be spontaneous in nature or

driven. Driven signals involve using a supplied stimulus to correlate with the signals in time, for instance,

providing images on a screen whilst recording in the relevant location in the visual cortex. Spontaneous
signals can be recorded in the absence of a stimulus (Figure 1. ?Y?& These S|gnals can be recorded by neural
electrodes as burst or single spikes and local field potentials r%ursts of neuronal spiking is a reliable
method for showing neural actlwty)and are vital to elicit meamngful information [136]. These bursts last
at most 25 ms and can show between 2 and 6 action potentials occurring at 200Hz. The spike amplitude
typically reduces during the duration of the burst. The burst is a result of the slow depolarization wave of
multiple axonal spikes as a result of an interaction between multiple synaptic inputs [137]. Spontaneous
spiking can occur as a non-driven signal and are not indicative of a neuronal response to a stimulus [138].
This spontaneous spiking is caused from pacemaker cells with an unstable membrane potential that
modulate the rhythmic bursting in surrounding neurons [139]. Spontaneous signals are often seen as
single spikes,and will not be correlated in time with any stimuli. When recording a neuronal signal, it is
therefore important to discern the difference between these spiking patterns)as this will indicate the
meaningfulness of the signals recorded.
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Figure 1.13: Spontaneous neural spiking depicting single action potentials in tissue recorded with carbon fiber electrodes [140].

Local Field Potentials (LFP) represent the accumulation of potentials from a region of neurons. LFPs
provide an alternative to single~unit detection. These are often detected using larger surface area
electrodes. This information is less informative than single units)however these can be detected despite
the accumulation of the glial sheath around an electrode from the FBR [141]. This provides an avenue for
signal analyses when the single”unit recordings are lost. Further work is being made on modelling the
single”unit contribution to these fields to elicit meaningful analysis from previously unusable signals [142-
144]. Specific signal recordings will vary with positioning of neurons within the tissue. The positioning of
electrodes will depend on the purpose of recording and the species in which the recording takes place.
For example, depths required for effective epilepsy treatment will be much larger than the depth required
for recording from visual cortex regions [145-147]. Electrode length and geometry is a large determinant
in the signals that will be recorded. The length of electrode will be affected by mechanical and material
properties of the electrode as well as potential insertion mechanics [148]. The ability to access specific
tissue is therefore a great limitation dp producing signal recordings from relevant tissue.
in

1.3.4 Stimulating Neurons

Stimulating neural tissue requires an electrode to inject enough charge into the vicinity of acﬂ%l#r%n to
excite an action potential propagation. This proves chalIengi&? for single unit recordings)as thlslm%st be
large enough to elicit a response in the targeted neuron not in the surrouinding tissue [149]. The
stimulation must also not damage or produce unwanted electrochemical effectsjany of the surrounding
tissue. This factor is a major limitation in retinal prosthesis designs [20]. Stimulating and recording
simultaneously is a complicated process due to the feed forward effects of stimulating with a signal that
is magnitudes higher than those being detected [13, 150]. Stimulating a neural signal requires many of
the considerations that recording does. Tip geometry will also have a great effect on the ability to
stimulate targeted neurons due in both the charge delivery and the area that this charge will be delivered
over [16]. Therefore, the stimulation of neurons depends specifically on the tip geometry and
electrochemical properties of the electrode jincluding the impedance of the electrode interface and its
chargeTinjection capacity [151]. The charge-injection capacity required for electrodes and any faradaic
changes caused by stimulating electrodes are material specific [135].
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1.3.5 Neurochemical Sensing
This works

Another form of neural signal detection in tissue is neurotransmitter detection. These-werk by detecting
a change in the presence of neurotransmitterfsabove basal levels,indicating a wide variety of neural
signalling. Current techniques measure dopamine levels using a serum technique, where fluid is extracted
via micro-dialysis and tested for the presence of dopamine [152-154]. This is slow and laborious and
requires large probes that cause much damage upon insertion. These measurements provide a very
limited snapshot view of the overall dopamine pathways and lack any real spatial resolution. New
methods are being developed that use the electrical detection of neurotransmitters in vivo using
microelectrodes. This Cis performed using Cyclic Voltammetry (CV), a common electrochemical
measurement. In practis'e, the dopamine or acetylcholine of interest will be oxidised and reduced at the
electrode surface. This produces a current that can be recorded. For neurotransmitter detection
specifically,a variation of CV is used known as Fast Scan Cyclic Voltammetry (FSCV) [155-157]. This
measures changes inaycetylcholine levels from the baseline levels as a method to detect neural activity.
This provides an avenue to explore a greater number of biological processes occurring in the neural tissue.
However, due to the background subtraction methods being used,only changes in dopamine can be
detected. An emerging technique known as MCSWV is also being developed to measure tozic or baseline
levels [158]. The expansion of these techniques to neural recording devices is an idea that is currently
being exploreci’in particular for carbon fibers [104]. This highlights the broad avenues for electrodes to
interact with the brain and hence)the work that still needs to be done to create neural devices.

1.4 Neural Implant Improvement

1.4.1 Methods for Array Optimization

Electrodearray optimization may be achieved in several ways. This includes simply increasing the number
of recording sites or by increasing the number of implants in the network to increase spatial frequency.
However, care must be taken when considering avenues for improvement as epportunity costs may be
associated with certain improvements. For instance, increasing the number of recording electrodes may
increase the spatial frequency however this has also been shown to increase the tissue damage upon
insertion [25]. Array optimization must‘t‘herefore be carefully considered for any unwanted effects when
aiming to improve upon current designs.

1.4.2 Material Selection

Material selection is a major avenue for improvement of recording devices. Improved insulating coatings
are beneficial for implantable devices as esewiII both increase the longevity of implants as well as
potentially improve electrical characteristics. This has been done in many devices alreadyjutilizing silicon
and Parylene-C (Figure 1.14) [62, 159]. Combining coatings also enables different coating characteristics
to be achieved,as well as providing an avenue for the alteration of the recording sites that may not be
producible with only one insulating material [160]. Again, the complications of increasing insulation
thickness need to be considered, as increasing the thickness of coating and the utilization of different
materials will impact the implanty stiffness, potentially increasing tissue damage upon implantation.
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a
Figure 1.14: Scanning electron microscope image on a Utah frray modified with Parylene-C [159].

Carbon fiber electrodes are a prime example of replacing current technology with materials more
conducive to chronic neural recordings. This material is further improved using insulating coatings and
conductive polymers for singl€ unit recordings [88-91, 128]. Alternative electrode coatings include the use
of JUltra-Nano Crystalline Diamond )(UNCD) coatings [92]. This improves the electrochemical
characteristics of the device, especially for neural stimulation. Metal coatings such as platinum have also
been explored for ¥similar reasons [161]. These highlight a direct avenue for improvement of an already
promising electrode material.

1.4.3 Electrode Geometry Optimization

Altering array or electrode geometry is another potential route for increasing device viability. This has
been demonstrated in the Neuronexus deviceiwhere" they provide both shank and ‘Utah-like’ options.
The benefits and drawbacks of each can be assessed to ensure the appropriate design is used for a specific
purpose. The Utah like geometry will increase spatial coverage over potentially different areas of the brain

whereas wherein shank electrodes are better able to record from single cortical columns of neurons or sample

different depths of neural tissue more efficiently. This geometry can be further tailored for specific
recordings that are required as geometry will dictate the locations in the tissue that can be reached. This
indicates that an electrode array design that can be easily manipulated for different purposes could be
more advantageous due to increased utility. Geometry constraints are also still limited by material as the
mechanical properties of different materials will impact on the length of electrodes inserted as well as
other fabrication concerns [162, 163].

Electrode-tip geometry can also be optimized to aid in insertion of the electrode and improve electrode
performance. Carbon fiber micro electrode tips have seen improvements for inserting longer fiber lengths
using laser deinsulation and fire sharpening methods [42, 164, 165]. These methods have shown mixed
results with fire sharpening having difficulty to constrain tip geometries due to the size S(\:Naflﬁ Rf the
electrode tips. It does,however,show an increase in insertion success for longer electrodes Tha(f Is the
major drawback of using flexible neural probes. Current laser deinsulation methods have only been
developed for single“electrode devices and are not proven for ‘Utah-like’ arrays. Despite this, the
technique demonstrates the creativity that can be used for improving current devices and materials for
the optimal neural interfacing device.
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1.4.4 Electrode Treatment Options
of
Surface treatment options allow for improvement 9‘ electrode characteristics whilst potentially not
impacting the size, shape, or manufacture procedure of the devices. Simple treatment options include the
use of plasma etching to improve gn-the electrochemical characteristics of implants [166, 167]. Oxygen
plasma modifies the surface morphology of many common insulating polymer materials, including
Parylene, for another avenue of device modification [168-170]. Exploring a variety of surface treatment
options could be a fruitful endeavour in the improvement of commonly utilized neural interfacing devices.

1.4.5 Device Hermiticity

Hermiticity is an important characteristic when considering devices for chronic implantation. Hermiticity
refers to an implant’s resistance to leakage, especially to water [171]. This is either through a porous
material or through joints or interfacesrbetw?en different material?like those that are realistically used
when creating a complex device. Leakggnggggf)t?cularly important for devices implanted within the body,
as this can stop the leaking of potentiaIIY)tcgﬁic materials housed within the implant into the surrounding
tissue,as well as inhibiting the leakage o& u\{d that could compromise the electrical performance of a
device [172]. As such, hermiticity is a vital safety concern when considering an implant or electrode
material. Many developing implants have focused on substrates and materials that are conducive with
producing minimal leakage [173-176]. Conventionally, leak testers are used to test hermeticity. This
involves a gas passing through a sample with a corresponding to show whether or not and in what quantity
any of the gas is able to pass through [177].This gas is generally%elium due to its lower malecular size
compared to water and chemical inertness. Tpe subsequent water leak rate can be calculated from these
values [178]. The hermiticity value will informqﬂrnow long a device may be potentially implanted. Materials
that ean show high levels of hermeticity will be a strong determinant for creating a more effective chronic
neural implant. Demonstrating hermiticity in a implant will therefore be vital in improving g# current array
designs that are unable to be chronically implanted.
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Chapter 2: General Materials and Methods

2.1 Chapter Outline

This chapter will outline the general materials and processes that were used in the fabrication and
characterization of the electrodes and implants developed in this thesis. This chapter will cover the
processes involved in the creation of the diamond substrate that houses the multiple carbon fiber
electrodes in the array configuration. This includes the creation of electrical connections ensuring isolation
between channels. The electrochemical methods used to characterize these electrodes will be outlined.
These include different variations of CVs and EIS. This chapter will also explain the processes involved in
the creation and characterization of CVD growth of Boron Doped Diamond on the surface of carbon fibers,
including electrochemical, optical, and imaging processes to confirm the morphology of the coatings and
their applications.

2.2 Materials

2.2.1 Carbon Fiber

The carbon fibers used in this thesis are 7 um diameter polyacrylonitrile (PAN) based fibers purchased
from Goodfellow. These fibers have a'Tensile modulus of 230 GPa and a tensile strength of 1.4 MPa. The
volume resistivity of the fibers is 900 Ghm cm™.
(use Omega symbol)

2.2.2 PCD Diamond

substrates
The Polycrystalline-Diamond (PCD)|used in this work were lolnm by l(f'nm plates of O.i}-\m and 0.§fnm
thicknesses. These were singleSided polished thermal grade (TM100) polycrystalline CVD diamond (PCD)
sourced from Element six Ltd, UK. TM100 PCD is electrically insulating and possesses thermal and
mechanical properties to withstand many of the proposed manufacturing processes.

2.2.3 AU Braze

Gold Active Braze Alloy (Au-ABA) paste (96.4%Au, 3%Ni and 0.6%Ti) purchased from Morgan Advanced
Materials was used to create electrical connections in features fabricated in the insulating PCD. This
material has been proven to be biocompatible and suitable for use in combination with a PCD substrate
[871.

2.2.4 Parylene-C

Parylene-C Dimer was purchased from Special Coating Systems (SCS). This material is electrically insulating

and also presents high levels of flexibility without delamination. The system used ;c/\(l)eraé)ply uniform
coatings throughout this work is a PDS 2010 (SCS, Specialty Coating Systems). Samples can-be loaded into

the chamber for uniform coating on all surfaces. Deposition thickness 15 determined by the weight of
Parylene C dimer used. The standard coating performed in this work was 4.0g of dimer and produced
completely uniform coatings between 2.4 and 2.8 um thick (as confirmed with optical profilometers gd- and
SEM).
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2.2.5 PEDOT
dioxy
Polyethylene- Déthyophene (PEDOT) is a conductive polymer that improves the eIectrochemlcaI
properties of a sample by improving its effective surface area. This material RGN applied
electrochemically to an electrode surface using electrochemical methods to ensure application to the
working site of an electrode. It has been shown to improve the ability of carbon fibers for neural

interfacing [100, 179]. The PEDOT used was acquired from Sigma Aldrich and was doped with Rety=Styrene

$ulfonate (PSS). polystyrene
2.3 Fabrication Processes

2.3.1 Laser Milling

Various laser machining techniques exist as a subtractive method to create features or cuts in materials.
Thel-éef‘echniqugsallow’ for the surface modification of samples as well as machining holes, trenches and
other features that are not possible with alternative techniques. Lasers used on the surface of diamond
can ablate the bulk diamond away, leaving an electrically conductive graphitic layer on the surface of
milled features. A 2.5W Nd:YAG, 532 nm wavelength, nanosecond pulsed laser micromachining system
(Oxford Laselj was used to mill predesigned electrical circuits and through-holes in diamond substrates.
The inbuilt stage used is capable of movements with 0.0001mm precision. The spot size of the laser was
able to cut features as small as 5 um on the diamond surface. These parameters allow for the creation of
through-holes, wire tracks and electrical pads with micrometre precision.

2.3.2 Furnace Brazing

Brazing is a process wherein high temperatures are used to set metal pastes within cavities in a substrate.
This can establish electrical connections between filled features and create hermetic seals. A MTI brazing
furnace (GSL-1500X-OTF) was used to braze an Au-ABA paste (Refer to 2.2.3) into features that were
previously milled into a PCD substrates using a laser. For the gold to adequately wet the dlamotl;ld surface
and optimally fill the features,an intermetallic sputtering layer is required. This was cancﬂ.;c%ed by
sputtering 200hm of both gfolybdenum and rIglloblum (in that order) using an Intlvac Nanochrome AC/DC
Sputter System. The diamond samples a*e & '5aded within a 501nm diameter quartz tube on a graphite

holder. The furnace temperature was ramped slowly according to a previously described recipe to a maximum

temperature of 1100 degrees-Celsius for a period of 30 minutes [180]. details?
c ramp rate?
2.3.3 Polishing hold time?

ramp down rate?

A result of the brazing process is the presence of excess braze that accumulates and protrudes above the
features of interest. A Coborn PL3 rotary or Buhler polisher was used to remove excess braze, by
mechanically removing gold that is not confined within the machined features on the PCD. Silica carbide
abrasive papers (Gemworld) with grits ranging from 400, 800 and 1200 were used sequentially in this
order. The lower grit was used to remove majority of the bulk braze and lower grits were used for more
controlled removal to limit the amount of excess gold removed from within the features of interest.
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2.3.4 Acid Boiling

In order to restore the insulating surface of the diamond after processjng, graphite was removed from the
diamond surfaces using an established %cid boiling technique [181]. BML of 1M H,S04 (§u|furic s(cid) and

n n
30(}{71g of NaNOs3 (§odium Mitrate) m%xt,upe boiled auvera hot plate for varied times between 10 to 30
minutes. Samples were sequentially rinsed in &cetone, Jsopropanol and DI water for 5 minutes each. (define)
a .

| \ i

2.3.5 Oxygen Plasma

Controlled ion bombardment of a surface using a plasma cleaner allows for surface modification of
samples and films. Parylene C has been shown to become hydrophilic, improve adherence to neuronal
cells and exhibit enhanced biocompatibility,when treated with an oxygen plasma [168, 182-184]. In this
work a Zepto M2 plasma cleaner from Diener Electronics using a gas mixture of 90% ©xygen and 10%
ajrgon was used. This produced plasma for the alteration of the Parylene C surface of electrodes and
implants using a power of 40 mW and a pressure of 0.7 Torr for periods of up to 3 minutes. Cleaned
samples were optically tested for carbon fiber degradation and a contact angle measurement confirmed
hydrophilicity. __imaged
~————— details?

2.3.6 Parylene-C CVD Deposition

Parylene-C was applied to all samples using a PDS 2010 LABCOTER™ 2 Parylene Deposition System
(Parcoater). Using 4.09@ of the Parylene-C dimer at a furnace temperature of 690 degrees Celsius and a
vaporizer temperature of 175 degrees Celsius. Thisi€done at a pressure of 15 mBar to maximize the
uniformity of the coating. The coatings produced were between 2.3 and 2.9 um as confirmed by optical
profilometer and SEM.

°C

2.3.7 Pretreatment of Carbon Fiber for UNCD Growth

To allow for optimal CVD growth on the surface of the carbon fiberstretreatment steps are required. The
first step is the addition of amino phenyl groups ta_the carbon-fiber surface using an electrochemical
method [87]. The 3-electrode electrochemical cell (fxplained further in 2.4.3) was set up using a Gamry
Potentiostat (Interface 1000E). An Ag/AgCl and a Glassy Carbon electrode were used as the reference and
counter electrodes,respectively. Two separate solutions were used for these processes. Firstly, an
acetonitrile solution containing 0.1 M of tetrabutylammonium tetrafluoroborate (purchased from Sigma)
and kan nitrophenyl diazonium tetrafluoroborate (purchased from Sigma) was used. Five cycles were
performed between 0.2 and -0.6 V at a scan rate of 200 mV/s were perfaormed to form a nitrophenyl film
at the carbon fiber surface [185]. Samples were rinsed with acetone and DI water. The second solution
used was 0.1M H,SO.. Five cycles were performed again with voltages between 0.5 V and -1.5 V at the
same scan rate of 200 mV/s. This left aminophenol groups at the surface of the carbon fiber. The samples
were rinsed sequentially again in acetone and DI water.

~ How do you know this?
2.3.8 Diamond Nano-seeding of Carbon Fiber Evidence?

The aminophenol groups added to the carbon Sfit%erer%lsjlrgace allow for the adhesion of seeded
nanodiamonds for CVD growth. The nanodiamond séiu-tl-]ie-n is cr'escribed elsewhere and was prepared by
a collaborator [186]. The S&H.ﬁﬂsa%sé%pltained a concentration of 8.47 )f.lO7 particles/ml with an average

particle size of 35-40 nm [105]. The pretreated fibers were soaked in theonygen terminated nanodiamond

in what liquid? 24
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solution for 24 hours within 48 hours of CVD Growth. The fibers were rinsed with DI water and

subsequently dried using nitrogen gas.
2.3.9 MWP-CVD Nanodiamond Growth

Microwave enhanced plasma chemical vapour deposition (MWP-CVD) is a technique for the growth of
N Manodiamond and other carbon™ontaining films onto a sample. MWP-CVD can produce higher quality
diamond films compared to alternative CVD methods [187]. The MWP-CVD creates attenuated plasma
fields over the sample for the chemical growth of diamond and similar materials. Growth time, power,
temperature, plasma attenuation and gas mixture dictate the properties and thickness of the coating. A
gas mixture of H,, CHs and Frimethyl boron (TMB) was used to create Boron Doped Diamond (BDD) and
Carbon Nano-Wall§CNW). Samples were grown in different configurations with varying recipes that will
be discussed in later chapters (Chapter 5 and 6). Gas suppliers, purities?

2.3.10 Additive Manufacturing
d

Additive manufacturing (3-D Printing) involves the creation of 3-Bimensional structures from base
materials typically done in layers. These layers are printed sequentially and bound to the layer below, to
create bespoke parts that have been designed using computer software (Solidworks). This technique
allows for rapid fabrication of designs for more efficient prototyping. Common materials used in this form
of manufacturing are polymers and some metals. Polymers can be either in the form of melted and
extruded plastics or UV-curable liquid resins. Metallic materials (such ast'iitanium) can be welded together
from a powder bed to create configurations or geometries that are difficult to achieve for these materials
using conventional methods. This technique allows for easier prototyping, as single’part manufacturing is
relatively quick and easy \c/\?enpgared to common forms of manufacturing or machining. In this work, many
bespoke holders and jigs are created to increase the ease of handling and transporting samples, improve
the performance and reliability of measurements as well as creating holders for novel fabrication
techniques. The two 3-D printers used in this work were the Anycubic photon mono 4k for UV-curable
micron scale prints (25um resolution) and the SLM Solutions 250HL system for titanium printing of holders
for Chemical Vapor Deposition applications. Unless stated otherwise, 3D-printed holders and parts were
made from Anycubic High Clear Resin.

2.4 Electrical Characterisation Techniques

2.4.1 Electrochemical Cell

Cyclic Voltammetry (CV) and Electrode Impedance Spectroscopy (EIS) are used to establish the
electrochemical properties of electrodes and materials [188, 189]. These were performed on fabricated
electrodes using electrochemical cells in solutions. This cell consists of three electrodes: the working, the
counter, and the reference. The reference electrode has a well-defined potential and is used as a
measurement to reference and hence measure the potential of the working electrode (the electrode of
interest). The counter electrode is used to complete the circuit for reactions to take place (between the
working and counter electrode). The three-electrode cell is connected in a solution to a Potentiostat that
applies a voltage to the working electrode and the circuit is closed at the counter electrode. The three
electrode cells used for EIS and CV were performed with a Gamry Potentiostat (Interface 1000E). An
Ag/AgCl reference electrode and a Glassy Carbon counter electrode were used as standard in these
processes.
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2.4.2 Electrode Impedance Spectroscopy (EIS)

Electrode Impedance Spectroscopy (EIS) is an electrochemical process that measures the charge transfer
resistance between the interface of an electrode and solution [190]. This measurement can estimate
important characteristics including Impedance and Double Layer Capacitance (Cq). Impedance measures
the resistance to electrical current in a material at different frequencies. Many neural electrodes simply
state the Impedance at 1 kHz lhas a means of comparison between electrodes due to the good signal-to-
noise ratio at this frequency as well as it correlating to the ltns base width of an action potential [127].
Impedance values are also visualized using Bode and Nyquist Plots to display the resistance (ohms) or
phase (degrees) at specific frequencies (Hz). The Cq is an indication of the ability of the surface of the
electrode to store charge. The capacitance is determined from the EIS using equivalent-circuit models
fitted to the Nyquists plots. These circuit models represent common electrical circuit elements including
resistors, capacitors, and inductors,to represent the equivalent circuit for the material properties. The Ca
of an electrode will impact its capability as a neural electrode as this will directly impact the ability of the
electrode to withstand voltage potentials during stimulation or other neuromodulation techniques. For
neural electrodes,much cl)gthe electrochemical properties are dominated by the surface characteristics of
the materials,and hence why electrochemical methods are important to characterize such devices. EIS

performed in this work uses the electrochemical cell described with a 0.1M NaCl $olution.
s

(italic C)

2.4.3 Cyclic Voltammetry (CV)

CV is a technique where an applied voltage is cycled and the corresponding current is measured by the
system [189]. CV primraercijlgxmeasures the capacitive charging of the working electrode in the system. It
may also measure REBOX processes wherein one species gains electrons (cathode) and the other loses
electrons (anode). This allows for characterization and alteration of an eletctr?dF surface, The important
characteristics that relate specifically to electrodes are the capacitance, \ngpg:n\/\ll?ndOWavr\mlg gwrarge-tra nsfer
mechanics [191]. The%ﬁg}'%indow describes the range of voltage between the reduction potential g
(cathodic limit) and the oxidation potential (anodic limit) of water molecules at the electrode surface
[192]. This is considered the safe limit for stimulating electrodes,and limits the voltage range for
characterization purposes without degrading the electrod€{6r producing toxic species within the solution.
SpIting water,y ..
CV can be used to add material to an electrode surface or remove it using RERQX processes. A relevant
example is the activation of carbagn fiber electrodes through cycling the electrodes through voltage ranges
outside of the electrodeyﬁg@%qlr\dow [193]. This oxidises the surface, making the electrode rough and
increasing the external area of the electrode surface,and addigg oxygenTontaining functionalities to the
surface. This increases the capacitance and reduces the impedance of the electrode. This was conducted
using a voltage range of -2.5t0 2.5 Volts for 5 cycles at a scan rate of 100mV/s in a 0.1M NaCl solution. An
additive CV process for carbon fibers includes the use of conductive polymers such as PEDOT. In this
example)the PEDOT solution (Refer to 2.2.5) is deposited at the carbon fiber cathode to improve
electrochemical properties. A potential of -0.5 V to 0.9V for 15 cycles at a scan rate at 100jV/s was used

for deposition. All electrodes used in CV were rinsed with DI water as a final preparation step.

2.4.4 Fast Scan Cyclic Voltammetry (FSCV)

As the name suggests Fast Scan Cyclic Voltammetry uses a traditional CV method but at a much faster

scan rate. The increase in scan rate allows for higher sensitivity for detection of REBEX active analytes in
redox-
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solution. Current amplitude scales. with scan rate so the signal peaks can be observed over the large
background current as well e%rgvtlfégg%c increase in temporal resolution. The higher scan rate leads to a
much larger backgréund current (the capacitive charging at the electrode inteﬁface). Background currents
form as the ions gather around the electrode as the potential is applied% fherefore proportional to
surface area. This limits the materials available for FSCV as the surface area and capacitance of the
electrodes must be within the limits suitable for this technique. In order to detect these small oxidative
peaks, the background needs to be removed from, the signal. This process of background subtraction
allows for higher sensitivity measurements,although/means that the technique can only be used to detect
changes in concentrations over time [194]. For these reasons FSCV is a useful tool for the detection of
neurotransmitters_,such as dopamine and serotonin [179, 195]. The sensitivity of traditional CV is not
appropriate for the concentrations of these neurotransmitters found in vivo. The dopamine oxidation
peak detected will increase linearly with scan rate [196]. FSCV for dopamine detection commonly uses a
voltage range of -0.4 to 1.3 V at a scan rate of 400 V/s. These parameters have shown the highest effective
sensitivity. Carbon fiber,specificallyyhas been shown to adsorb many neurochemicals)and also possesses
the material characteristics conductive for FSCV [197].

To establish the dopamine detection capabilities of the electrodes a Pinnacle FSCV systeng as used. A
Ag/AgCl reference electrode was connected to a 3D-printed flow cell. 0.1M PBS was flowg through the

cell at a rate of 0.1mL/s to record the background current. The optimal parameters of a voltage range of

-0.4 to 1.3 V at a scan rate of 400 V/s were used for each measurement. The active measurement was
conducted by pumping through a known concentration of opamine in PBS solution during a cycle and while
the current peak of the oxidation was recorded. Successive background cycles were conducted between
measurements to ensure complete removal of dopamine from the flow cell chamber as well as the
electrode surface. The sensitivity measured for each electrode was normalized to the surface area of the
active portion of the electrode.

2.5 Characterisation Techniques

2.5.1 Scanning Electron Microscopy (SEM)

A very common technique to observe the surface morphology of a sample is Scanning Electron

Microscopy. This technique uses an electron beam generated from a filament (typicallytvungsten) thass and th_e
beam is

scanned-aleng a sample. A detector measures the reflected electrons from the sample to generate a

grayscale image with nanometre resolution. SEM images obtained in this work used a FEI Quanta SEM.

The accelerating voltage and spot size of these images were attenuated for the specific materials imaged

ranging from 10kv-3(iv and 3.0-5.0 nm respectively.

rastered
across

)

2.5.2 Transmission Electron Spectroscopy (TEM)

Like SEM, Transmission Electron Spectroscopy (TEM) uses an electron beam to generate nanometre
resolution images. This time_‘the electrons that are measured travel through the sample to produce an
image on the detector underneath to provide more information of the bulk material of thin samples
[198]. The TEM used in this work to assess cross sections of nanometre thick prepared samples was the
JEOL 1010 TEM.
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2.5.3 Focused lon Beam (FIB)

Focused lon Beam (FIB) is a techniqueJusing a similar electron filament method to other imaging
techniques that is able to remove material from a sample using a targeted ion beam (typically from a
Gallium filament) [199]. This technique can be controlled using masks and fine control of the bjeam to
alter the morphology of a sample on a nano=3cale. This was used to create cross sections and tunnel
through sections of materials to help characterize the interfaces and bulk properties of materials in this
work. This was conducted using a FEI Scios FIB SEM.

2.5.4 Energy-Dispersive X-Ray Spectroscopy (EDS)

Energy-Dispersive X-Ray Spectroscopy (EDS) is a technique used to characterize the elemental
composition of a sample surface [200]. This collects secondary electrons produced from other imaging
processes to produce mapped location of elements within a sample. This was used to show the elemental
composition of samples before and after treatments as well as those machined using FIB. The EDS used
was the FEI Quanta SEM QFEG.

2.5.5 Optical Profilometer

The optical profilometer used was the Bruker ContourGT. The optical profiler was used to measure
parylene deposition thickness, depth of milled features in diamond substrates and the amount of gold
braze removed from within features of machined samples.

2.5.6 Raman Spectroscopy

Raman Spectroscopy is a technique that can characterize the bonding structure of a material. This is

commonly used in carbon-based characterization by showing the proportion of diamond.like bonding (sp3)

and graphitic like bonding (sp?) in CVD grown films. These are represented by the height and position of

the D peak (1350 cm™) and G peaks (1580 cm?) respectively. A Renshaw InVia Raman 532£1m was used to
)

characterize carbon-based CVD grown films on carbon fibers.

2.5.7 Hermeticity Helium Leak Tester

The hermeticity validation used in this work was performed using an Adixen ASM310 helium leak detector
with a detection limit of 10! mbar Ié'l. The samples for testing were sandwiched between O-rings and
clamped together so that the only leak path available was through the sample to the detector. The system
was tested for leaks between O-rings and the surrounding welds before each test to ensure no unwanted
leaking occurred during tests. The presence of helium could be used to establish the leak rate of the
sample and indicate the potential dew point, predicting the appropriateness of samples for chronic
implantation.
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Chapter 3: Fabrication and optimization of a carbon-based neural array

for recording

3.1 Chapter Outline

This chapter will outline the fabrication techniques used in the development of the carbon fiber array
housed within a PCD substrate. This includes all fabrication processes starting from the PCD diamond
plates through to the fully electrically connected neural device. The success and limitations of the
processing steps and the specific materials used will also be explored. This will cover characterising the
performance of the electrodes both physically and electrochemically.

3.1.1 Chapter Acknowledgements

Some work in this chapter was collaborative. The development of the PEDOT coatings and electrical
connections were performed with Dr Sorel De Leon Vergara (RMIT University). Dr Vergara was involved
in the design of the PCBs used for the electrical connection of the devices. Some of the electrical validation
and some of the imaging performed was also performed either alongside or by Dr Vergara. All other work
completed in this chapter was conducted by me.

3.2 Introduction

To leverage the potential benefits of carbon fibers for chronic neural interfacing, many considerations
have to be made in order to create a device that is practical to implant long term into neural tissue. The
device must be biocompatible, manufacturable and be able to be inserted into the target tissue without
damage. This renders material selection vitally important at all stages of development. A suitable
substrate that can house the carbon fibers and be electrically connected to an external system for signal
analysis is the first primary challenge. Groups have explored the use of simple printed circuit boards (PCBs)
or silicon as a substrate for carbon fiber arrays [45, 94]. These arrays)howeverjwere limited chronically
due to material selectiond and theji_éaiciated fabrication constraints (e.g. sizes and biocompatibility). The
geometries of the Patel et al. devi eglso limited the spatial resolution of the device. These experiments
did, however, highlight the potential of a high-density carbon fiber microelectrode array,by producing
consistent signals over the life of the electrodes. This demonstrateg a requirement for future development
and exploration into finding suitable materials and fabrication methods to design a chronically
implantable, high density neural implant.

3.2.1 Substrate Selection

The creation of an array of carbon fibers that can interface with a clinically significant number of neurons
chronically still presents a monumental challenge. The array must be able to electrically address each
individual carbon fiber electrode, house them securely to ensure chronic performance,whilst also
orientating the fibers for insertion into neural tissue. All of these challenges must be met whilst using
biocompatible materials and techniques. Substrate selection for the implant is)thereforeJan important
decision. Silicon or ceramic substrates have been explored for similar potential devices however their
processing has proven difficult and currently no implants have continued to perform well long term [45,
94, 173]. Flexible arrays made of polymers such as Parylene, although promising for chronic implantation‘|
presentq several added difficulties for insertion, handling, and fabrication [201-203]. A potentially viable
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alternative substrate material is diamond. Diamond is mechanically robust, electrically insulating,
biocompatible and able to withstand a wide array of manufacturing processes [204-206].

3.2.2 Electrical Addressing Strategy

Potential routes for providing electrical connections to the carbon fibers include lithography or brazing
[207, 208]. Producing a stable, biocompatible connection is challenging. Brazing is a promising option as
it has the potential to both fix the carbon fibers in place whilst achieving an electrical connection. This will
also create hermetic seals in the feedthrough holes as gold has already been shown to do so when used
in conjunction witthiamond [175]. Previous work has already demonstrated the ability to braze gold into
laser'milled features on the diamond surface, meaning it is possible to construct electrical circuitry
alongside the brazed through-holes [175, 209, 210]. These brazed features also enable fer an external
connection to be made to the array to provide continuity to an external recording system.

The second main concern is the connection of a lead wire from the electrical pads on the diamond circuit -
board external devices. Solder bumps could potentially be used on this scale; however, this requires
specialised equipment and was deemed outside the scope of this work. Another option is the connection
of wires and/or PCBs using solder or electrically conductive pastes to brazed electrical pads. These
materials have biocompatibility concerns as solder and many conductive pastes are cytotoxic [211, 212].
However, these connections could be fully encapsulated with the diamond surface providing longevity for
the implant. A final device would require a hermetic package in which to protect not only the circuitry
within the device but also protect the implanted tissue from the leakage of potentially toxic materials.

3.2.3 Electrode Optimisation

The most important aspect of the device is the proposed carbon fiber electrodes. This includes the
insulating layer down the length of the electrode and the electrically exposed interfacing tip. Commonly
Parylene C has been used as an insulating layer for carbon fibers [45, 104, 213]. Parylene can be selectively
removed to allow for a controllably exposed electrode tip. Due to the chemical inertness of Parylene)the
most appropriate deinsulation methods involve either flame or laser ablation. Laser deinsulation could
allow for the cutting of the fibers to length as well. Due to the low micron scale dimensions of the arrays,
employing either of these methods is technically challenging. The development of novel or optimisation
of existing techniques to control fiber length and create controlled tip exposure is therefore required.
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3.3 Fabrication Methods

1. Mill and clean PCD Substrate.

PCD Substrate

I [ 117 e

2. Thread fibers into substrate.

« Carbon Fibers

m n
3. Sputter Molybdenum and Miobium
intermetallic layer.

[ —
Layer

4. Braze gold to connect fibers and
create circuitry.

Gold Braze

5. Polish excess braze.

‘ ‘ ‘ ‘ ‘ Residual Carbide

6. Remove residual carbide and
graphite layers.

Brazed Circuit

ﬁ Individually Addressed Fibers

c f
7. Cut qarbon Hibers to length.

‘ HJ |__ ‘ LaserCut

8. Physically and electrically attach PCB
for external connection.

Silver Paste

‘ ‘ ‘ ‘ | Printed Circuit Board
for connectionto

data acquisition
system.

I
9. Add insulating Parylene-C payer via
Chemical Vapour Deposition.

! ParyleneCoating

10. De-insulate electrode tips.

i c f
| * Exposed Q’arbonr']mer

11. Electrochemical tip optimisation.

)

PEDOT CoatedElectrode Tips

Figure 3.1. Process flow of entire device fabrication from milled PCD substrate through to fully functionalised device.
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3.3.1 Array Fabrication
by

For the creation of the arrays 1()nm by 10Mmm plates of 0.3¥ym thick single side”polished TM100
polycrystalline CVD diamond (PCD) was sourced from Element six Ltd. These were machined using a 2.5
Nd:YAG, 532 nm wavelength, nanosecond pulsed laser micromachining system (Oxford Laser). The
machining involved drilling g} holes through the diamond for the fibers to be placed through, as well as
circuit patterns on the rear of the sample to establish external electrical connections. The circuitry was
also milled in various configurations, with the depths of pads and tracks being less than 30 um.

The diamond substrates were cleaned using an acid boiling process (Refer to 2.3.4) for 30 minutes in a
solution of NaNO,/H,SO4. Once cleaned the arrays were placed within a 3D printed holder to ensure fibers
and arrays remained intact for transport between subsequent processing steps (Figure 3.2). A bundle of

C @arbon fibers (PAN—b]@ts)ed 7 um diameter purchased from Goodfellow) were cut into 3mm lengths. These
one, fiber z#

W . . .
were teased out andjmanually threaded into each of the holes in the substrates. This allowed f&r Zl’nm to

protrude through the underside of the diamond within the holder with some left above the substrate to
help the fiber remain intact until fixed in place with the braze. Once all fibers were threaded, the samples
in the holder were sputtered with a bilayer of 200)_1m Mo and Zo%m Nb using an Intlvac Nanochrome
AC/DC Sputter System to aid in the subsequent brazing processes [209]. Sputtering deposition thickness
was verified using profilometer measurements on reference silicon samples.

Figure 3.2: Milled PCD substrates in a 3Dprinted holder for positioning during Ni/Mo sputtering.

Once sputtered, the arrays were transported to a bespoke graphite holder for brazing. Gold Active Braze
Alloy (Au-ABA) paste (96.4%Au, 3%Ni and 0.6%Ti) purchased from Morgan Advanced Materials was placed
on the top side of the array using a probe, ensuring the paste was pressed into the patterned features
whilst not disrupting the fibers placed in their holes (pressing on the fibers with the probe resulted in
them being pushed through the other underside of the substrate and a reduction in yield). The braze paste
binder was evaporated on a hotplate at 110°C for 15 minutes. The samples were brazed at 1100°C for 30
minutes with a ramp up time of 360 minutes and ramp down time of 600 minutes in a quartz tube under
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a vacuum of better than 10 torr. The samples were inspected for retention rates of carbon fibers and to

establish successful wetting of the braze on the diamond surface (Figure 3.3). The straightness of the

fibers at this stage was also noted.
B . -
: Samples Post Brazing *‘

Samples Before Brazing

o Graphite
Graphite Holder

Holder 10mm

NNt Al - B 5 _
Gold.ABA 4 < iy Bulb Post

: A -
: Braze

Figure 3.3. Diamond array contained in graphite holder after gold ABA paste application (A, C). and after subsequent brazing (B,
D).

The samples were polished (Refer to 2.3.3) using a Bhueler or Coborn PL3 rotary polisher to remove the
excess braze and to expose the patterned circuitry (Figure 3.4). The samples were placed into bespoke
stainless steel polishing stubs to protect the fibers from the mechanical abrasion. These were secured by

heating the stubs to 130 and applying crystal bond to the edge of the diamond to be left to cool.
To release the arrastthe stubs were soaked in acetone until all @rystal Bond had dissolved.
c b

The PCD diamond surface undergoes a phase transition at temperatures required for the hrazing under
. - - . . . CIrC &
vacuum wherein a nanometre scale thlcgslayer of graphite forms creating an electrical short) 4, 215].
To remove this an acid boiling methO(Yvis used. A hot plate in a fume hood was heated to 260 degrees-"C

—Celsius. 300 +/- 3(ifng of NaNOs (bodium Nitrate) was weighed out and added to a 100[nL beaker. The
+ S n
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polished arrays were added (fibers sideéji)f the bottom of the beaker. ?inL of 1M H,S04 (&ulfurlc kud)
was pipetted into the beaker. A drop 9 placed over each array first to ensure the arrays remairf
place and Yot sit on top of the solution surface (due to surface tension). The beaker was placed on the
hot plate for 8 minutes, removed, and allowed to 99 |, Deionised (DI) water was pipetted slowly to ensure
a safe dilution of the acid mixture. The solution eaﬁ ge poured out and further diluted until the solution
hagdundergone a 100 times dilution. At this point, the arrays were removed and placed in rinsing solutions
of A%etone A’sopropanol and DI water for 5 mmutes each (in that order). Arrays were dried, and the
number of fibers noted. A multimeter was used to confirm the removal of graphitic shorting on both sides
of each array. If inner holes were large enough it was also possible to perform a preliminarily continuity
measurement between the holes, tracks, and pad. SEM images were obtained to confirm the process did
not degrade the carbon fiber electrodes (Figure 3.5).

Figure 3.4: Gold brazed PCD substrate after polishing (Left) and after Acid Boiling (Right).

Figure 3.5: SEM image of carbon fiber post acid boiling showing no evidence of degradation.
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The final fabrication £utting the electrodes to length (typically a fnm to 1.5mm taper). The arrays were
placed within a 3 D Printed holder to position the fibers perpendicular to the laser cutter system (Oxford
laser). The fibers were orientated so that an entire row was in line to ensure each row was cut to the same
length (Figure 3.6). Once the fibers were positioned)the laser was focused onto the middle row of fibers.
A double™pass laser cut was used to cut every fiber in the array. Different fiber lengths or configurations
were created by altering the laser path. The laser camera was used to verify a successful cut. If
unsuccessful, subsequent runs at varying focus lengths could be used.

a
Figure 3.6: Processed carbon fiber array in 30 Printed holder with carbon fibers. Before (Left) and jfter (Right) fibers cut to
length with laser.

3.3.2 Lead Wire Connection

To complete the lead wire connection to the carbon fibers, Printed Circuit Boards (PCBs) were used. These
were connected to the larger gold pads on the periphery of the diamond substrates. Different versions of
these (9,@2 and 16 channel) PCBs were developed to allow for connection to different array
configurations. Connections were made with silver paste (Sigma Aldrich) (Figure 3.7). A fine needle was
used to apply silver paste to bridge the pads between the PCB arld substrate. A 3D7printed holder was
used to aid in alignment. Once applied)the paste was baked at 125 ge-g-:ees-@els-rus for 1 hour until solid.
Once connected, a 2-part epoxy was used to reinforce the mechanical connection between the PCB and
substrate whilst also providing encapsulation. This was performed in multiple stages to ensure complete
encapsulation and to reduce the likelihood of the epoxy coating unwanted areas. The final application of
epoxy involved securing a 3D printed holder to the back of the PCB to facilitate handling the completed
device (Figure 3.7B). A completely connected 9~channel sample can be seen in Figure 3.8, showing the
individual channel pins on the PCB to allow for connection to individual fibers.
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W  Flex PCB

Figure 3.7. Silver paste provides an electrical connection from the gold brazed circuitry to the pads on the Flex PCB (A). A layer of
insulating epoxy was applied to coat these connections as a first layer of isolation as well as to establish a rigid physical
connection for device durability (B).

Electrodes

Individual channel for individually addressed electrode

Figure 3.8. Entire construction of a flex PCB device. Showing the length of the device with the connector pins to allow for
separate channels to individually address each electrode (A, B). Optical image of the attached Substrate with intact electrodes
shown in C.

3.3.3 Electrode Tip Optimization
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Samples were loaded into the parylene coater (PDS 2010 LABCOTER™ 2 Parylene Deposition System
Parcoater) chamber on glass slides (Figure 3.9). The system was loaded with 4.00g of parylene dimer
(Refer to 2.2.4) and activated to conformally coat the sample. Samples were removed from the chamber
and optical profiling (Bruker ContourGT Optical Profilometer), using an exposed parylene edge on the
glass slide, was used to verify the thickness of the deposition)\ Wiypically, 2 um for 4 g of parylene dimer.

Figure 3.9. Configuration of the CVD coater stage for Parylene coating of Electrode Arrays.

If the parylene coating was deemed successful, electrode tip exposure was performed. To aid in this step,
the hydrophilicity of the parylene coating was improved through an oxygen plasma treatment. The arrays
were placed within the oxygen plasma cleaner chamber for 2 minutes at 45 mW power and 0.7 torr. This
exhibited no bulk etching of the parylene or carbon fibers (verified by SEM). The samples were placed
within a bath of DI water for deinsulation. DI water. added/:femoved so that only around 50 pm of the
fibers protrudedfrom the water surface. A camera with a macroscopic lens was used to visualise this

(milliwatts,
really?)

exposure length. A butane torch flame was applied to the fiber tips for 1 second. An orange tinge can_be was

seen on the fiber tipsW s ivsv%Serformed successfully. The samples were rinsed in DI water and inspected

under an optical microscope to confirm parylene removal. Exposure length and uniformity was
characterised by SEM.

The impedance of the electrodes was determined using EIS (initial frequency of 500 kHz and a final
frequency of 0.2 Hz with 10 points per decade) in 0.1M NaCl solution. The impedance at 1khz was noted
and the electrodes rinsed with DI water. To reduce the impedance to levels conducive to neural recording
a coating of PEDOT was electrochemically added to the electrode tips. This was performed sequentially
for each individual fiber using a CV electrochemical deposition method. 15 cycles between -0.5 to 0.9 V
were performed using the Gamry Interface E1000 in a PEDOT: PSS (1:2) solution at a scanargte of 100 mV{
Lusing a Ag/AgCl reference and a Glassy Carbon counter electrode. The EIS of the fibers ig performed again
to provide final impedances as well as confirm PEDOT deposition. SEM was also used to confirm PEDOT
deposition and provide images of the arrays prior to implantation.
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3.4 Array Fabrication Results and Discussion

A diamond substrate with carbon fibers held electrically and physically using gold braze was successfully
created. Arrays were ahle ta he created wherein the fibers were threaded through the substrate and
remained in place through each of the processing steps. This included the connection to the PCB and
complete electrode tip preparation. Most of the manufacturing challenges were overcome as multiple
complete devices were constructed. Each step of the processing was characterized and tested to show
effectiveness of the fabrication process whilst still highlighting any remaining limitations. This was
particularly challenging as testing downstream issues was difficult as these were affected by any upstream
processes.

3.4.1 Substrate Fabrication

Substrates were milled from PCD whereil holes of the magnitude of the carbon fibers were created and
able to secure the carbon fibers in place for processing. An optimal array would have holes that protruded
through the sample that are slightly larger than the carbon fibers themselves. This allows for them to be
placed and held into position within the substrate. In practise this proveflquite difficult as the spot size of
the laser used is of the same order of magnitude as the carbon fibers themselves (5£1m and 7—8,_1_1mJ
respectively). To mill through the substrate, the laser needs to mill in steps, changing focus deeper into
the substrate after each cut. This refocuses the beam for efficient power transfer as the beam focus range
is around 10 um. The shape of the beam wéH resultSin deeper cuts creating a shadowing effect on the
substrate above. This means laser power is transferred onto the surface around the hole and less is
transferred to the milling region focused on the bottom of the hole. For this reason, cuts known as kerfs
(passes immediately adjacent and parallel to the feature of interest) are used to widen a cut, allowing a
higher proportion of the laserp power to penetrate deeper into the region of interest. In practice, this
means for the optimum 10 um hole, a kerfed hole of 60 um diameter is produce with this laser
configuration (Figure 3.10). This creates a cone or triangular shaped hole. This is not inherently an issue
as it may aid in the brazing of the gold into the features however this will affecthow the fiber is secured
in position and the orientation that it will be fixed in. This resulted in the fibers being not perfectly
perpendicular to the substrate wihen they protrude through the underside (Figure 3.10C). The variance
seen in fiber straightness did not adversely affect the utility of the final arrays,as shown through the in
vivo results explored in Chapter 4.

Substrate
Surface
(Bottom)

Substrate
Surface (Top)

Carbon Fibers

1 mm

Figure 3.10. High magnification light microscope images of the top (A) and bottom side (B) of the PCD substrates after laser
milling and acid boiling. The orientation of the fibers once threaded through the conical holes of the substrate (C).
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The performance of the substrate and braze to mechanically hold the fibers was observed at the end of
each of the processing steps. This was performed by counting the number of fibers still in place within the
holes using a microscope over a batch of arrays (n=12). The yields were noted after fiber threading, gold
brazing, polishing and the acid-boiling steps. The average percentage yield of carbon fibers remaining
intact upon completion of the steps are as follows; fibers threaded into holes 88.9%, fibers intact after
brazing 91.9%, fibers in place after polishing 98.8% and fibers intact after acid boiling was 91.3%. This in
isolation appears as a very promising result, however,due to the cumulative effects this does have many
downstream implications of the electrode yield on producing arrays with a meaningful number of
electrodes. Of the 108 carbon fibers across the 12 arrays, only 79 remained in place upon the completion
of these steps. This is further exacerbated when considering handling errors and other issues,arise due to
the size and delicacy of the fabrication steps. The cumulative effects of these fabrication and handling
concerns will have a strong impact on the overall efficacy of this design. This can be seen in the in vivo
work where the maximum number of active electrodes on an array was 6.

SEM images were taken to observe the filling of the gold braze within milled features in the substrate
Figure 3.11). This included the use of Focused lon Beam (FIB) to evaluate the encapsulation of the carbon
fibers within the braze. The images showed complete filling of all holes and tracks, with only features
positionetqose to the outer extremities of the substrate not showing complete filling in some instances.
The method of applying the braze paste without disrupting the carbon fibers had no discernible effect on
the brazing of features. The polishing method employed did result in excess gold being removed below
the surface of the diamond. This depth was found to be about 10 um through SEM and optical profiler
measurements (Figure 3.12). Variance was seen between samples due to the manual nature of the
polishing process. No further work demonstrated that this excess braze removal influenced the yield of
any downstream connection processes, so this was deemed acceptable.

Figure 3.11: SEM images showing the Braze filling in a diamond substrate within a 5 kg 5 array configuration (A). The complete
filling of the braze within the hole under 10 um from the surface (B). The presence of carbon fibers is evident on the surface of
the brazed holes (C and D).
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Figure 3.12: Optical Profiler measurements showing the depth of the braze below the PCD surface.
2

The shape and size bulb of excess gold that was formed on the substrate immediately after brazing was a
good indication of the wettability of the gold. As there was some variance between samplethhis was an
important early indication of the braze filling the features of interest. This is more important as the
features (specifically the pads) on the outer sections of the diamond were less likely to fill if the wetting
or the braze paste application was not optimal. This can clearly be observed in Figure 3.13. In the majority
of the fabrication rounds,full wetting and complete feature filling was observed,'._'however the braze
process itself did show some inherent variability so this could not be quantified. The ability of the braze
to fill the samples was not impacted by the diameter of the PCD substrate. 4.5 mm diameter patterned
circuit boards were also constructed (Figure 3.14). These samples displayed similar wetting and feature
filling characteristics as the smaller (2.%‘nm diameter) substrates. This provided further evidence of the
versatility of the device design for future applications.

Figure 3.13. Braze before (A) and after (B) polishing showing features not filling where gold has not Welt?f(rje diamond surface.
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Figure 3.14. 4.5 mm Diameter patterned circuits with excess braze (A) and after processing (B).

An important issue that arose during the fabrication process was the cracking of the diamond substrate
after brazing. This was observed mainly in samples that appeared to contain excess braze paste. This was
not entirely confirmed as the braze paste application is a manual process with inherent variability. The
paste Ig applied using a probe and iis simply spread over the surface manually under a microscope. This
means the exact amount of paste applied is inconsistent beyond manual control. This dees suggestsfuture
work into a more controlled braze paste application would be critically beneficial to the development of
this technology. Cracking is observed to propagate tHough the milled through-holes, an obvious weake&
point in the diamond structure. The cracking was observed regardless of the number of holes milled,
implying this would not be more of an issue as holes increased (Figure 3.15). The cracking is proposed to
be caused by the large ball of the gold pulling on the diamond surface as the gold cools and contracts. The
coefficient of expansion of gold is 14.2x10° K whereas diamond is only 1.1x10° K. This difference in
expansion coefficient means that the gold expands and contracts as changes temperature to a greater
degree than the diamond will under the same temperature range. The adherence of the gold on the
diamond surface as it cools pulls on the structure of the diamond to a point of mechanical failure. The
strength of this adherence is observed in the difficulty to remove the intermetallic carbide layer that forms
from the sputtering and brazing process [216]. Substrates that exhibited cracking could be further
processed and showed no evidence of shorting between channels. However, this clearly would have an
impact on hermiticity of the devices although no samples could be produced to prove this.
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X a
x a
Figure 3.15; PCD substrates post brazing that exhibit{ cracking in the substrate. A 3 hy.3 frray (A) and a 5 b,( 5 Array (B)
indicating the cracking is not a direct result of an increased number of holes.

The success of the feature filling and diamond wetting was dependent on the amount of braze paste
applied. If less paste was applied incomplete wetting and feature filling was more likely to occur. On the
other hand, as shown, excess paste resultseﬁw the cracking of the substrate. This shows an important
balance of the amount of paste for optimum performance of the brazing. Due to the viscosity of the paste
and size of the nano particles,there was no reliable way to apply a controlhed amount of braze. By ensuﬁng
~ . A the_. . cou
complete coverage of the surface with braze_,as seen in Figure 3.16, majority of the surface <€af be
successfully brazed with minimal to no cracking of the substrate.

Gold Braze Bulb Post
Annealing

4

Graphite Holder

Figure 3.16. The braze paste application (A) and subsequent braze bulb produced (B) after annealing when using the optimal
amount of paste.

When initially threaded, the carbon fibers protruded through the holes and excess fiber sat above the top
surface of the PCD substrate. This reduced the chance of fibers pushing through and out of the bottom of
the holes upon braze paste application. This meant that they were brazed in place with the fibers
protruding through the excess braze above the surface. When the polishing was conducted the top of the
fibers were sheared off as the excess braze was removed. This can be seen as the fibers are still in place
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within the braze under SEM (Figure 3.11). A rare example of a hole not filling completely but still

containing a fiber can be seen in Figure 3.17. This nicely demonstrates the positioning of the fiber within
the braze, howevegas this was only ever seen once on a single hole out of at least 100 devices, it is
considered an outlier.

Figure 3.17. SEM images showing a rare instance of incomplete braze filling in a hole, with intact carbon fiber protruding above
the surface.

To evaluate the interface between the carbon fiber and. the gold braze, cross sections of the fibers were
created in place using FIB. Due to the of size constraints this process, a maximum depth of 20 microns was
achieved. This only showed the fiber braze interface at the surface. This is potentially not indicative of the
entire fiber as it could have been disrupted during polishing,especially when the carbon fiber above the
surface\%arsemoved. The braze appears to fill closely to the carbon fibers.With voids being seen along
some sections of the fiber (Figure 3.18 and 3.19). Complete filling is not necessarily required_'however this
could impact the mechanical strength of the interface, conductivity of charges from the fiber through the
rest of the circuitry and potentially the hermiticity of the device. The elemental composition of the
interface was also confirmed using EDS. This was performed with a TEM sample that was prepared using
FIB (Figure 3.20). This produced expected results with the carbon fiber sections showing only carbon.
There was expected Jin and Nickel within the %old braze as this was the composition of the braze paste.
No Fitanium, Molybdenum or'Niobium were seen close to the fiber. This suggests there was no carbide
formation at the interface, meaning the bond may not be as strong as it is at the diamond interface. Note
that because this is a destructive process,voids seen could have been produced from the process itself,
however this was deemed unlikely in this circumstance.

43


of

was

, w

t

n

g

t

m

n


® RMIT

UNIVERSITY

Platinum
Protective
Layer

Gold Braze

SEM

Figure 3.18: Sem images of the cross section of a carbon fiber in Qold braze produced using FIB. A platinum protective layer can
be seen as is standard when creating cross sections in materials using FIB in order to protect the surface interface.

Gold Braze

Figure 3.19: SEM image (looking straight down) showing the brazed hole in the PCD with carbon fiber (with platinum protective
layer) in place (A.). SEM image (angled) of the TEM sample preparation using FIB (B. and C.). TEM image of the cross section of a
carbon fiber in gold Braze (D.).
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Figure 3.20: EDS performed showing the carbon fiber and braze interface. TEM images obtained (Left) with the EDS mapping
(Middle) and elemental contents (Right).

To characterize the braze filling the holes surrounding the carbon fibers multiple methods were employed.

This involved firstly trying to optically observe the depth of the braze as well as determining how completely
the braze filled the features. The braze cannot be visualized on the underside of the opaque TM100 PCD
substrate due to the small hole and the carbon fiber blocking the view. The first method employed utilized

the optical transparency of TM200 PCD to allow for the visualization of the features through the polished
surface of the underside of the substrate. The same milling parameters were utilized, and the size and
shape of the external features were consistent with the opaque PCD. The conical shape of the holes can

be observed in Figure 3.21, as well as the gold and carbide layer that formed on the underside of the
brazed features. From these images jthe gold braze appears to fill roughly 100 pm into the holes. The
carbide layer can still be seen at this depth. Due to reflections and the fact the inside of the holes js are
obviously not polished flat,it is not possible to perform this to a higher magnification. The depth of the
braze is also somewhat irrelevant if the connection to the carbon fiber is physically and electrically
adequate and that the braze within the hole creates a hermetic seal for the implant. This could,however,
be an area for improvement as it is assumed that a more complete filling will create a more optimal carbon
fiber/braze/ PCD interface.
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Carbide Layer

8

Gold Braze filling to
~100 um in hole

Figure 3.21: A fabricated E‘arbonffiber giamond %ray using a transparent T200??? PCD substrate to visualise the braze filling
and fiber orientation. The top (A) and bottom (B) sides of the brazed and polished sample can be seen with the carbide layer
between the gold and diamond being visualised in black. The angled image (C and D) of the transparent underside of the array
can be seen, showing the cone shape of the holes and the partial filling of the braze into the holes.

To further characterizigg how the braze fills the hole beneath the surface,FIB was used on filled holes
(Figure 3.22). This was performed both in the centre of the hole and at the location of where an electrical
track meets the hole. The depth of this characterization was again limited due to the geometry constraints
of the technique as only a 1:1 aspect ratio is possible with the FIB. The results showed complete filling to
a depth of at least 100 um as well as complete filling of the electrical tracks connecting to the holes,
corroborating the images produced from the transparent PCD samples.
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Figure 3.22: SEM images of trenches milled using FIB in the middle (A) of a brazed hole and edge of a hole connecting to a track
(B) demonstrating braze filling at least 100 um deep into the features.

The final step to validate the brazed feed-throughs was confirming the hermitic seal between the
diamond, braze and carbon fibers. For this, samples were prepared that contained a 5x5 array of holes in
the centre of 10x1Qmm PCD plates,so that they would fit within the O-rings of the leak tester. The
hermiticity tests were performed (Refer to 2.5.7) on samples with and without carbon fibers, and on 300
and 500 um thick substrates. These were performed on the same set up as previously published work
[174, 175]. These results showed no leaks for samples without carbon fibers for both thicknesses of
substrates. This meant that the leak rate of the seal between the gold and the PCD was at least resistant
to 1E-9 mbar |/s (the detection limit of the system). One sample that contained carbon fibers was able to
achieve the same leak rate (Figure 3.23). Three other samples that contained the carbon fibers showed a
small leak of 1E-7 mbar I/s. This indicates that the voids seen at the carbon fiber and braze interface could
potentially extend through the brazed through hole, and this could be the source of the leak. Th'fleak rate
of2E-7 would not be an issue for larger implants but would be problematic for this device as the dew

explain —— point of smaller deviceSlower [177]. This leaking could not simply be mitigated byufq‘r%rggparylene coating,

as parylene does not meet the standards for implantable devices [171]. Further work into altering how
the fiber sits within the gold could potentially create a reliable hermetic seal, wherein the fiber is pushed
through the diamond to a point where the gold can create a complete seal over the entirety of the surface
of the through hole. However, this was not explored further in this work.
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Figure 3.23: Graphical output of the helium leak tester. Test window of helium gas flow indicated no detection of helium within
the limit of detection of the testing apparatus (10° mbar I/s).

3.4.2 Device Encapsulation

. gave very . test results ' ‘
The parylene coating was an—irekedibly consistent precess. Optical profiler and SEM images showed
uniform coatings around 2.6 um. No evidence was ever produced to indicate any leaks or issues with the
coating, especially on the carbon fiber electrodes. The physical properties of the parylene were able to
withstand the testing and fabrication proceduresJ as evident in every electrode imaged before
implantation.

The fire deinsulation process produced consistent removal of parylene when exposed above the water
surface. The deinsulation appeared complete in every sample assuming the length®of the fibers were
consistent. Some issues did arise during the deinsulation process, wherein clumping of the carbon fibers
resulted in inconsistent deinsulation across the arrayj(F(iﬁﬁre 3.24). This occurred as—t-h-&&%%%se%-hew the
fibers protruded above the surface level of the watery eareurr(?gttﬁmruenwsas not evenly distributed among
each of the fibers. In some cases, this also resulteJ[ir:\ the fusing together of the parylene coating on
adjacent clumped fibers. This produced inherent inconsistencies with some samples that needed to be
accounted for during the insertion and in vivo testing.
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Figure 3.24. Clumping of adjacent electrodes during the fire deinsulation process.

subscript ~ The 02 plasma cleaning used-was shown to successfully increased the hydrophilicity of the fibers.
Hydrophilicity was measured using glass slides coated in parylene placed within the chamber when
coating electrodes. The coating used was already inherently hydrophilic, showing a contact angle of 61°
degrees (Figure 3.25). This was reduced immediately after plasma etching to 26°degrees and returned to
46°degrees after a week of treatment. This exhibited-an overall improvement however showed-that-the-
effeet-was somewhat transient. Using water droplet tests as a measure of hydrophilicity meant that the
fibers themselves could not be tested. The slides were placed lying flat at the bottom of the plasma cleaner
chamber. In this position the plasma field generated would be less intense than what-would bethat
experienced by the fibers that protrudedup into the plasma, especially the tip of the electrodes. This means
that the plasma effects would be different along the parylene coating of the electrodes. Thinner parylene
films have been shown to produce more hydrophilic surfaces,if required, however these are too thin to
ensure robustness and isolation of the electrodes [168, 183]. These works suggest a Zlim coating could
exhibit the hydrophiliciy properties required whilst still maintaining desired robustness for neural
applications. The hydrophilicity and robustness of the parylene coating and subsequent treatments used
were conducive to both the fabrication steps employed as well as the effectiveness of the array as a neural
electrode (this is explored further in Chapter 4). These tests confirmed the choice of coating and surface
treatment time were optimal for the design constraints of the device.
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Figure 3.25. Water droplet hydrophilicity test. Water droplet on parylene coated glass slider before (61 degrees, A), immediately
after (25 degrees, B), 24 hours after (26 degrees, C) and 1 week after (46%eg#ees, D) oxygen plasma treatment.

3.4.3 Electrical Performance

The electrical performance of both the diamond substrates and their connection to the PCBs were fully
characterized. This involved the evaluation of the continuity through the brazed circuitry to the carbon
fibers, the deinsulation and tip preparation as well as the external connection of the PCB to the substrates.

Firstly, isolated electrical connections were demonstrated between each electrode channel whilst
showing complete electrical continuity from the brazed pads, through the holes to the carbon fibers.
During the brazing process,all channels become shorted due to the formation of a metal carbide layer on
the diamond surface as a result of the braze [216]. This electrically shorts the entire surface in the kQ
range [216]. A graphite layer is also formed on the entirety of the diamond surface shorting each of the
carbon fibers together on the underside of the PCD in the range of 5-10kQ. The acid-boiling technique
used shows isolation on all diamond surfaces with impedance values in the GQ range between channels.
This is sufficient for neural signal transmission. The standard omnetics connector developed for neural
signals exhibit isolation between channels in the GQ range [217].

To achieve the continuity measurements,a conductive agar solution using saline was used to electrically
connect the carbon fibers to thepyotentiostat (Figure 3.26). The agar was used instead of a liquid saline
solution to ensure that the saline did not wet the top surface of the substrate providing false continuity
measurements for discontinuous channels. A probe was placed on each channel to determine the
continuity from the pad through to the electrode tip. For this test, values in the kQ range were deemed
successful as this is the expected range for about 1j_*nm of?iarbon Fiber placed within a conductive saline
solution. Through testinthhe desired kQ range was achieved (values showed between 100-800 kQ). It was
determined that channels with visible gold braze filling the features provided electrical connections to
carbon fibers that were still in place within the array.
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Figure 3.26. Experimental design for continuity measurements. Probes placed on the circuitry and in the conductive agar used to
demonstrate the connection of the brazed pads to the fibers on the underside of the array.

assembled
Once the electrical properties of the substrate itself was verified, the complete package could be created—

and tested. To facilitate this connection,external PCBs were designed. The first and simplest of these can
be seen in Figure 3.27. This iteration was a large, solid PCB with copper wires soldered to pins to allow
connection through to the pads. These wires were attached with silver paste and all connections %(Tated
in an insulating epoxy. This design allowed for robust testing of continuity as well as areas%ggggﬂe With
a muItEmeter to test each separate connection for continuity. Once connected and insulated using epoxy
on the exposed solder and wires, the continuity of the fibers through this nv.ggaed_to-be demonstrated.
This was performed by placing the fibers in NaCl solution and eIechglly testing impedances on the
electrodes. Similar to the agar tests performed, successful connection wauldbe indicated by kQ resistance
through the intact fibers and high MQ in channels missing electrodes. The impedances detected through
the channels with intact electrodes was between 100 kQ and 900 kQ. Channels connected to broken fibers
showed MQ impedances indicating no shorting between the channels. This simplified version was
successful in proving the concept of the design. However, due to the size and rigidity of this design it was
not appropriate for in vivo testing.jA more compact flexible PCB design wowleHe required (Refer to Figure
3.8). was
For this, a
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Figure 3.27 First iteration of the PCB connection design. This includes soldered pins on a solid PCB (A) and copper wires silver
pasted to the gold pads (B). The underside of the PCB can be seen (C) with the wires protruding through the array from the PCB.

Nowthl?é entirety of the external connection and the substrate hage been verified, the tip preparation
methods needed to be confirmed. The first stepW|§§o show the electrical deinsulation of the parylene from
the carbon fibers. Figure 3.28A shows complete removal of the parylene under SEM. T |s is confirmed
with the impedance (Figure 3.28C) being in the 100 kQ range. This is representative of majorlty of the
electrodes produced, with slight variationseen for different exposure lengths of the carbon fiber. The CV
application of the PEDOT appeared successful,as the shape of the CV preduced indicated polymerisation
of the EDOT on the working electrode. The deposition was confirmed with SEM (Figure 3.28B) where a
micronscale coating can be visually seen. Impedance values post PEDOT coating dropped downa-te as low
as 2.7 kQ. The value shown in Figure 3.28D is representative of majority of electrodes prepared. Once the
complete characterisation of each electrode channel was conducted, arrays could be selected for the in
vivo testing in Chapter 4.
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Figure 3.28: An example of a functional electrode tip on a working PCD substrate carbon fiber‘grray. SEM images of the
electrode tip before (A) and after PEDOT deposition (B). The associated impedance spectra of the electrode at these processing
steps (C).

3.4.4 Limitations

The main limitations seen in this work were areund the yields of devices. The yields in this work were very
much a consequence of working at the size scale of the proposed device. This has been noted in previous
works dealing with carbon fibers and other micro eIectrodes’Ewevegto successfully interface with
neurons these are requirements. A major obstacle with the size constraints is the fact that many of the
processes are working 3—% the upper limits of the precision of some of the equipment. An issue
encountered was with the laser cutter used. There was an upgrade to the system part way through the

that resulted in a changing of the beam characteristics. The spot size and power of the laser were
enhanced which led to more precise surface milling. However, this had a drastic effect on the shape of
the through~holes produced (Figure 3.29). This was mitigated through further configuration but stands to
highlight potential issues for reproducibility or issues when using new or different equipment.
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The materials involved also presented some difficulties. These were unavoidable due to the biological
requirements of a chronic device. The complexity of using gold to form the electrical hermetic feed-
throughs presented challenges, specifically at the gold and carbon fiber interface. The introduction of the
carbon fibers meant achieving hermeticity of the feed~thr0lé%hscwdas more difficult. Adding additional
elements to already complex processes s Eam the'effectiveness of these same
precesses. The presence of the carbon fibers also influenced every other processing step, as these fibers
needed to be protected from either handling issues or the processes themselves. Lastly, improving the
PCB connections to create electronics that can bond directly to the gold in a hermetic package would also
be required for a final implant. Such a bonding could also work towards completing a reliable hermetic
seal within the through hole. This was outside the scope of this work but would be beneficial for future
work. Many promising steps were made to realise a complete device. More work is still needed to achieve
a commercially available, chronically implantable neural implant.

3.5 Future Work

Considering the limitations of the proposed device, some avenues for improvement were explored to
show potential increases in the viability of the design. This included working on thicker substrates to
potentially improve yields, straightness of fibers and hermeticity. Work was also conducted to show the
potential scalability of the design and how it could potentially compete with other higher electrode
number arrays.

ym
3.5.1 500 Micran Diamond Substrates

Due to the evident cracking, yields of the carbon fibers and the hermeticity concerns, thicker PCD
substrates were explored. PCD substrates were milled in the same configuration as shown using O.Stnm
thick TM100 PCD. The major limitation for these samples WHhe ability to mill features deeper into the
diamond. The shadowing effect of the substrate as the laser mills deeper results in larger feature sizes on
the surface when creating through-holes. It was demonstrated that through-holes were possible even with
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the thicker substrate)and that carbon fibers could be housed within these (Figure 3.30). The next test was
the brazing,which also produced consistent results (Figure 3.31). No cracking was evident in any of the
brazing runs conducted, indicating that the thicker substrate could potentially be useful for this reason
alone.

Carbon Fiber

500 pm

Figure 3.30: Shows a 500 um thick PCD substrate with carbon fibers protruding through milled holes.

Figure 3.31: Gold brazed holes containing fibers in 500 um thick PCD substrate.

The thicker substrates produced larger surface size holes meaning that creating tracks between channels
is not possible for this electrode pitch (100 um). The larger holes gdo provideda larger surface area to
connect directly to the holes themselves for potential chip'bonding solutions. Conductive agar tests were
performed on these samples to again show continuity through the holes as well as isolation between
channels (Figure 3.32). Similar to the 300 um samples, the isolation was in the GQ range with the
continuity through the fibers being in the kQ range. These tests indicated that the electrical performance
of the arrays was achievable with the thicker substrates suggesting they would produce no extra issues
for array construction.
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Figure 3.32: EIS data to show the continuity and isolation of the channels in the 50@m thick substrate samples.

3.5.2 Scalability

A limitation with single"unit recording electrodes is that,while they provide detailed information on the
behaviour of individual neurons, the spatial coverage of each individual electrode is very limited. The
ability to scale singlé unit implants is ineredibly vital to reachiag the maximum number of neurons for the
best picture of the overall neural activity. As each electrode is only capable of interacting with a very
limited area,the only way to increase the spatial resolution of these implants is through increasing the
number of electrodes available to the implant. This,in itself,brings in a number of its own limitations
concerning scaling fabrication. Two iterations of arrays were fabricated but not electrically connected to
demonstrate the feasibility of scaling the proposed implants. This included a 10x10 array housing 100
carbon fibers and a 32x32 array containing 1024 carbon fibers.

The first p%gg?_lgf_tbis is to demonstrate the ability to increase the milling of the features within the
substrate to increase the number of electrodes that can be held. The modification of the milling program
was simple, and the only constraint was time, as extra holes require extra milling time. This time increase
is linear as no other parameters apart from number of holes needed to be altered. The placement of the
fibers was a similar process to the smaller number of electrode versions. This too was linear as it was
simply a matter of placing more carbon fibers within the substrate. The overall yield and straightness of
the fibers was consistent, as the geometry of the holes did not change (Figure 3.33).
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Figure 3.33: Microscope images of the PCD substrate holding the 100-carbon fiber in the 10 bi; 10 configuration. Bottom side of
the substrate showing carbon fibers protruding through (A). Side view of the configuration showing before (B) and after (C) laser
cutting of carbon fibers to length (l-znmtmper).

To accentuate the different possibiIEie% ?gﬁilabl with increased electrode counts,the cutting of the
carbon fibers was altered to M tes of array geometries. The laser w#l cut each of the
electrodes within a row, howevej this means that 3D geometries are possible by cutting the fibers along
different planes. The simple taper demonstrated with all other fibers was expanded to include two
sections of longer electrodes on each plane (Figure 3.34C) By doing this on the sample and rotating it by
90°dag:ees_,this was able to produce 4 sections of longer electrodes that culminate®in an area of shorter
length electrodes in the centre. More complex shapes could be created to optimize neural signals and
array insertion in future work. The potential to insert longer fibers or geometries that are able to target
specific layers of the cortex could be possible through such a method.

3d Printed Holder

X
Figure 3.34: Microscope images of the PCD substrate holding the 1024-carbon fiber in the 32 by 32 configuration. The assembled
array with the fibers secured in place (A). The transverse laser cutting of the fibers to length include a cut of all fibers to 2.5tnm
( B') followed by two separate sequential tapers creating 4 corner high points in the fiber geometry (G and D,).
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The processing steps that followed,again;showed no deviation from arrays with fewer electrodes assuming

the same configuration (i.e. tapered length, coatings and process order) remained the same. The fibers
were cut to length, parylene coated and deinsulated in the same manner as the lower electrode number

configurations. The final 100 and 1024 electrode array configurations can be seen in Figure 3.35 and 3.36
respectively.

c f a
Figure 3.36: SEM images of the 32x32 grid 1024 Garbon ﬁiber frray within a PCD substrate and Parylene coating.
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most important
It appears that the largest limitation impacting the scalability of the implant weuld—t-he:ef-o.':e_be the

external electrical connection to the implant. This could be mitigated by using a larger substrate to contain
space for the larger number of pads required for connection to external recording devices. A larger
electrode pitch would also allow for larger pads over each electrode for PCB stack designs or other solder
bump technologies to connect to individual electrodes [218, 219]. It would also be possible to short
multiple electrode channels together with large pads that would potentially allow for the stimulation of
areas of the cortex as seen in other neuromodulation modes [220]. The fabrication methods do not appear
to be the limiting factor when considering the scalability of the design.
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Chapter 4: /n vivo applications of Carbon Fiber Electrode arrays

4.1 Chapter Outline

This chapter will explore the in vivo implantation of carbon fiber arrays. This includes the immune-
histological results, the implantation technique efficacy and the neural signal acquisition achieved.

4.1.1 Chapter Acknowledgements

The in vivo work conducted in this chapter was collaborative. The surgical development was conducted
alongside Dr Sorel De Leon Vergara (RMIT University) and Dr Young Jun (The University of Melbourne).
The insertion of the devices was optimized primarily by me, with Dr Jun performing much of the rest of
the surgery. All of the passive devices utilized were created entirely by me. Some of the later stages of
production of the active devices (PEDOT Application and Tip Optimization) were conducted by Dr Vergara.
The tissue preparation for postmortem evaluation of the devices was performed by Dr Jun. The CT images
were obtained and processed by Dr Yidan Shang (Monash University).

4.2 Chapter Introduction

To fully realise the implant as a neural recording device it needs to be trialled for in in vivo applications.

This is to show how the characterisation performed translates to the practical use of the implant. This first
involved investigating the implant§ effect on the neural tissue, both acutely and chronically. The tissue
responses will also play an important role on the signal quality over time. The signal quality was tested”
extracted from electrically connected arrays that were implanted into the brain. Through this rigorous in

vivo evaluation, the safety, longevity, and effectiveness of the proposed implant desigh can—be was
determined.

4.2.1 Array Implantation

Much of the performance of a neural implant is dictated by how the device is implanted within the neural
tissue. The ability to insert the microelectrode is of particular importance for flexible neural probes. For
the same reason that makes them beneficial by matching the mechanical properties of the implant to the
neural tissue, these same properties hinder their ability to penetrate the tissue [88, 221-223]. Developing
the correct insertion speeds and techniques will allow for the electrodes to be reliably implanted and able
to interface with the tissue. This may also reduce tissue trauma upon implantation. This is important as
signal quality in some implants can be directly related to the damage Sk the tissue or device upon
implantation [40, 52, 61, 62]. Flexible arrays aim to circumvent the tissue damage howeveLare themselves
more prone to damage due to their fragility. Insertion guides can aim to alleviate this issue. However,
these have been shown to produce damage themselves and negate the benefits of using the flexible
electrodes in the first place [77].

Carbon fibers find the balance between mechanical flexibility and mechanical strength wh%iein-they are
able to be implanted with minimal damage to the implant or tissue [84, 164]. Previous work has indicated
that carbon fiber lengths of 1.5mm should be able to be consistently implanted into neural tissue [221].
This does not mean that the implantation of carbon fiber devices is trivial. There is a limit to the length of
electrode that can be reliably inserted. This insertion still needs to be done in a controlled, slow manner.
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Insertion speeds in the un%l range are typical for microwire implants [224]. These slower insertion speeds
are also beneficial in that they have been proven to produce reduced tissue damage, even for larger silicon
probes [59, 162, 225]. Removal of the dura will also benefit the implant as it aids implantation of the (define)
electrode without the tissue compressing and will grow back safely after implantation [226].

This tissue compression is often referred to as dimpling, where the tissue compresses to form a dimple.
This occurs until the electrodes penetrate or the electrodes buckle, a mode of failure for flexible electrode
insertion. This can be used to determine implantation success as after initial dimpling, the relaxation of
the tissue as the electrodes penetrates can be often seen even when the microwires themselves cannot
(due to constraints in the viewing angle of the electrodes within the tissue). This is less important for an
electrically active implant as the signals themselves can be used to determine insertion success, either
through signal acquisition or a reduction in electrical noise. This dimpling can also be compounded for
Utah-like arrays, wherein the*bed of nails%ffect will have an important role to play on the penetration of
the electrodes into the tissue [227]. This is further exacerbated as the number of electrodes increases, as
anincreased number of electrodes or increase in density (reduction in electrode pitch) will lead to an even
greater ameuntefthe bed of nails effect.

No groups have developed a means to insert a Utah-style array of carbon fiber micraelectrodes. The most

(Ref numberspimilar work by Patel et al. and Kozai et al. all worked on planar arrays. Therefore, it WAl be important to
develop and verify the surgical implantation of the fabricated devices and hence show the effectiveness
of the proposed design.

4.2.2 Signal Acquisition and Quality
were

The signals detected by the eIectr\%%%s from the tissue are—able-te—be quantified to compare their
performance to other devices. This can-be-done using the spike rate or Signal-to-Noise Ratio (SNR). Spike
rate refers to the number of spikes observed within a period of time,, lpowever,this is heavily dependent
on the location of the implant, general brain state at the time or any particular neural stimulus provided
[228]. Due to the nature of in vivo recordings,this may not always be a one-to-one comparison. This
variation can also be seen in the SNR efsigrals. SNR is usually calculated from comparing the ratio of the
underlying noise bed to the-ratie-ef the peak of the spike waveforms [229]. Commonly for single”unit
recordings, the mean of the spike waveform is compared to the standard deviation of that same
waveformn's noise [230]. Many papers using these methods indicated an SNR of greater than 1.5 is deemed
as acceptable for working electrodes [50]. Neural devices, including Utah, Michigan and carbon fibers have
shown SNR levels as high as 5, however the average to sit closer to 2.5 [45, 213]. The spikes themselves
are not the only determinant of SNR, as the ability to produce low noise signals will also have a direct
effect on the retrieval of high SNR spikes. This is influenced by the electrode/implant itself, the electrode
tissue interface,as well as noise generated throughout the recording system or within the room. This is
exacerbated by in vivo recordings where it can be much more difficult to isolate and remove sources of
electrical noise from within the surgical set up.

These signals have been shown to change over time, sometimes for the better or worse)depending onthe
electrode. Typically, stiff electrodes like that of the Utah array,appear to improve over the period of time
immediately following implantation)as the tissue relaxes from the trauma experienced during insertion.
This is less evident in microelectrode recordings where minimal trauma is experienced by the tissue. The
stability of the signals will also affect the potential use of devices for BCI [231]. This suggest potential
stability of signals over time could be as important as the signal quality itself [232]. Maximizing the signal
quality and stability of the electrodes is key to proving the efficacy of the proposed implant.
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4.2.3 Chronic Performance and Immunohistology

Evaluating the local tissue damage that is caused by the insertion of a neural implant is vital to fully
understand the safety and ultimately efficacy of the device. Especially when dealing with the complex and
important tissue within the brain, understanding and potentially reducing or limiting this is incredibly
(This is a important. More so because the tissue damage from the implant is directly correlated to the chronic signal
clause not a acquisition capabilities of a neural electrode and a primary failure mode for many devices [53, 225, 233-
sentence)  235]. An effective method to measure this damage is by performing post-mortem immunohistology on
the implanted tissue. This is achieved by fixing the tissue at the implantation site to preserve the cells and
architecture around the implant)to assess the local environment for the presence of inflammation or
healthy neurons [64]. This involves preparing slices of this fixed tissue and using stains to test for particular
inflammatory cells of interest. Glial Fibrillary Acidic Protein (GFAP) is one such commonly used stain target
that is only found in astrocytes, which are a type of glial cell that is primarily responsible for the glial
scarring of the FBR. Iba-1 (a protein expressed by microglia) is another typical stain target that is able to
visualize microglia, another cell involved in this immune response [236]. Using this technique the amount
of tissue damage can be quantified, as well as the extent of glial scarring that is occurring at the electrode-
tissue interface. This interface scarring can be as thick as 100 um [59, 108, 237]. This increases the
impedance between the firing neu[rl%ns and tshe electrode itself, reducing the signal quality of the electrode
to the point of functional failure. Iilg%ﬁght'uagthe importance in both reducing and quantifying any local
inflammation of neural implants.

4.3 Surgical Methods

4.3.1 Array Fabrication

All arrays used in this work were developed using the techniques and processes discussed in detail in
Chapter 3. For clarity, there were two specific configurations used for these experiments. These included
the Active and Passive arrays. Active arrays refer to electrically connected fully functional arrays. This
includes the carbon fiber brazed into the diamond, connected to the PCB and encapsulated in Parylene-C
with tip optimisation used (Figure 4.1A). Passive arrays involve the same carbon fibers, PCD substrate and
encapsulation, however, lack the electrical connections (Figure 4.1B). The fibers were secured in place
with cyanoacrylate g€to reduce the complexity of fabrication to improve the efficiency of the experiments.

This and-allowed for the chronic experiments to be undertaken alongside the development of the active
devices. The same tip preparation and tip treatments were used apart from the PEDOT, however there
was no indication that the nanometre scale application of the coating impacted the insertion or immune-
histological results shown.

62


(This is a clause not a sentence)

This h      s

This


® RMIT

UNIVERSITY
A . B .
Active Array Passive Array
‘ Handling Fin
Flex PCB
" 4
« PCD Substrate ‘
‘ ’ ! .‘
L Carbon Fiber, Parylene Coated electrodes Bare Exposed Tips

PEDOT Coated Tips
Figure 4.1: Visual diagrams of the active (A) and passive (B) arrays used for in vivo experimentation.

4.3.2 Animal Surgery technique

All experimental procedures were approved by the University of Melbourne Animal Ethics Committee
(Ethics Approval #22494) and conformed to the policies of the National Health and Medical Research
Council of Australia (NHMRC).

Animal experiments were performed on adult Long Evans Rats. Arrays were all inserted into the primary
visual cortex (V1), typically in the right hemisphere. To achieve this, animals were anesthetized using 5%
isoflurane in an induction chamber and transferred to a nose cone within a Harvard Surgical Frame.
Maintenance anaesthesia was provided between 0.8% for recordings and 1.5% for the rest of the surgical
process. A temperature pad was employed to ensure the animal remained stable and monitoring was
performed to demonstrate no negative impacts on the animal. After the removal of the skin and cleaning
of the skull using a scalpel blade, a 6 mm x 6 mm craniotomy was performed to expose the animal’s neural
tissue (Figure 4.2). Holes were drilled surrounding the craniotomy window to allow for stainless steel
screws to be fixed for grounding during electrophysiology recordings and to aid in the head cap adhesion
for the chronic recovery surgeries. The dura was removed with a fine needle to expose the pia and surface
of the brain, with sterile saline saturated gel-foam being placed to keep the surface hydrated.

Figure 4.2. Surgical configuration of the incision, craniotomy window and the attachment/reference stainless steel screws.
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4.3.3 Electrode Implantation

Arrays (sterilized with ethylene oxide) were fixed to controllable tweezers (mechanical or vacuum) for
implantation. The tweezers were attached to a micromanipulator (Scientifica) and placed over the
insertion window (Figure 4.3A). These were lowered until the fibers were directly adjacent to the surface
of the brain. A camera with a macroscopic lens was used to visualize and record implantation. The fibers
were inserted vertically into the brain from depths between 500 and 2000 um at a speed of 7 unf'l. The
success of the insertion was determined from the visuals provided by the camera where no excessive
electrode bending, and retraction of the tissue dimpling was observed. For active arrays the devices were
connected to a Blackrock systems head stage for signal recording using bespoke connectors (Figure 4.3E).
For chronic surgeries)the arrays were released from the tweezers and the manipulators removed. The
chronic arrays were covered with silicone (Kwik-sil) and the entire craniotomy sealed with 3M UV curable
dental cement (Figure 4.3C, D). The skin was sutured for complete encapsulation of the implant.
Recovered animals were administered Buprenorphine and Meloxicam subcutaneously for analgesia for
the first three days post-surgery. Animals were monitored twice daily for two weeks to ensure no adverse
effects. Upon completion of experiments, animals were humanely killed using an intracardial overdose of
sodium pentobarbital. The tissue was fixed via perfusion of 4% formalin and stored in refrigerators for
postmortem analysis.
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Figure 4.3. Passive arrc% insertion using vacuum tweezers for Chronic Passive Array implantation into primary visual cortex (A,
B). Subsequent si/icogt pplication (C) and dental cement headcap fixation (D). The active array insertion and recording set up
including mechanical tweezer fixation for implantation and connector to Blackrock head stage (E).

4.3.4 Signal recordings

All signal recordings were acquired using a Ripple acquisition system (Ripple Neuro) at 30 kHz. These were
displayed using Trellis so that signals could be evaluated at the time of experiment. The raw data collected
underwent a high-pass filter above 300 Hz to remove any low-frequency noise. Kilosort was used as an
automatic spikesorting program to extract the spike waveforms of action potentials from the underlying
baseline signal. Spike clusters were further processed by Phy to obtain known curated waveforms only.
10,000 random spike waveforms from each single cell were collected from the raw data trace. These were
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made up of waveforms 1fms before and %ﬁs after spike time (-30 to 60 samples from the spike detection).

These waveforms were averaged to norMalize the baseline detected to equal 0. The sigral-to-noise-ratie-
SNR)was calculated as the ratio between the mean waveform for a unit and twice the standard deviation
(SD) of that waveform} noise [230].

4.3.5 Micro-CT Scanning

To visualize the position of the array upon completion of the chror\;&agxperiments)micro-CT was
performed. Due to the fragility of the device and the surrounding tissue,it 8 not as simple as removing all
of the fixings and encapsulation to observe the array and tissue postmortem. It would be impossible not
to disturb array in the process of removal, and hence it would not produce an accurate assessment of how
the array was contained within the tissue. Micro-CT allows visualization of the array, specifically the fibers
as it sits in vivo. To achieve this the perfused rat’s head was removed and placed within 4% formalin for
24 hours to fix the tissue. The entire head was scanned at low resolution (10.3 um) to generate the bulk
of the image (i.e. the skull and headcap). High resolution (3 um) scans were used to image the carbon
fibers still inside the neural tissue. The segmentation of these images was performed using 3D-Sliver
(Version 5.2.2). Ansys SpaceClaim (Version 2021R2) was used on the high-resolution images to enhance
the definition of the carbon fibers. These reconstructed 3D models were combined to create the final
model produced.

4.3.6 Immuno-histological Staining

For immunohistology the headcap was removed from the tissue from animals post chronic implantation.
Skull decalcification was performed by incubating the tissue in 0.25M EDTA solution at 5 degrees-Celsius °C
for 7 days as performed in [104]. A section of brain was removed from within where the craniotomy was
located. Brain slices were obtained from the cleared tissue (tissue clearing kit ab243298, Abcam) as per
manufacturer’s instructions. Different antibodies were used forimmunohistology. The primary antibodies
were GFAB (chicken, ab4674, Abcam) and IBA 1 (rabbit, Fujifilm Wako). Goat anti-chicken Alexa Fluor 488
(ab150169, Abcam) and goat anti-rabbit Alexa Fluor 647 (ab150083, Abcam) were used as the secondary
antibodies. The prepared samples were imaged using a z-stack scan on multiphoton and light sheet
microscopes. Image) and MATLAB software were used to quantify GFAB and iBal. The location of the
electrodes was detected manually.

4.4 |n Vivo Results

4.4.1 Electrode Array Insertion

Successful insertion of 25 electrode (tapered 1-1.5/nm and straight 1.5/nm) arrays was achieved
repeatedly into the neural tissue of Long Evans Rats. This was confirmed optically and through the release
of the arrays where they remained in place after release. All arrays used were imaged using SEM to
confirm the tip morphology and straightness of electrodes were consistent to remove added variables. All
arrays were inserted into similar areas of the cortex with the hydration level and condition of the tissue
being kept as pristine as possible to limit these playing a role in the insertion success. Numerous animals
(italic) (n=9) were used to account for any differences resulting from the in vivo nature of the experiment. ggﬁsstent with
insertion speed of 7 m/t was found to be the most viable for implant insertion success. This is canducive
te previous work (herein slower insertion speeds have been indicated to produce more favourable

insertions for flexible microelectrodes and provide less damage upon insertion [221, 225].
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As stated previously, much work has been done on the insertion of carbon fiber and other various micro—
electrode arrays into neural tissue, but no group has ever implanted a configuration of carbon fibers like
those produced in this work. The 100 um pitch of electrodes, number of electrodes and the Utah-like
configuration of the device are all novel. The bed-of -nails effect that is seen on electrodes of this
configuration would be a major problem that is not observed with the planar designs seen in related work
on planar carbon fiber arrays [84, 104, 238]. There was no obvious damage to the electrodes or the PEDOT
coating as 620 be seenin SEM images taken before and after implantation (Figure 4.4).

C
Figure 4.4. SEM images of garbon fiber electrode array before (A) and after (B) insertion into neural tissue. No obvious damage
can be seen on the PEDOT coating as a result of the implantation (C).

Finding an effective method to verify the success of the insertion was a major challenge overcome. This
was performed by viewing the electrodes during implantation and by observing the array after releasing.
Force measurements of the insertion were considered to assess insertion viability. This was left for future
work as the implantatioa—af-the equipment required proved too complicated for this stage of
development. If the insertion was not successful, the spring force of the bending electrodes that have not
penetrated would expel the array. This also informed some design choices for the %.ctivea}\rrays and their
connections (i.e. PCB designs). To this effect the camera set up used as well as releasing mechanisms were
in combination a good indication of successful implantation. The camera utilized was able to record video
and images of the insertion)as seen in Figure 4,5. The depth of field and magnification available allowed
for the viewing of most of the fibers throughout/majority of the insertion. This was not without challenges_
as the line of site required to see the implantation proved difficult in some situations owing to the short
length of the fibers and the presence of saline within the cranial window. The images do clearly show a
successful implantation with the initial bending of electrodes, the dimpling of the tissue and the
subsequent release of this dimple as the electrodes penetrate the tissue (Figure 4.5). Observing these key
steps during the surgery is important“as these moments occurred before the saline that was applied to
the cranial window covered the entire array and removed the ability to observe,final moments of the
insertion. In instances where insertion was not successful, excessive bending of the electrodes was
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evident and the dimpling would be drastic and not release before the point at which the line of site was
lost.
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Figure 4.5. Passive carbon fiber array insertion for chronic implantation. Initial penetration of fibers into the neural tissue (A),
dimpling of the cortical surface as the array is inserted (B), subsequent retraction of dimpling as the array is accepted into the
neural tissue (C) and the complete insertion of the device (D).

Using the release of the arrays as a marker of successful indication provided somewhat mixed results. For
much of the%’assive %‘rray implantation,vacuum tweezers were used to secure the flat topside of the
arrays. This worked well to hold the arrays and provide the parallel force through the electrodes. However,
some issues were encountered upon attempting to release the arrays. The presence of the saline and the
seal that was created by the vacuum meant that the release was not as simple as turning the vacuum off.
The back of the array had to be pressed on to disrupt the vacuum seal. This left some ambiguity on
whether the array was being pulled out by the tweezers themselves or rejected by the tissue and bent
electrodes. This issue was not seen later with mechanical tweezers, as the holding fins placed on the back
of the arrays could be immediately released. The tweezers did allow for the retraction of the arrays if the
device had not been released yet. This allowed for multiple insertion attempts for a single device with no
damage to the arrays. In some instances, up to 4 attempts could be made with successful implantation.

To test the scalability of the array insertion, the 100 and 1024 passive electrode arrays (flaébricated in
Chapter 3.4.5) were also inserted into rat visual cortex (Figure 4.6 and 4.7 respectively). This was
performed using mechanically controlled tweezers to hold the arrays and a linear manipulator at a speed
of 7 unjb'l to control insertion. A larger 8x8 mm craniotomy window was opened for these tests to account
for the larger footprint of these arrays and to still allow avoidance of blood vessels. For the 100-electrode
carbon fiber array,the dimpling and tissue response observed appeared similar to the previously tested
arrays with fewer electrodes (Figure 4.6B). Due to the size of the array and the associated difficulty with
observing each electrode the clear retraction of the dimpling was not able to be observed. The dimpling,
however,appeared to hit a maximal deflection (Figure 4.6C)-,r11he fact it did not appear to increase past this
point indicates the fibers were penetrating the tissue and not just bending. This was further confirmed by
observing the positioning of the surrounding tissue upon complete penetration of the fibers (Figure 4.6D).
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Figure 4.6. Passive insertion of the 100-electrode carbon fiber array. Electrode lengths were tapered from 2 mm to 1 mm (A).
Some dimpling of the tissue can be seen (B and C) with the entire array appearing to successfully penetrate the tissue (D).

Similar to the 100-electrode array, the 1024-electrode array introduced some complexities when trying
to visualise and assess the successful insertion of the implant. The increased electrode number resulted
in restrictions to visibility of the implantation, as well as a vast increase in the accumulation of saline and
fluids around the hydrophilic electrodes (Figure 4.7B). This made it difficult to see the individual electrodes
andJ as sucthhe tissue itself would be used to assess the success of the implantation. The fluid
accumulation could_'however_‘aid the insertion as it would help prevent the tissue from drying out during
the process. A larger craniotomy window was successfully opened to accommodate the larger footprint
of the electrodes (3.1x3.1 mm) and it appeared that minimal vasculature was present in this area to
impede insertion (Figure 4.8). The before and after images of the tissue also do not show any overt signs
of tissue damt%gdei or bleeding (Figure 4.8B). Dimpling was again observed during insertion (Figure 4.7C),
howeverlliketseen in the 100-electrode array (Figure 4.6C),the dimpling appeared to hit a maximal
deflection. The position of the tissue in Figure 4.7D indicates that the electrodes were able to penetrate
after this point as the dimpling had not increased. Despite no evident bending of the electrodes, the fluid
obscuring the view of the individual electrodes does still leave a level of ambiguity for the success of the
insertion. At the very least these results indicate the promise of using larger electrode numbers, as no
catastrophic failure or adverse effects to the animal or tissue were observed. This indicates the
requirement for further testing, building towards an increased electrode number of electronically active
arrays.
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Figure 4.7. Passive insertion of the 1024-electrode carbon fiber array. Electrode lengths tapered from 1.5 mm to 1 mm in a

unique geometrical pattern (A). Some dimpling of the tissue can be seen (B). The accumulation of saline and the size and
geometry of the implant obscuring the final view of the electrodes upon complete insertion (C and D).
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Figure 4.8. Craniotomy window for the insertion of the 1024-electrode array before (A) and after (B) insertion. Insertion location
indicated by yellow dashed line, showing no obvious signs of tissue damage upon removal of the array.

Having demonstrated the correct procedures to insert the passive arrays, the insertion of the active arrays
provedtwlc 0arllenge (Figure 4.9). The configuration of the device with the PCB may have been
different but due to thoughtful design considerations this had no impact on the insertion of the devices.
This was aided by the fact that the electrical signals (be it the noise levels or the neural spiking) could be
used to indicate successful insertion alongside visual observation of the electrodes. The size and flexibility
of the PCBs were very conducive to the insertion techniques. They did not impact the acute surgery
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protocol or the implantation. These would need to be reviewed for chronic implantation as the pins on

the PCB were not biocompatible. This will be considered for future work.

Figure 4.9. Active array implantation for acute neural recording. 9 channel array (optical image (A) and SEM (B)) that was
inserted into the visual cortex through a craniotomy window (C).

4.4.2 Immuno-histological Results

Immuno-histological data V\X/Srgecollected to show the extent of chronic inflammation caused by the
implantation of the array. This was performed on passive arrays implanted for periods up to 6 months.
The stained slices were able to successfully show the trajectory of the fibers through the neural tissue on
both the coronal and sagittal planes (Figure 4.10). The staining showed the presence and distribution of
microglia (Red IBA1 stained cells) and astrocytes (Green GFAP stained cells). The distribution in areas distal
to the electrodes showed levels that would be expected in healthy tissue, indicating there was no issues
with the staining. The glial scarring present at the electrode site was at most 20 um. The minimal response
seen is consistent with the work by Patel et al. for chronically implanted planar carbonTiber arrays [104].
This is drastically less than that seen in Utah Arraﬁlsor other stiffer alternative implantations where the
thickness of scarring is greater than 1004m [59, 96]. This is significant as at this scale as distances greater
than S%m will greatly effect signal acquisition [239, 240].
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Figure 4.10. Immunohistology slices of the rat brain after 3 months of electrode implantation. A sagittal plane slice taken
proximal to the surface of the tissue, arrays indicating the position of the fibers (A and B). Coronal plane slice to show the cross
section of the length of the electrode within the neural tissue The GFAP and IBA1 maximal responses were only present within 20
um from the electrode positions for all samples.

The distribution of the fibers in Figure 4.10A show that the fibers were not in the perfect alighment of the
100 pum pitch grid. This is not surprising as the SEM images of the devices showed some straightness issues.
This is further exacerbated with any clumping of the electrodes upon insertion. The spacing between the
fibers is still consistently close to 100jim, meaning that the overall coverage of the recording area would
not necessarily be meaningfully impacted. The coronal slicing (Figure 4.10C) demonstrated that the
electrodes maintained a straight trajectory upon insertion. The staining in this slice showed the level of
FBR observed was not different along the length of the electrode. Samples for staining were not prepared
from acute experiments. This was deemed unnecessary as it is primarily the chronic inflammation effects
that were of concern. The presence of acute signals indicated that the level of acute inflammation was
low enough to not disrupt signal acquisition. Meaning that if there was initial inflammation that occurred
it dissipated quickly or had no meaningful impact on the functionality of the electrodes.

The CT scan performed was able to show the array while it was still in position. These reconstructions
categorically showed that not only did the electrodes penetrate the tissue, but they also remained in place
chronically. The carbon fibers seen in Figure 4.11A-C appear mostly straight. The general positioning of
the fibers in the CT scan resembles how the array appeared before implantation using SEM (Figure 4.11D).
The SEM image also shows that all of the electrodes remained intact during the entire process. One fiber
can be seen to be missing in the CT scan; however, this same fiber had been broken during fabrication
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and as is seen in the SEM. The PCD substrate seen in blue appears to be aligned with the skull as expected,
meaning that itJtoojdid not move post-surgery.
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Figure 4.11. CT scan showing the position of a Passive%fray within rat visual cortex 3 months post implantation (A). PCD
substrate can be seen in blue, carbon fiber electrodes in yellow and the skull in grey. The position of the substrate relative to the
skull cross section (B). The position of the electrodes within the tissue appears to be straight with successful implantation
confirmed and maintained for this time period (C). SEM image of the same array before implantation showing consistent
straightness as well as the missing fiber from the CT scan showing that this was not lost during implantation but rather during
production (D).

, . 4.4.3 Signal Acquisition
It's confusing

;c;rL:]SeeStS;bm Electrical recordings were successfully obtained from live rat visual cortex. Spikes were observed across
n' for 3 multiple channels (n=3), on multiple devices (n=6) and implanted in multiple rats (n=3). The signals
different detected contained si N to between 2.4 and 5.4, with an average of 3.4. Examples of these
values. | spike wave forms ané along with a 60-second recording of the raw trace can be seen in Figure 4.12. These

Suggest you  results were very promising and show that the carbon fibers in this configuration perform at least, if not

usg it better,than other comparable devices [45, 213]. Different electrodes in the same arrays were able to
zﬁfesrcerrlft) S O detect different neurons, as seen in the spike waveforms shown (Figure 4.12). This indicated that the

symbols, ¢~ coverage of the array over this spacing was adequate to potentially sample adjacent neurons, justifying
for number of the use of the high density 10%m pitch. Further testing is required to confirm this. The maximum number
channels, d of channels that one array was able to record spikes from was 3. This was partly a manufacturing issue as
for devices, r well as a potential limitation to the electrode size and pitch. This array had 4 (out of a possible 9) functional
for rats. channels when tested at the end of fabrication. The arrays were able to show recordings as shallow as

GO%m and as deep as 150%m (the full length of the electrodes). These results suggested that the core
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concept of the design was successful and the electrical testing that was performed upon fabrication was

validated through an in vivo model.
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Figure 4.12. Representative Meural spike waveforms from different channels recorded using various 9<hannel carbon<fiber
arrays (A). Unfiltered waveforms (grey) and the average waveform (black) are shown. Raw signal retrieved from one of these
channels is shown (B) from a recording period of 60 seconds.

4.5 Future Work

The proposed device design showed the ability to be inserted into neural tissue, showed minimal chronic
inflammation, and demonstrated an ability to record individual single~unit signals. More work is still
required to completely validate this configuration of array for chronic recording with biocompatible
electronics. This could also be expanded to include more channels; this would allow the electrical signals
to confirm the successful insertion of the increased electrode number array. This was outside the scope
of this work as there was not enough time for chronic recordings to be made after the laborious
development process. This is why theassive and Active &rray works were delineated. The lack of chronic
inflammation, the evidence suggesting the array remained intact and in place, as well as the acute
recordings,heavily indicated that this configuration of device would be viable for chronic use. Another
area for further testing is the potential use of longer electrodes to reach different cortical layers and
depths. More in-depth analysis of the recordings would also further add to the functionality of the devices.
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Minimal analysis beyond spike shape, rates and size was performed on the data obtained. Using the
devices to conduct neuroscience would give credence to the use of these electrodes for meaningful signal
acquisition. Nonetheless, the fabricate'devices showed an ability to produce signals in a configuration that
had not been implemented before. Further improvements in the yields and manufacturing of these
devices could provide much benefit in the field of neurological disease treatment and understanding.

74


why not?

d


potential
window in
water

® RMIT

UNIVERSITY
Chapter 5: Deposition of Boron-Doped Diamond on carbon fiber bundles

for Biosensing Applications

5.1 Chapter Outline

This chapter will describe the growth of a continuous and uniform coating of Boron Doped Diamond (BDD)
carbon fibers for biosensing applications. This includes growth of diamond on carbon fibers, the
fabrication of electrodes for electrochemical characterization as well as the physical characterization of
diamondcoated carbon fibers using techniques including SEM, TEM, Raman and EELS.

5.2 Chapter Introduction

To improve the effectiveness of the carbon~fiber electrodes and expand on their list of potential uses,
modification of the carbonfiber electrodes is usually required. An avenue for this is through the growth
of carbon-based coatings on these electrodes to improve their electrochemical characteristics. These
types of coating materials include carbon nano-walls and various forms of diamond. Previous work has
shown successful growth of Nitrogen Doped Ultra-Nano Crystalline Diamond (NUNCD) and Boron Doped
Carbon Nano-walls (B-CNW) [105]. This work will further explore the potential of a Boron-Doped Diamond
(BDD) coating to explore an alternative coating that will elevate the utility of the carbon fibers for neural
interfacing applications.

5.2.1 Current BDD Growths and Applications

Diamond presents many unique properties, such as biocompatibility, chemical inertness, and mechanical
durability, making the material suitable for many biomedical applications. Diamond films can be deposited
on various substrates using a process called chemical vapor deposition (CVD) [241]. CVD uses plasma to
induce chemlcal growth onto the surface of a substrate,producing films with thickness in the nanometre
to m-ncromet-re range (Figure 5.1A). Diamond growth on non-diamond substrates typically uses a form of
CVD known as Microwave Plasma-enhanced Chemical Vapor Deposition (MP-CVD) to promote the
nucleation of the diamond film required for diamond growth [242, 243]. Without this nucleation,the
growth will be dominated by films other than diamond and show poor uniformity. Thin films in the
nanometre to micrometre thickness range allow for surface modification of electrodes. Diamond and
other forms of carbon have extensively shown a level of biocompatibility that has not been demonstrated
with any other coatings [86, 244-246]. Conductive diamond~coated electrodes also possess strong
electrochemical stability, with a larger water window thsan other neuralinterfacing surface electrodes. For
these reasons,conductive diamond has_p.r.esentgd’a very promising electrode material for chronically
implanted neuraI electrodes for recording and stimulation applications [247-249].
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Figure 5.1. CVD plasma growth environment (A) [250]. Crystalline growth of nano and micro-diamond. Depicts the nature of void
creation on a non-diamond substrate, highlighting the requirement for seeding as the critical nucleation cluster would be evenly
distributed for a seeded sample (B) [251].

Diamond is innately an insulating material due to the sp® bonded carbon within the diamond crystal
structure. The sp® bonding structure does not allow for the movement of electrons as they are each
bonded within the dense lattice configuration. To enable electrical conductivity,the diamond film can be
altered using different gases during the growth process. This modification of the film can enhance the
electrical properties of an otherwise insulating diamond material via doping or changing the grain
structure [252, 253]. Acommon means to achieve this is the use of nitrogen gas during the plasma growth
to produce sp? graphitic rich grain boundaries between the diamond crystals [254, 255]. This sp? carbon
bonding is conductive by virtue of the double bond present in the structure presenting an avenue for
electron movement within the lattice.

Most forms of diamond growth contain crystals of varying sizes and orientations called Polycrystalline
Diamond (PCD). Depending on the crystal size of PCD, it can be categorised into microcrystalline diamond
(MCD)(crystal size in um range), nanocrystalline diamond (NCD) (nm range) and ultrd_hanocrystalline
diamond (UNCD§<5 m) [252, 256, 257]. The size difference is a result of the lateral growth within the
crystals, a feature that is normally accentuated for larger film thicknesses (Figure 5.1B). However, if re-
nucleation of diamond crystals is able to occur during the growth, the deposition of consecutive layers of
smaller grain sizes is possible [258]. These different crystal sizes will produce different properties, both
physically and electrically. Larger crystal grain sizes result in the diamond being less conductive as more
of the film is.in the insulating sp% bound diamond lattice [259]. Alterations in the film} existing grain<to-
boundary i in-has been investigated for improving the capacitance of potential NUNCD films for
electrochemical applications [253]. Wheﬁ boror% is mtroduced during deposition, the diamond film
becomes conductive due to the addition holes in the byndlng structure, meanlng the grains themselves
are conductive and it is not just the grain boundary addition of sp? carbon producing electrical
conductance [260]. The degree of doping is also another avenue to alter the growth mechanics and hence
the characteristics of the produced film [261].
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An alternative form of CVD grown carbon is Carbon Nano-Walls (CNW). CNWs are made of vertical
graphitic sheets and grow outwards from the surface [262]. The growth mechanics of CNW begins with
the adsorption of CHs radicals from the plasma onto the surface to create nugleation sites (Figure 5.2)
[263]. Small graphene sheet propagation on carbon nano-islands leads to 2-Bimensional growth and
eventually larger graphene sheets. These graphene sheets grow in multiple directions_,howeveglarger
sheets propagate vertically due to the growth mechanicsc@vouring this orientation. CNW tend to grow
preferentially at higher temperatures (greater than 1000 degrees Celsius) than diamond especially in
growths containing higher levels of methane as a feed gas for the plasma [264, 265]. CNW elicit very low
electrochemical impedances owing to their large effective surface area and therefore provide a promising
alternative coating for neural electrode materials [266].
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Figure 5.2. Visualised growth mechanisms of CNW [263]3 lthowing the adsorption of CHs leading to nucleation sites. The addition
of ions from plasma leads to 2D growth into the eventual CNW formation. These CNW continue to grow vertically perpendicular
to the substrate.

Alternative growth parameters may produce films with composites of diamond and other graphitic
carbons with potentially tuneable electrochemical characteristics [267-272]. Many of these films include
CNW an(ﬁpiamond hybrid materials (Figure 5.3). These films may exhibit characteristics that combine the
benefits of large geometric surface area and high conductivity from CNW morphologies with the electrical
and chemical stability from diamond [188]. Sethy et al. produced growths that allow for increased current
injection of NCD films with larger percentages of graphite [273]. Sobaszek et al. explore;&che increased
charge storage capacity of sp*-rich CNW-Diamond hybrids [268]. Silva et al. demonstratés the tuneable
electro-wettability of hybrid Diamond-CNW made using a uniquely porous configuration consisting of a
sacrificial substrate [274]. Zhoa et al. produced NCD growth on CNW sheets at different boron doping
characteristics for electrochemical sensing [275]. The improved potential windows of the composite
electrodes compared to other carbon-based films allowed for larger currents to be used for sensing and
hence a larger sigmal-tonoise~atio for their measurements.
SNR
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Figure 5.3. Examples of CNW and Plamond composite films. A depicts more graphitic like structured films [273]. B shows more
conventional CNW films with ND surface coatings [275].

The creation of neural electrodes using CVD-grown thin carbon-based film is primarily limited by the
parameters that are required for the growth of such films. In MP-CVD the process requires extreme
growth temperatures exceeding 1006%@:&&&.&&3. The substrate also needs to be exposed
consistently to the highly reactive plasma within the CVD to allow for the appropriate chemical reactions
to take place to grow consistent and reliable films (Figure 5.1A). Samples not made of diamond themselves
require a nanodiamond seeding layer to propagate a uniform growth on these substrates. Many of the
diamondcoated arrays that have been developed for neural applications have been planar and utilize
thicker substrates of silicon and diamond [247, 276]. Diamond‘coated microwires are a promising avenue
to achieve such a device [170]. Btoron'doped UNCD has been used with microwires of 25-50 um metals
including Miobium, Jungsten and Fantalum in the past for both electrical and neurotransmitter detection
[277, 278]. These electrodes have been further functionalised using a polymer coating of Parylene-C to
provide an insulating layer to control functional electrode length. These electrodes required
electrochemical treatment to remove the surface damage and polymer residue that arises from the laser
deinsulation required to make them functional active electrodes. Another alternative microwire electrode
material that is conducive to UNCD growth is g,carbonehber. These have been explored with nitrogen doped
UNCD and other forms of graphene for sensing applications [105].

5.2.2 Growth of BDD on Carbon Fiber

Previous work has demonstrated an ability to grow diamond and other carbon-based films on carbon
fibers [105, 279-281]. Hejazi et al. successfully demonstrated the ability to uniformly grow nitrogendoped
UNCD as well as a boron"doped CNW on the surface of the carbon fibers. These electrodes were able to
record single”unit neural signals and exhibited improved stimulation capabilities compared to carbon
fibers.

The nitrogen~doped UNCD was susceptible to physical delamination, especially when compared to the
CNW-coated fibers. This indicates a potential physical bengfit to a composite material or the attenuation
of the growth to the fiber tips. Millan-Barba et al. created Biamond and CNW-coated fibers that displayed
uniform coating [279]. This group used a very large bundle consisting of a large number of carbon fibers
and demonstrated that the coating improved the conductance of the fibers. Pereira et al. and Bennett et
al. showed the capacity to produce Beren-Boped-Biamend-(BDD)\films, howevebnone of these were able
to uniformly coat the electrodes and showed limited suitability for electrochemical sensing [280].
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Coating uniformity was greatly improved by seeding the carbon fibers with nano-diamonds. This Gvg.g_sbe.
further enhanced by electrochemically grafting functional groups onto the surface of the carbon fiber to
allow for greater adhesion of the nano-diamond seeds to the fiber surface [105]. The orientation of the
carbon fibers within the CVD growth chamber wilalso hawe a major impact on the growth characteristics.
This is due to the fact that the microwave power, gas distribution and temperature that dictate the growth

werewitHbe differentially distributed throughout the chamber [282]4 These coatings also showed varying levels
of carbon nano-wall and diamond growth that wiH-also produceddifferent film characteristics. Various
groups have also demonstrated the ability to create a uniform growth of carbon nanotubes onto the
surface of carbon fibers to improve the electrical conductivity gf and altar the physical characteristics of
the fibers [283, 284]. Therefore, there is benefit in exploring this coating3 potential for use with carbon
fiber. The growth of an improved and uniform coating over the carbon fiber could expand the potential
of carbon fiber electrodes for neural interfacing.

5.2.3 Neurochemical sensing applications for NCD

lack of electrodes suitable for chronic neurochemical sensing. FSCV techniques for Popamine sensing
using carbon fiber has been proven in vivo,however has shown very limited chronic capacity [197, 285-
287]. The Patel et al. device constructed for chronic implantation only successfully demonstrated
dopamine sensing for 1 month post implantation [104]. Due to the constraints of FSCV (Refer to 2.4.4),
electrode size and electrochemical properties will dictate the appropriateness of an electrode for high-
sensitivity FSCV measurements. Carbon fibers are able to produce an ideal background current for FSCV
due to the stability and magnitude of the background current,aiding in analyte detection [286]. Carbon

fﬁber electrodes have demonstrated sensitivities conducive to dopamine sensing at concentrations found
in human neural tissue. Due to the voltage range required to perform the measurements outside the
water window of carbon fiber, the surface degrades over time rendering the electrodes unable to perform
chronic measurements. Biofouling adds to this issue, whereby proteins accumulate on the electrode
surface after prolonged implantation resulting in even worse sensitivity over time. NCD coatings have
been shown to remove both of these limitations in other configurations [255, 281, 288-290].

Neurochemical sensing can be used for disease detection and potential treatments. §;rrent|y there is a

Another method for dopamine detection is Multiple Cyclic Square Wave Voltammetry (MCSWV) [158].

toxic? This method is able to detect tonic levels of dopamine and solves a potential limitation of FSCV. This is
done using square-wave forms in conjunction with delayed holding potentials to manipulate the
adsorption of dopamine to the electrode surface. This has many of the electrode constraints that FSCV
does)and like FSCV_ has been shown to be compatible with carbon-fiber microelectrodes for acute
experiments. Again, due to the voltages required and repeated cycles needed,the carbon fiber is not
applicable for chronic applications. No diamond-based electrodes have everig agg&o obtain MCSWV
dopamine results. Therefore, in this chapter, Lpropase to use a NCD coatingsto alleviate these chronic
issues of electrochemical dopamine detection. The NCD is expected t0 maintain the electrode
characteristics that make carbon fiber a suitable material for this purpose.
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5.3 BDD Carbon Fiber Growth Methods

5.3.1 BDD Diamond Growth

To allow for optimal CVD growth with a continuous coating on the surface of the carbon fibers,
pretreatment steps are required. The first step is the addition of amino phenyl groups to the carbon fiber
surface using an electrochemical method [87]. The 3-electrode electrochemical cell (Refer to 2.4.3) was
set up using a Gamry Potentiostat (Interface 1000E). An Ag/AgCl and a Glassy Carbon electrode were used
as the reference and counter electrodes, respectively. Two separate solutions were used for these
processes. Firstly, an acetonitrile solution containing 0.1 M of tetrabutylammonium tetrafluoroborate
(purchased from Sigma) and YmM nitrophenyl diazonium tetrafluoroborate (purchased from Sigma) was
used. Five CV cycles were performed between 0.2 and -0.6 V at a scan rate of 200 mV/s to form a
nitrophenyl film at the carbon fiber surface (Figure 5.4AN185]. Samples were rinsed with acetone and DI
water. The second solution used was 0.1M H,SO.. Five cycles were performed again with voltages
between 0.5 V and -1.5 V at the same scan rate of 200 mV/s (Figure 5.4B). This left aminophenol groups
at the surface of the carbon fiber. The samples were rinsed sequentially again in acetone and DI water.

Diazonium Salt Solution H,S0,4 Solution
0.006 1.5+
0.004 1.0
< <
E 0.002 E 05-
B 0000 e T
S £ 0.0
- - =
3 -0.002 3
-0.004 -0.5
'0'006 1 I I 1 1 1 '1'0 1 1 I 1 1
.08 06 -04 -02 00 02 04 45 10 .05 0.0 0.5 1.0
Voltage (V) Voltage (V)
d

Figure 5.4. Cyclic voltammetry cycle from the Piazonium salt solution (A) and H:SO4 solution (B) for the electrochemical seeding
preparation.

The aminophenol groups added to the carbon fiber surface allow mthe adhesion of seeded
. . . sgégggglon .

nanodiamonds required for CVD grO\Aétuh. Tehnesiger\]nodlamond Is described elsewhere and was

prepared by a collaborator [186]. The solﬂ%oen contained a concentration of 8.47 ; 107 particles/ml with

an average particle size of 35-40 nm [105]. The pretreated fibers were soaked in the pc>)<ygen'terminated

nanodiamond solution for 24 hours within 48 hours of CVD Growth. The fibers were rinsed with DI water

and subsequently dried using nitrogen gas.

The bundle of fibers was placed on a molybdenum puck and secured between two further pucks (Figure
5.5). A 3D printed titanium cage was placed over the exposed end of the fibers with the bundle spread
evenly throughout the cage. The titanium cage allows for the attenuation of the plasma evenly around
the bundle of the fibers leading to more consistent growth mechanics. The separation between fibers in
the bundle also allows for a more consistent growth as well as reducing the chance of the growth

connecting adjacent fibers. A gas mixture of 95.5% H,, 3% CHsand 1.5%tTrimethyI beren (TMB) was used
borane
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to create Beren-Buped-BiamendBDD). The deposition time was 60 minutes using a pressure of 40 torr
and a microwave power of 1500 W. Samples were allowed to cool completely under turbo vacuum to
ensure no degradation of the titanium cage.

A i / Titanium Cage

Molybdenum
Pucks

Figure 5.5. CVD set up with carbon fibers situated within a titanium cage held in place with molybdenum blocks post (A) and
during growth (B).

5.3.2 Electrode Fabrication

To allow for the electrical characterisation of the coating, electrodes were fabricated using nitinol wire
with polyimide insulation to allow for efficient characterisation. Individual coated and uncoated carbon
fibers were isolated from the growth bundles, threaded into silica tubing, and secured with epoxy. One
end of the fiber was connected to the nitinol wire using silver paste (Figure 5.6A). The paste was baked at
125 °C until cured and covered with a layer of epoxy. About 2 um of Parylene C was deposited using a PDS
2010 LABCOTER™ 2 Parylene Deposition System to create an insulating layer over the length of the
electrodes. 4.00g. To expose the electrode tip, the entire electrode was submerged in DI water with only
around 200 um of the fiber exposed above the surface of the water. A butane torch was applied briefly to
burn the Parylene-C coating and expose the fiber tips (Figure 5.6B).
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Figure 5.6. Functionalized nitinol wire Electrode for electrochemical testing (A). The wire is insulated with various tubing and
epoxy, as well as a layer of parylene. SEM image of the fiber tip including the insulating parylene coating and the deinsulated
functional tip (B).

5.3.3 Electrode Characterisation

The electrochemical properties of the fabricated electrodes were investigated using a Gamry Potentiostat
(Interface 1000E) with an Ag/AgCl reference electrode and a Glassy Carbon counter electrode. The
capacitance of the electrodes was determined from the EIS using equivalent circuit models (CPE) fitted via
the Levenberg-Marquardt Method to the Nyquists plots. Physical characterization of the growth films and
electrode preparation was obtained using SEM, TEM, and Raman spectroscopy. SEM images were
obtained with a FEI Quanta SEM (RMMF). TEM images and EELS were produced by a JEOL 2100F
Transmission Electron Microscope. The TEM sample was prepared by cutting a cross~section of a
representative B-UNCD coated fiber. This sample was welded to a copper TEM sample stage using
platinum and further thinned to 12(&1m. A Renshaw InVia Raman 532[ produced Raman $psectra,
specifically the D (1350 cm™) and G peaks (1580 cm2). W(
system

FSCV measurements were performed using fabricated electrodes to determine the sensitivity to
dopamine in vitro. A 3D printed flow cell was designed to allow fer-controllable concentrations of
dopamine to be added to the background measurements of PBS using a Pinnacle (exact model) FSCV
system (Refer to 2.4.4) and a silver reference electrode. This allowed for the change in current to be
measured for each electrode. This was normalized for the surface area of each electrode. Dopamine
concentrations were prepared by mixing Dopamine (Sigma Aldrich) with PBS and aliquoting into further
dilutions of PBS to allow for appropriate volumes required for the flow cell. The flow cell was rinsed with
PBS thoroughly between each measurement and CV curves were produced to ensure no dopamine
remained adsorbed to the electrodes.

82


e

i

system

s

d


® RMIT

UNIVERSITY
5.4 Results and Discussion

5.4.1 Physical Morphological Characterisation

Completely uniform coatings were achieved on individual carbon fibers within the growth bundle. SEM
images confirmed consistent coating along tEe length of the carbon fiber including fiber tips (Figure 5.7A-
D). The coating contained diamond grains in the nano-crystalline scale (as small as 50hm) (Figure 5.7E and
F). The size of the diamond grains did appear to be slightly different between fibers, however this is to be
expected as the growth mechanics within the bundle will differ due to the placement of the carbon fibers.
No etching or degradation of the carbon fibers was observed as a result of the exposure to the CVD
conditions. The coating thickness was between 0.9-1.1 um for all fibers.

Figure 5.7. SEM images showing slightly different morphologies of NCD grown within the bundle.

83


at


® RMIT

UNIVERSITY

The growth morphology did appear to differ throughout the bundle; however, this would be expected
due to the non-uniformity of the plasma respective to each individual fiber. This,however)provides insight
into the believed growth mechanics of this coating (outline in Figure 5.9). Some fibers displayed only CNW
coating (Figure 5.8A), some with CNW sheets coated in "Manodiamond (ND) (Figure 5.8B). This suggests
that within the bundle there # different growth conditions. This is evident by the plasma colouration in
Figure 5.5B. The attenuation of the plasma and subsequent temperature would have an effect on the
proportion of graphitic growth as well as the speed at %P}iﬁgtthe coating grows. Previous work by Hejazi
et al. showed CNW growth with a similar gas mixture & used here [105]. This growth used a lower
proportion of methane feeder gas (3% compared to 8%) than that recipe,so it is expected that less
graphitic growth would occur under those conditions. The set up used in this work was the same as the
ones used in that work, including the molybdenum pucks and titanium cages were-the-same-as-the-ehes-
used.

CNW CNW
Figure 5.8. SEM images showing different stages of growth within the bundle. A. Carban-Nano-wal Growth, B. Cerbonfteno—
wadl growth covered in NCD and C. with NCD growing completely within the graphite matrix. D and E depict two electrodes with
differing levels of NCD between the CNW matrices.

84


n

are

to that

,

CNW           g

CNW


® RMIT

UNIVERSITY
Electrochemically functionalised
Carbon Fiber.

\ 4

Seeded Nanodiamonds attach to
functionalised surface.

$

Carbon Nano Walls
grow vertically.

$

ND growth becomes favoured.
ND covers spaces not filled with CNW.
CNW growth ceases.

Diamond growth continues
until Polycrystaline Diamond
covers entire fiber.

Figure 5.9. Proposed growth mechanics of the nanodiamond/CNW composite coating.

The coating morphology observed on the carbon fibers indicate that the initial stages of the deposition
favoured growth of CNW. During much of the growth the pyrometer showed temperatures exceeding
1000 , aresult of the microwave power and stage heating temperatures used. The growth of CNW
is favoured at temperatures above 1000 is. At some point during the growth, either due to
the length of the CNW sheets, the plasma environment, or Compng\Wﬁ] %%ching between the radical
addition for diamond growth and the plasma etching of grapheneq the diamond phase becomes the
dominant growth mechanism [264]. This results in ND and MD growth of diamond on the carbon fiber as
well as the underlying graphitic layers. This results in the PCD filling in between CNW sheets until a uniform
layer of diamond is observed (Figure 5.8C). The stages of this can also be seen in Figure 5.8D and 5.8E to
varying extents where the graphitic sheets extend through the film as complete PCD coverage of the film
has not yet been achieved. The kheawy inclusion of graphite within the structure may not play a significant
role in the electrochemistry of the coating surface,however)lcould have an impact on the mechanical
properties.
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TEM images were taken to help characterize the crystal structure of the coating to ketp-determine the

presence of sp? and sp> carbon within the growth. This provides another insight into the presence of ND
and CNW in the coating. The sample was successfully mounted on a TEM grid and further thinned to
lz%m (Figure 5.10B). The sample was a representative ND sample as confirmed under SEM when
performing the FIB preparation. Different crystals can be seen in Figure 5.10C, with the different areas of
black and grey. Voids can also be seen in Figure 5.10C and 5.10D at the junction between the fiber and
growth. This is to be expected,as larger crystals grow outward from the surface. The number of voids in
the coating was very low, indicating that the nanoseeding methods used were successful. Diamond and

g Braphite can also be seen in the TEM cross sections at higher magnification. A mixture of graphitic and
diamond carbon is present throughout the film, further corroborating the growth mechanics outlined
above.

7
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Figure 5.10. A and B show SEM of the fiber from which the TEM cross section sample was prepared. C-E show TEM images of the
120hm thick cross section produced by FIB. The carbon fiber (green arrow) and the coating (blue arrow). F shows graphitic
(purple arrow) and diamond (red arrow) regions wj Q‘eﬁl{ﬁﬁoaﬁng. G shows the EELS spectrum obtained from D. The bar on D
and associated colours indicating where the EELSMas extracted from, with the bulk composite coating (Blue), clear ND crystal
(Red) and carbon fiber (Green).
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The EELS spectra showed distinct differences between sections measured. The carbon fiber section
(Figure 5.10G @reen Qurve) showed mostly amorphous carbon as indicated by the smooth curve past 300

eV with a relatively large peak at 285 eV [274]. The distinctive diamond crystal section (Figure 5.10G Red
“Gurve) shows a lower peak at 285 eV (sp? peak) compared to the 290 eV (sp?) peak. The presence of the
peaks around 310 eV are also an indication of diamond growth. Com aring this section of the spectraum
from the bulk coating measurement of the NCD coating (Figure 5.10G Blue @urve) to the other spectrag
shows a hybrid of the two, Further indicating the growth of a diamond film with a graphitic content for
the bulk of the coating [255].

was performed

To further understand the chemical composition of the coating, we-perfermed Raman spectroscopy\on
both coated and uncoated carbon fibers, wiighTs—a powerfal technique for characteriZing the structure

of carbor-materials. Raman spectra for coated and uncoated carbon fiber are shown in Figure 5.11A and

B, respectively. Despite the observed variability in the coating morphology, the Raman spectra remained
remarkably consistent across the coated samples. Both coated and uncoated samples exhibit distinct sﬂg}

Use bonded carbon peaks, including D (at 1350 cm™) and G peaks (at 1580 cm™). The coated samples also
proper contained a D” peak (at 1615 cm™), known to represent ordered graphite. This is another indication of ?r?:(lllz/?
prime :

CNW presence within the growth [274]. The 2D peak at 2690 cm™ is also an indication of the ordered
graphite and has been previously demonstrated in CNW/Diamond hybrid materials [274]. The BDD grown
on carbon fibers by Millan-Barba et al. displayed Raman spectra for the BDD coating much more similar
to the carbon fiber samples. These measurements were taken with a blue 488 m laser and could
therefore have been sampling more of the underlying fiber than is demonstrated in these results.
Quantitative assessment was performed by calculating the normalized intensity ratio of the G to D peaks
for each sample. After the coating, there was a notable increase in this ratio, from 1 to 3, suggesting an
augmented presence of ordered spRrbonded carbon within the coating matrix, as evidenced by the
enhanced G peak. We did not observe the presence of the typical sp@,carbon peak (at 1332 cm™) from
any of the samples. This could be explained by the fact that Raman spectroscopy is much more sensitive
for detecting sp'g,bonded carbon than spgfbonded carbon [291]. Additionally, considering the coatings
are merely 1 um thick, the Raman spectral data are likely augmented by the underlying carbon fiber
substrate, which could skew the interpretation towards spglcarbon features.

symbol '

This is surprising. A blue laser should
be sensitive to sp3 carbon, and 1um
of diamond should be sufficient to
detect, even if it's just a shoulder on
the side of the D peak.
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Figure 5.11. Raman spectra of Wumond[oatedﬂbers (A. This work), Carbon Hiber (B. This work), CNW's (C. [265]) and Biamond -
]hase ’ich CNWs (D. [268]).
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5.4.2 Electrochemical Characterisation

In order to perform the electrochemical characterisation of the coating, electrodes were created. This
included electrodes with BDDtoated carbon fibers as well as carbon=fiber micro electrodes with no
coating (Figure 5.12). To achieve this,an insulating layer of parylene was used to allow fera controllable
functional electrode surface area, as this is required to compare the normalization of the different
coatings. This is also the same configuration used for the array that was developed,so wilk helpto show
the potential of this coating in incorporating into the array configuration. Firstly, it needed to be
demonstrated that the flame deinsulation method used did not damage the coating. Figure 5.13 shows a
BDDcoated electrode before and after flame deinsulation.?o obvious damage was observed on any
electrode tested.
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c f
Figure 5.12. Functionalised gZarbon ]iber (A) and BDD (B) electrodes prepared for electrochemical testing, showing the
deinsulated region of the electrodes and their effective lengths.

Figure 5.13. SEM images showing before (A) and after (B) parylene deinsulation using a butane torch (Scale bar lokm).

Prior to testing the electrodes for dopamine sensing, we also performed electrochemical characterisation
of the electrodes. Figure 5.14A shows the representative EIS spectrum of coated and uncoated carbon-
fiber electrodes. Figure 5.14B shows the average impedances at 1kHz of the coated and uncoated
electrodes. The coated electrodes had lower impedance (9.82 GQ/cm? after coating versus 17.23 GQ/cm?
before coating). The normalized Q(Hz impedance for the electrodes created was 17.23 and 9.820 GQ/cm?

for the coated and uncoated fiber&respectively.U-sHagWa&tﬁhe double-layer
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capacitance of the electrodes i

P

The electrochemical characteristics of the fibers were compared. Figure 5.14A shows the representative
EIS spectrum of coated and uncoated carbon fiber electrodes. The normalized capacitance of the BDD
coated and uncoated fibers gv:%rlfG.l and 93.9 uF/cmZ,respectiver (Figure 5.14C). The specific capacitance
of the BDD coating is comparative to previous works using BDD [292, 293]. Lastly, the normalized
impedance for the electrodes created was 17.23 and 9'8291(()305/?{8?nf0r the coated and uncoated fibers
respectively. The lower diamond film resistances compared tolga re carbon fibers ebserved was consistent
with previous work that only looked at the resistance change in a similar growth on bundles of fiber [279].
This is also further evidence of the surface being dominated by the diamond coating and not CNW, as the
impedance would be expected to be much lower if CNW or graphite was psedominant on the surface
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Figure 5.14. Electrochemical EIS of BDD and carbon fiber electrodes (A). Normalised /fmpedance (B) and @apacitance (C) for
electrodes of known exposed surface area.

5.4.3 Neurochemical Sensing

? d
To establish the effectiveness of the ability of the electrodes to detect phasic levels of lZopamine)FSCV
was used. The initial results obtained (Figure 5.15) indicated that the BDDcoated fibers performed at least
comparably to the bare carborifiber electrodes. The sensitivity measured at YuM of dopamine indicated
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that these electrodes would be good candidates for further in vivo testing. Further electrodes were
fabricated and distributed to a collaborator at the Mayo Clinic (their initial results can be seen in Figure
5.16) to undergo further in vitro and in vivo testing. These results also include®he utilization of MCSWV
for the detection of tonic levels of dopamine. These results will be completed and collated upon
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Figure 5.15. In vitro dopamine detection sensitivity comparison between Bare farbon'fiber electrodes and BDDCoated
electrodes.
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Figure 5.16. Initial successful In vitro dopamine detection sensitivity using fabricated BDD electrodes using FSCV (A) and MCSWV
(B) performed by a collaborator at the Mayo Clinic.
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5.4 Future Work

The coatingﬁéoduced in this works indicate a composite growth of CNW and ND with the latter coating

_|:1r;(-:-dominatI the surface. This is consistent with previous works and was verified using a number of
different characterisation techniques. Future works required are still the chronic experiments to show the
long-term stability of the electrodes which are the main benefits of producing such a coating. Further in
vivo work is required to show how the testing in beakers translates to the measurement in neural tissue
and achieve the potential of the coating to aid in disease treatment and detection. Alteration of the
growth mechanics could also produce electrical properties in the coating that could be more conducive
to an even more diverse range of applications. Thg)s could include growths at lower temperatures to limit
CNW production and the inclusion of further ﬁoron—doping to alter the electrical properties [273]. A
means to prpduce electrodes more reliably from the variance seen within the growth bundle is also
required. As=this variance in coating will result in unreliability for clinical applications or a greater challenge
in fabrication for this configuration of electrode.
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Chapter 6: Growth of boron doped diamond onto carbonTiber arrays

6.1 Chapter Outline

This chapter will explore the potential of using\;hemical Vapour Deposition (CVD) to coat carbon™fiber
arrays with conductive diamond. lwi [)ious\ﬁrlowth conditions and techniques to direct plasma
for preferential growth of diamond onto fibey\/{lpse eao%aetr%\ﬁil aim is to prove the concept that a Nano-
Crystalline Diamond (NCD) coating can be applied with spatial control, onto a configuration of individually

addressable micro electrodes.

6.2 Chapter Introduction

Creating an array of individually addressed NCD"toated carbon fibers is a difficult task. Simply copying any
other array design that contains carbon fibers will not achieve consistently high yields. As shown with the
CVD growth of diamond onto individual fibers in bundles, the coating across the bundle is variable
(Chapter 5.4.1). This means it is difficult and unreliable to isolate individual fibers of the desired
morphology to create a homogenous array. This would only be assessable either under Scanning Electron
Microscopy (SEM) or electrochemically, which means that yields would not be known until later
processing steps. This is not appropriate for a reproducible commercial device. The handling of the fibers
to place them into the array during construction can also potentially damage the coating. Lastly,to ensure
consistent length of electrodes it is common for carbon fibers to be cut to length, either using a scalpel
blade or laser cutter. As this would damage the tip and expose the core of the carbon fibepthis too/is not
conducive to the creation of a reliable and replicable array.

The use of the carbon™fiber arrays brazed into Poly-Crystalline Diamond (PCD)|Chapter 3) opens
possibilities for controlled deposition of diamond on carbon fibers. The use of the diamond substrate and
the gold braze allows for the array to survive extreme temperatures and pressures of different
manufacturing processes required for CVD diamond growth. CVD Riamond growth requires the samples
to experience temperatures up to 1000 igs, vacuum pressure within the chamber as low as
103 torr and the complicated chemical conditions within the growth chamber. Therefore, the use of
carbon fiber arrays presents an opportunity to control the plasma within the chamber, allowing for
preferential growth of diamond on the carborifiber tips.

The biggest challenge for growing NCD onto an array is ensuring growth only on the region of interest,
~being the active tips of the electrodes. By restricting the growth only to the tips of the electrodes,the
innate mechanical properties of the carbon fibers can be maintained maximising thd'effectiveness of-the
i . Secondly, if the g!'O\g/gP %tends c!own onécﬁrﬁﬂqea%ﬂnc?nd substl"ate surfaFeJthis will :c,hort all
of the electrodes together. Thle cou?d potentially be removed using masking techniques or with post
processing methods, however,a feduction in processes is ideal considering the many fabrication steps
already required for such an array. This chapter will explore the creation of the 25-electrode carbonfiber-
coated NCD array and the novel strategies employed to enable growth directly onto the electrode tips.

6.2.1 Current NCD Arrays

Current diamond arrays are typically planar and are grown on stiff substrates [294-300]. Diamond or
diamond~coated electrodes on either diamond or silicon substrates capable of neural interfacing and
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biosensing have been demonstrated. These have shown promise as retinal prosthes}\s, as a means of

measuring activity in brain ince_s)and have demonstrated an enhanced ability for neuronal cell growth on
or around the array. In these applications,a planar orientation is an advantage as the array can be placed
directly onto the slice or retina that is also 2-dimensional so that each cell can be reached. However, this
again highlights the lack of a penetrating array capable of chaonic in vivo implantation. Grae-group-in Hess
et al. had produced a shank polymer electrode that usey boron-doped diamond capable of cortical
implantation [301]. This device was similar to the configuration of the Michigan shank electrode and still
contained a silicon backbone. Although capable of being inserted into the neural tissue, it still possesses
all of the chronic limitations of the Michigan device. Being a shank electrode, it jg also limited in recording
area, as the lack of dimensionality meang only IayersCG%n. e interacted with. If the CVD growth was-able
te—bre translated onto the proposed PCD substrate carbonfiber array, the benefits of the NCD growth
could potentially be translated into a 3%imensiona| chronically implanted neural interface.

6.2.2 CVD Plasma Geretien Creation

As discussed previously in chapter 5, the growth produced from CVD is dictated heavily by a number of
factors of the growth conditions [302-305]. This includes but is not limited to the microwave power,
sample and chamber temperature, gases used, plasma attenuation and the chemical properties of the
sample. For these reasons, utilising the same parameters as presented for the individual carbon fiber
bundle growth will not necessarily yield the same growth mechanics and coating morphologies when
translated to a different configuration. The growth rate as well as the NCD/CNW ratio could potentially
be much different. It will also be important to be mindful of the unwanted effects that enhanced power
and temperature could have on the sample substrg’rcga% lectrical connections that were not present
during previous growths. The plasma itself could be cur-a.r.eg in a way to promote the diamond growth on
the carbon fibers and limit exposure of the substrate toCtrggtplasma and heightened temperatures. Current
CVD grown diamond micro-arrays don’t attempt to ¢ he plasma but only attempt to pre-seed the
a&tre]e\?a%ﬁége array where the diamond will be required [204, 300, 301]. Typically, this results in diamond
irlAareas not-desir.ed,and in many cases,this coating could electrically short the electrodes. The excess
coating then needs to be removed. This can be achieved using masks or by mechanically removing the
excess using polishing or laser ablation. Masks would need to be added/ removed to cover areas that do
not need coating. Achieving this practically would be verglgéqlfll\t/vould affect other steps in the fabrication
process or would cause damage to the carbon “fibers themselves. This is the same for
mechanically/chemically removing the unwanted areas as this would not be achievable without damage
to the fibers. However, due to the geometry of the carborfiber array,there is potential to limit growth to
only the carbon fibers by controlling the growth mechanics within the chamber during the process.

Previous work has shown that different aspect ratios of sample substrates will impact the growth
mechanics. These works use molybdenum and titanium holders to reduce the edge effects of the
substrate on the plasma for consistent and uniform growth rates [105, 306-308]. A plateholder design has
the potential to both shield the substrate from the plasma as well as promote growth in the areas of
interest [309]. It is proposed that a holder could be designed to limit temperatures on the substrate to
below 106&)egrees Celsius, the melting point of the gold braze. If the plasma were to be also ¢ to
only the_tips of ﬁhe carbon fibers, the mechanical properties of the fibers themselves would remain
unchanged. Providiag further potential to the creation of a fully implantable, chronic, ND~coated
microelectrode array.
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6.3 BDD Coated Carbon Fiber Array Growth Methods

6.3.1 Holder Design

For the creation of the holder, 3D printed titanium was deemed the most appropriate. Titanium is a
suitable material for surviving conditions of the CVD and could easily be manufactured into variable
shapes to allow for Srﬁontrol over the plasma %L?gggg. The holder design involved a cufout section
for the substrate to sit with a well on the topside to align the lids, as the hole in any lid needed to be
precisely situated directly over the fibers without damaging them (S‘Fee Figure 6.1). By limiting the diameter
of the hole, the amount of plasma exposure to the PCD substrate could be limited whilst also constraining
the plasma exposure to the tips of the fibers.

A

Cutut to house
‘ PCD substrate

?

B Titanium Base Carbon Fibers

Titanium Lid ‘ Protruding through Lid

&

%

PCD Substrate

diagram
Figure 6.1: Schemati%‘or the proposed 3D printed titanium holder without (A) and with (B) variable titanium lid for substrate
protection and plasma attenuation to the carborifiber tip.

A 100 x 100 mm square base with rounded edges was 3D printed using a SLM titanium printer (See Figure
6.2). This was further machined to ensure parts fi F“(ogethegas the proposed features in the print are on
the limits of the resolution capable of this method. Jagged or protruding areas were sanded down and
edges rounded to ensure minimal unwanted areas where the plasma would be inadvertently focused.
The large surface area of the holder relative to the substrate maximisegthe distance between the edge of
the holder and the substrate. This ensureg that any plasma concentrated on the edge of the holder would
be further away from the substrate, reducing the diamond substrate exposure to the plasma and higher
temperatures. Different lid thickness ranging from O.Tm to 2.§/nm were used to control the growth
mechanics at the electrodes.
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Exposed region in lid ‘
/] for fiber exposure to |
i lasma

Printed Titanium Base

Figure 6.2: Titanium holder for attenuated plasma growth including the base for housing the PCD substrate (A). Printed titanium
lid both acts to protect the bulk of the substrate from plasma whilst allowing for the exposure of the tips of the fibers to be
exposed to the plasma field (B, C).

6.3.2 BDD Growth

The electrochemical pre-seeding and cleaning steps were performed as stated in Chapter 5.3.1. However,
the set up required for this process was slightly different as electrically connecting the fibers to the
working electrode of the potentiostat\ll}%sot as simple as it was for a \t;vténsdle of fibers. Firstly, by performing
this on the array before the acid boiling step see Chapter (3.5.1.2) it,rﬁ possible to connect to the back side
of the array as each of the electrodes Wer§i” electrically shortec{at this stage. Carbon tape was used for
this purpose, as it could be placed on a connected working electrode and would work to both physically
and electrically connect the rear of the array to the working electrode. To aid in limiting the growth to the
tips of the electrodes only,the tips were placed within the seeding solutions @ee Figure 6.3). This was
performed using a manually operated linear manipulator. Care was taken to not wet the PCD surface with
the solutions as this would both clump the electrodes and require further cleaning. The arrays were placed
within a holder with a well filled with @xygenterminated nanodiamond solution for 24 hours prior to the
CVD Growth. The fibers were rinsed with DI water and subsequently dried using nitrogen gas.
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Working | |
Electrode Wire

Working Electrode with conductive Carbon
Tape

Reference
Electrode Shorted Surface
on PCD
Substrate after
brazing and

polishing

Carbon

‘ Fibers

Electrochemical
Selution

|

Figure 6.3: Electrochemical set up for nano diamond pre seeding (A). Carbon fiber suspended to ensure only the carbon fiber tips
are pre-seeded within the solution, whilst the carbon tape allows for the electrical connection to the working electrode of the
potentiostat (B).

The array was placed within the titanium holder with the fibers pointing up (See Figure 6.2A). Titanium
lids were placed over the holder with the fibers protruding through a small hole. This configuration was
positioned on a molybdenum puck an centred within the CVD chamber $ee Figure 6.4). A gas mixture of
95.5% H3, 3% CHsand 1.5% rlmethyl (TMB) was used to create CVD grewn coatings on the carbon-
fiber arrays. The deposition time was 60 minutes using a pressure of 40 torr and a microwave power of
800 W. Samples were allowed to cool completely under turbo vacuum to ensure no degradation of the
titanium holders. Once grown)the arrays were characterized using SEM and Raman ipectroscopy.
S
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A ' Carbon Fibers

i High Intensity
. Plasma Field

CVD Growth
Observed

Figure 6.4: Sample configuration before growth with carbon fibers clearly protruding through the printed lid (A). Initial plasma

conditions showing intense plasma attenuated around the exposed carbon fibers (B). Growth visibly formi®g.on the fiber tips as

the plasma is continually enhanced around exposed carbon fibers (C). Configuration post growth with no visible soot or growth
on lid and the visible accumulation of CVD growth on the exposed carbon fiber (D).

6.4 BDD coated CarbonTFiber Array Discussion and Results

6.4.1 Carbor Fiber Array Growth Morphologies

Fhe-first attempted array growth was performed on a carbon fiber array with tapered electrode lengths
ranging from 400-1200 um using a 0.3)mm thick titanium lid (See Figure 6.5A).SPost growth this sample
displayed clearly defined regions of%Biamond-like and CNW morphologies (Qee Figure 6.5B-D). These
coatings appeared to be around Ifum thick and were comparable in morphology to those grown in this
work previously on bundles of individual carbon fibers. The samples contained what appearsego be NCD
growth on the tips of most of the electrodes. This diamond region was not simply a gradient down the
length of the tapered electrodes but shows a clear boundary region about 400 um from the base of the
fibers. This indicates that the plasma was attenuated by the holder meaning that the growth rate was
enhanced above this distance from the substrate. Below this range,CNW growth was observed. The CNW
extended onto the PCD substrate and covered the entire substrate surface connecting onto each of the

fibers. This is not ideal for device fabricatiorl,as this would electrically short each of the fibers to one
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another meaning removal of this layer would be necessary. Oxygen plasma (See Chapter 2.3.5) was used

in an attempt to remove this layer however this led to the complete destruction of the carbon fibers by
the time the CNW was removed from thel%%rg?ec .a'¥he SEM characterisation of this sample provided a
proof of concept that the plasma could be w&a&eé to the tips of the electrodes. This did not address the

shorting or undesired growth areas that would be expected fera-grewthwithout curation.

NCD Growth Region
| J

il Coated Fibers i ! {

. |
il 4 J I!
[ 4 | o
| |
!

!
{
,f

Figure 6.5: Carbon fiber array in diamond substrate with a thin 0.3 mm flat lid (A, B). NCD growth region can be seen on the top
of the fibers (C) and CNW growth region on fiber base and PCD substrate (D).
S
At the completion of each growth, both the PCD substrate and gold braze circuitry remained intact (f]ee
Figure 6.6). The main difference in growth recipe used on this sample and that used for the carbonfiber
bundles was a reduction in sample heating and microwave power. This was ﬂ%r\\/% toelimit temperatures
and plasma intensities experienced by the PCD substrates. This appears to notlmpact[ e overall growth
mechanics, as the growth itself was still dominated by the power of the plasma. The high temperature of
the growth still led to graphite formation on the PCD surface extending ocho the tiélazed circuitry. This
resulte%in electrical shorting between all channels. This was removed using @xygen Plasma ftching for 2
hours (8ee Chapter 2.3.5) by placing the array within a bespoke UV-curable 3D-printed resin holder to

protect the fibers. A handheld multimeter was used to measure the conductivity of the surface post
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treatment showing an open circuit indicating functional removal of the graphite. This means that a
substrate would be able to functionally survive the growth conditions.

Figure 6.6: Array gold brazed circuitry before growth (A), post growth (B), right braze post 2 hours oxygen plasma to remove
electrical shorting (C).

The next step was to control the growth mechanics in a way that allowed only ferthe NCD growth on the
tips of the electrodes whilst limiting the CNW area of the growth to just the fibers themselv%s and nqt
extending onto the PCD substrate. To achieve this goal i—r?d?ﬁnad. the titanium hvgﬂceergfar? I&r}ged
titanium lids of thickness varying between 0.3mm and \a(%re r’r?S ?gure 6.7 shows the CVD plasma durin
the growth using different titanium lid thickne eEigure G.Qhows the growth where the plasma appearg
concentrated uniformly over the entire area over the top of the holder. The 1.5 and 2.5mm thick lids showed
plasma attenuation further from the holder over the taller lids.

Figure 6.7: CVD plasma growth onto carbonfiber arrays within titanium holders. Different lid thickness 0.5an (A), 1.51vm (B)
and 2.5/)nm (C) resulted in different locations of plasma concentrations on the sample.

A growth using longer electrodes with a thicker lid jn an attempt to inhibit any growth appearing on the
PCD surface,can be seen in Figure 6.8. This growth used 1.5mm long electrodes with a 1.5/nm thick lid.
The plasma during the growth can be seen in Figure 6.7B. Under this condition,only a limited amount of
CNW can be seen on the tips of the fibers with no evident ND observed (Figure 6.8B). This was successful
in removing unwanted growth on the base of the fibers on the substrate (Figure 6.8 C and D,respectively).
The 2.5/mm thick lid used in Figure 6.7C resulted in an even greater reduction in the amount of the fibers
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covered by even the CNW. These results indicate that optimising the combination of fiber length and lid

thickness would be required to achieve desired array morphology.

Figure 6.8: CVD plasma growth onto 1.5 mm long carbon fiber array (A) using a 1[5/m thick lid. CNW growth can be seen on the
tips of the fibers (B) with growth ceasing partway down the fiber (C) with no change to the substrate surface (D).

To test the effect%e fiber length on the plasma attenuation, 1Z(nm long fibers were used in combination
with the flat 0.3Jnm thick lid. The plasma dispersion and setQp can be seen in Figure 6.9. This growth
showed clear atténuation of the plasma around the fibers themselves. This resulted in optimal growth
mechanics around this area w5 for the same duration growth produced a much thicker coating compared
to the same set up with shorter fibers. The, SEM images of this growth %E(seeen below in Figure 6.9. This
growth resulted in a very thick coating of E{lamond on the tips of the electrodes with CNW ap%g?iémg for
a section down the length of the fiber (Figure 6.9 C and D,respectively). Raman spectra was later
performed on the tips of the fibers and can be seen in Figure 6.10. This produced a similar spectrum to
that grown and characterised on the bundle of individual fibers (Referto Chapter 5, Figure 5.11A). SEM
further confirmed that this coating was in fact the desired NCD. For this growth no additional coating was
observed on the base of the electrodes (Figure 6.9E), indicating that the desired growth mechanics had
been achieved for this carborifiber array configuration. A section of CNW is still evident some length down
the electrodes (Figure 6.9D), but as this does not short the electrodes and has previously been shown not
to disrupt the mechanical properties of the fibers [105]. As can be seen by the bulb in Figure 6.9CJthe
growth mechanics were highly concentrated at the tips of the electrodes. As the growth rate of the coating
is mostly linear, an optimal thickness could be achieved simply by reducing the growth time. This is further
evidence that this configuration to grow diamond on flexible neural arrays is the most appropriate in
creating a chronically implantable neural interfacing array of NCD.
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_ NCD Growth Region
lr—-.

Coated Fibers

!

Figure 6.9: CVD plasma growth onto 1.5 mm long carbonfiber array (A) using a 0.3 mm thick lid. ND growth is observed in a
region at the tips of the carbon fiber (B) with enhanced growth observed at the very tips of the fibers (C). CNW growth was
observed part way down the fibers (D) with no growth observed on the substrate surface (E).
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Figure 6.10. Raman spectrum indicating similar growth morphologies between the individual fiber growth (A) and the carbon -
fiber array growth (B).
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6.5 BDD Coated CarboriFiber Array Limitations

Although a promising proof of concept has been developed, much work is still required for a fully
functional and implanted device. The main limitation with this process is that it is adding another
complicated process to an already complex array design with its own fabrication limitations. Any yield
issues when creating an array for CVD growth are compounded by the yield issues outlined in the
fabrication of the carbonfiber arrays. With more developmenLthis could be mitigated, and the highly
promising chronically implantable NCDToated carborrfiber array could be achieved.

Creating consistent arrays and ensuring all alignment within the growth chamber is another issue
encountered during this work. As CVD is a very complex process, repeatability is vitally important and
difficult to achieve. The concept of growing directly onto the array and not individual fibers aims to
mitigate this, however it is still a concern. The position of the holder within the chamber, the exact
position of the substrate and fibers within the holder, the layout of the fibers within the array,as well as
how the lids sit on the holdepwill all impact the growth in some way. To add to this, the seasoning of the
holders as well as debris or contamination within the chamber may also play some part. Constraining all
of these variables will be vital when considering this concept for a functional and manufacturable device.

6.6 Future Work

Considering the limitations outlined much work is still required. Future work will be required to produce
a greater number of samples and achieve adequate levels of consistency and reliability. This would involve
potentially finding the ideal length of fibers as well as growth time to produce a fully characterised NCD
coating that is capable of neuromodulation in a meaningful capacity. Proving the chronic capabilities of
the coating is also required. Lastly, this would need to produce an electrically connected device to show
viability as well as to definitively prove that the materials used do all survive the CVD conditions in a way
that is practically manufacturable. Much work has been done to unlock the capabilities of carbon fibers
and NCD, however more work is needed to produce complete devices required for chronic implantation.
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Chapter 7: Conclusions

The work presented has shown a broad, novel, and promising effort in furthering advances in neural
interfacing. A complete array of carbon fibers was produced that was shown to not only achieve single
unit recordings in vivo but were also implanted into animals® long term in a manner that showed no
chronic inflammation or adverse effects on the tissue or the implant itself. The scalability and future of
these implants were explored. NCD coatings were used to improve the electrochemical characteristics
and neurochemical sensing ability of carbon fibers. This work was validated and extended through
collaborations and provides and¢ avenue for creating a multipurpose neural™nterfacing material. This
coating was successfully implemented onto the carbonTiber arrays in a configuration that could enable
the implantation of these electrodes within the brain. A multipurpose, chronic neuralinterfacing implant
would provide the understanding, diagnosis, and treatment opportunity potential for many neurological
diseases. The results shown are all a positive step forward in achieving this aim.

This Chapter seems rather short. 1'd have preferred this to be a long list of bullet points
highlighting the major findings (positive and negative) from each chapter. It should also
include a more general discussion about future work for the different types of array,
summarising all the discussions from previous chapters, and providing a roadmap of where
this research should go next.
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