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Abstract

Carbon fiber (CF) electrodes have been used in neuroscience labs for years to study
electrical signals in brains. While the carbon fiber electrode has been implemented in many
forms, the tip of the electrode has been left unexplored. This is because optimizing the electrode
geometry has long been a problem due to carbon fibers being small (7 pm in diameter) and
challenging to handle. However, small surface area electrodes are desirable for specificity of
stimulation and recording of cells, neurons, and axons. While carbon fibers have recorded action
potentials in brain, tougher tissues like nerve and muscle cannot be accessed with traditional
(scissor or laser cut) tip modification.

Thus, the work presented here is three-fold: (1) modifying the carbon fiber tip geometry
for sub-cellular acute recordings that can penetrate tough tissues, (2) modeling nerve with carbon
fiber electrodes to understand the benefits of a small, carbon electrode, and (3) creating
documentation and distributing carbon fiber arrays to neuroscience labs.

Previous work showed that sharpened carbon fibers are capable of penetrating tough
nerve tissue and recording electrophysiological signals. However, these electrodes had a large,
variable surface area due to the sharpening method which minimized the chance of recording
selectively within the nerve. To address the need for a small sharpened electrode, I applied a
technique used in microscopy electrode fabrication, acid etching, and applied them to the carbon
fiber electrodes. To my knowledge, this acid etching technique resulted in the smallest carbon

fiber electrode tip (SPF) capable of recording in vivo across multiple animal and tissue models.

xXvi



These small, pointed fibere electrode (SPFe) tips were compared with the previous large surface
area sharpened electrodes resulting in less variability in the tip surface area and sharpness. In this
work I show that carbon fiber electrodes can be modified to small, sharp geometries in a reliable
manner.

Computational modeling was used to better understand the physics of a 3D carbon fiber
electrode. Models consisted of a simplistic nerve and carbon fiber electrode, which was modified
to represent three surfaces areas — a perfect point source, the SPFe, and the large electrode from
previous work. This model predicted a large difference in performance between electrodes, with
the SPFe predicted to record larger signals in nerve than the large surface area electrode. This
model also predicted that the SPFe was able to perform almost as well as the point source
electrode in almost all paradigms. This work indicates that a smaller electrode is indeed better for
recording from nerve.

Finally, carbon fiber electrodes, while useful in neuroscience research, are difficult to
acquire. In order to help distribute the science investigated in this thesis, a “how-to” guide was
created and many of the carbon arrays used in the Chestek lab were made open-source to
encourage labs to build their own neural arrays for their specific needs. This work explained all
the steps necessary to build a carbon fiber and presented 3 previous tip optimizations (scissor,
Nd:YAG laser cut, blowtorch) and a new UV laser optimization that could easily be
implemented in a given lab. This work aimed to increase the accessibility of customizable arrays
that could be fabricated without specialized training in a cleanroom.

In summary, this thesis focuses on the tip optimization of carbon fiber electrodes, which

has many applications in neuroscience from basic science research to future clinical applications.
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Chapter 1

Introduction

1.1 Human Needs

In a clinical setting, a patient talks with a doctor about options for their treatment plan
regarding loss of limb function after a traumatic neural-related injury (i.e. stroke, paralysis,
spinal cord injury (SCI)). Long ago, treatments may have been limited to either a medical
accessory (e.g. a crutch or ill-fitted prosthetic) or a large dose of whisky before amputation by a
barber-surgeon [1]. However, in the 21 century, researchers are investigating almost science-
fiction levels of intervention in the form of a neural array — a device used to directly monitor or
stimulate neural tissue — and brain computer interface (BCI) in their laboratories [2], [3], [4], [5].

When talking about traumatic neural injuries, we often think about spinal cord injury that
results in paralysis. However, SCI can also result in chronic pain, organ dysregulation, and other
comorbidities. Broadly speaking, SCI affects over 17,000 new patients per year in the United
States alone [6]. Worldwide this incidence number is closer to 0.9 million per year with
prevalent cases numbering over 20.6 million [7]. As the spinal cord carries signals from the brain
down to the different parts of the body telling them how to function, the location of the injury
determines which bodily functions are lost, from limb motor and sensory function to bladder
control. SCI results not only in the loss of motor and sensory functions, but typically comes with
co-morbidities such as depression [8] and pain [9]. Due to the wide range of symptoms and
conditions resulting from SCI, medical research looks for ways to help treat and alleviate these

co-morbidities.



BCl is used to directly access the affected tissues using a neural array to provide an
electric intervention or therapy [3]. Neural arrays can be implanted in the spinal cord [10], brain
[11], and nerves [12] to help patients regain lost functions and relieve their symptoms and regain
control in their lives [2], [13]. A BCI system can monitor or manipulate the body’s natural
electrical signals sent from the brain to other areas of the body via the spinal cord. However,
neural arrays tend to be an invasive intervention as surgery is required to get the device close to
the target tissue so it is as effective as possible [14], [15]. This invasiveness is part of a trade-off
to allow for better signal interfacing that can improve the efficacy of a neural array’s application
[15].

Neural arrays are not limited to spinal cord injury research — in fact, many of these arrays
are used to study other disease models as well. Research using neural arrays is widespread
among disease type, injury, and conditions. Retinal implants have been used to restore some
sight to patients [16], [17], [18]. Epilepsy monitoring and prevention using neural arrays on the
surface of the brain is an ongoing pursuit with promising results [19], [20], [21]. Chronic pain
interventions focus on finding stimulation patterns to “block™ or decrease pain signals [22], [23],
[24]. Neurological conditions that are non-responsive to current medical treatment (e.g. extreme
cases of depression and anxiety) are also using deep-brain stimulation (DBS) for both
understanding and treatment of these conditions [2], [3]. While controversial in Deaf World [25],
[26], [27], the cochlear implant is one of the most common neural implants [28], [29] and
provides patients a sense of hearing. While primarily in laboratories and clinical settings, BMI
applications are being translated from animal to human currently. Robotic arms are able to be
controlled by users brain signals [30], [31] in amputee patients. Similarly, limb function may be

able to be recovered for stroke and paralysis patients using functional electrical stimulation [31]



that uses the existing pathways in the body. They can also be used for monitoring brain waves
and predicting a seizure for an epileptic patient [19], [20], [21]. Neural arrays in conjunction with
BCI also open up a world of brain-machine interface (BMI) applications.

To demonstrate the power of a BMI, let us briefly consider Stephen Hawking. Stephen
Hawking was a leading physicist in relativity who used a computer interface to communicate
[32]. Stephen Hawking began losing his ability to communicate (via speech, writing, or sign
language) when he was 21 and by 43 was deemed unable to communicate at all [32], [33].
Around that time a speaking program was developed by a researcher at Intel, who had also lost
his voice [34], that tracked head and eye movement allowing Hawking to communicate through
a speech synthesizer [35] allowing him to continue his research and contributions to society.
Hawking’s set up was not a true BMI and depended on his ability to move his eyes and head — an
ability that not all communication disabled persons have. However, communication thought BCI
continues to improve with users being able to use the interfaces faster, more accurately, and
directly from brain signal decoding [36], [37]. This allows patients the freedom to speak
naturally though a computerized voice as though it was their own and without the delay of typing
or finding the word on a screen. BMIs open wide range of applications that may one day have be
the standard in patient care. As exciting as these applications are, none of these potential

advancements will be possible without a safe and robust neural array.

1.2 Neural Arrays and Electrodes

With such a wide range of potential uses, one might start to wonder, “What exactly is a
neural array?” First, I must explain what an electrode is. An electrode is a conductor through
which electricity travels either into or out of a given material or circuit — for the purposes of this

thesis, an electrode is a conductor through which electricity travels to interface with biological



tissues primarily for recording and stimulation purposes. A neural array is a device with a given
number of electrodes that interfaces with the nervous system in some capacity. The nervous
system is comprised of the central nervous system (CNS) and the peripheral nervous system
(PNS) [38]. The CNS is comprised of the brain and spinal cord. It is responsible for all of the
sensory information that needs to be processed — sight, touch, smell, taste, and sound. These
signals are comprised of chemical and electrical signals [38], [39], [40]. For the purposes of this
thesis, we will focus solely on the electrical signals in the nervous system. The brain is
comprised of cells called neurons which process information, makes a decision on how to
respond, and then sends that signal to the appropriate body part through small cables called
axons [38], [40]. Axons are the most interior part of and over all structure called the nerve.
Axons are bundled together in a fascicle with thousands of other axons all carrying signal to and
from the brain for the same parts of the body [15]. In turn, fascicles are also bundled within a
nerve that signals headed to similar areas of the body around the body, branching off into smaller
nerves when necessary. These branching nerves make up the PNS.

The PNS is comprised of two smaller nervous systems: the somatic and the autonomic,
which can be further sub-sectioned into more specific tasks [38]. Overall, the PNS runs all the
other functions that bodies need to survive: maintaining a heartbeat, breathing, digestion,
movement, and proprioception. As these nervous systems ultimately run our lives, if one part of
the system is damaged, missing, or has a maladaptive behavior, directly interfacing with it opens
many doors for therapeutic intervention [2], [41] as opposed to applications with less specificity
like pharmaceutical pain killers or large surface electrodes. Directly interfacing with the cells

that control a behavior opens many doors for both understanding and controlling disease and

injury [2], [3].



However, accessing the nervous system is no easy task. The neurons and nerves in the
human CNS and PNS are very small with diameters ranging from 100 pm [42] down to 0.3 um
[43], though a majority of the smallest fibers, 84%, tend to be at least 2 um in diameter [43],
[44]. As such, the electrodes in these arrays must be ideal for their purpose.

Unfortunately, many clinical electrodes, like those used in DBS, use large electrodes that
aren’t very specific in their stimulation. These large electrodes will effectively stimulate our
target; they will just also stimulate everything else in the area, which can have negative
consequences. Conversely, if we wanted to record neurons or axons using a DBS-sized electrode,
we would end up averaging all the signals around that large electrode into a waveform called a
‘multi-unit’ or if the waveform is too indistinct to claim neuron/axon level activity, a Local Field
Potential. This is detrimental as our aim in this thesis is to target a specific cell or axon carrying
a specific signal as the electrical potentials in the body are extremely small (uV scales) and thus
it will be swallowed by the noise of the recording system and other cells in the area [45]. Thus,
to record a small cell body in the nervous system carrying a very particular signal, we cannot use
a large electrode, as the signal is too small to be perceived above all the other signals in the area.
For the purposes of this document, I will focus on recording from those small-cell bodies and
axons (< 10 um in diameter) and the requirements therein of the electrodes for this explicit
purpose. There are ideal parameters for the design of electrodes meant to isolate single cell and
axon signals for processing.

To record from a small-cell, like neurons (< 20 pm diameter) or axon nodes of Ranvier (<
8 um in diameter and width), an electrode should have certain qualities. The first being that it
should be able to get near the target neuron or axon. The closer an electrode can get to a cell, the

larger the recorded amplitude on the electrode will be [14], [15]. Additionally, the size of the



electrode is also highly important to recording good neural signals [14], [39], [46]. Recall, if an
electrode is large, many cells will be recorded and averaged across the electrode. However, if an
electrode is close to the size of its target, the recorded amplitude of interest should be larger as
there is less averaging across the electrode’s surface [14], [39].

However, small electrodes result in a high impedance - the effective resistance of an
alternating current system. In a electrode-tissue interface there are three main sources of
impedances to take into consideration: 1) biological properties of the tissue 2) electrode geomety
and 3) electrode properties. A high impedance caused by the biological tissue itself though
immune responses can dampen the signal’s recorded amplitude making it more difficult to detect
the signals of interest [47]. While the immune response can be lowered, the tissue impedance is
expected to be high and unchangeable. The electrode geometry is important to consider as well,
as surface area and impedance are inversely related. Additionally, the shape (flat disc, cone,
cylinder) and surface area of an electrode can also affect the impedance of an electrode. [] The
smaller an electrode, the higher its impedance will be. This causes issues for recording and
stimulating selectively within a tissue.

For stimulation, the goal is to apply a current to the electrode that will excite nearby cells
and cause them to fire off a signal. This current amplitude is typically limited to a safe range that
will prevent damaging the surrounding tissue through hydrolysis (creating bubbles) or
electrocuting cells (cell death). A high impedance electrode requires that more voltage is needed
to overcome the impedance, which pushes the stimulation parameters out of safe compliance
levels. Additionally, a higher voltage is not ideal for the electrode itself long-term as it can lead
to corrosion and electrolysis on the electrode [48] causing it to degrade over time. Essentially,

with a high impedance it becomes harder for current pass through the electrode-tissue interface



making it difficult to stimulate or record a signal from the targeted neuron or axon. There is
mixed opinion about the importance of a low impedance in recording electrodes, especially as
much of the noise caused by a high impedance can be mitigated though amplifiers [49].
However, impedance can be used chronically to monitor the state of the electrode over time.

The ideal small-site electrode has to have a low surface area and a low impedance to
isolate the signal and increase the signal-to-noise ratio resulting in easy-to-define waveforms in
the data [48]. Currently, the best way to lower the impedance for small surface area electrodes is
to increase the chemical surface area of the electrode. Up to this point, we have considered only
the geometric surface area of the electrode, which is defined as the total area that the surfaces
that make up an exposed site take up. The chemical surface area is a more microscopic concept.
This is the available area on the electrode that can interact chemically. Think of the difference
between sanding a table with a smooth piece of paper and a piece of sandpaper of equal size. The
papers have the same geometric surface area, however the “chemical” surface area here is larger
on the sandpaper due to the rough surface allowing it to interact with the table more.

We can thus do a similar “roughening” of the recording site to lower the impedance. [50].
This can be achieved through electrochemical interventions like electroplating a conductive
material like PEDOT:pTS/PSS [51], [52], [53] or platinum iridium [53], [54] onto the recording
site. These conductive coatings allow researchers to tune the type of reaction (capacitive,
faradaic) occurring at the surface of the electrode-electrolyte interface for easier current
exchange with the surrounding tissue [39]. Mechanical interventions such as plasma ashing [55]
or low pressure chemical vapor deposition [56] also help to reduce the impedance as they

physically roughen the surface of the electrode adding additional chemical surface area.



However, the exposed electrode site is not the only consideration that must be taken into
account when implanting devices. Electrodes are implanted with other materials to support and
protect them within the body. Thus, a multitude of materials have been investigated and
implemented in an attempt to create an electrode that does minimal damage and produces good
signal quality [53], [57], [58]. Thus, these neural arrays must carefully consider every part that is

implanted into tissue: from the electrode to the cables connecting it to a computer interface.

1.3 Challenges of Neural Arrays

While it is easy to get onto someone’s nerves, it is much more difficult to get into them.
The brain is one of the softest organs in the body [59] and thus it is relatively easy to implant
electrodes once the skull is out of the way. Chronic arrays in brain have the benefit of the skull to
anchor electrode arrays to which provides a stable point to hold the array connector in place [60],
[61]. Take the Utah array as an example: the array sits directly on the brain and the signals are
carried away from it through a flexible cable that attaches to a connector that is fixed to the skull
[62]. This set up allows for a stable connection point for porting signals to a computer interface ,
thus making chronic signals achievable.

While this configuration works in brain, it becomes much more difficult in nerve. To
begin with, nerves do not have a fixed bone surrounding them to allow for stable connection. The
bones near nerve are typically buried in muscle and other tissues that make them infeasible as a
stable connector point due to the amount of damage that would ensue getting down to the bone.
Additionally, while the brain moves, it moves considerably less than nerve which not only moves
in plane with joints and muscle, but stretch and contract [63], and even shrink and swell as part
of an action potential [64]. Adding to this difficulty, the physiology of nerves creates more

challenges for selective recordings. Nerves are split into fascicles [15] which have bundles of



thousands of axons all sending signals, both efferent and afferent, side by side. Additionally,
these signals have low amplitudes on the microvolt scale. The largest signals recorded from
nerve have amplitudes of around 100- 180 uV [65], [66] and is it difficult to parse out if those
signals are from a single axon or multiple axons firing together due to the crowded nature of a
nerve fascicle or if those spikes are anomalies associated grounding issues. So not only are we
trying to penetrate the thick protective layer around a nerve, but trying to target the fascicles of
interest, record, and finally trying to analyze the signals that were recorded. Many attempts to get
into nerve have been made over the years, however, there has yet to be an array with both high
selectivity (only recording from the axons or fascicles of interest) and low invasiveness (little

damage to the nerve).

1.4 Neural Array Materials

When placing a neural device into the body, many factors come into consideration early
on in the design process. In addition to the electrode size and placement, the materials supporting
the electrode(s) must also be appropriate for use in a body. Biocompatibility, invasiveness (how
much damage is done upon insertion due to modulus mismatch, geometric size, etc), selectivity,

and ease of production are just a few of these concerns for all materials used in a neural array.

1.4.1 Common Materials

When discussing neural array materials, the properties of that material are vitally
important to ensure it can record signal or stimulate safely and is biocompatible enough for
practical use. Most electrodes are coated in a metal (gold [67], platinum [54], [68], etc.) or a

conductive polymer (i.e. PEDOT:PSS/pTS [51], [52]) to ensure that a low impedance is



achieved. However, the supporting substrate material - on which electrodes are placed - also
have mechanical properties that must be carefully considered.

A popular material to use in neural arrays is silicon [57]. Silicon allows for the easy
production of batches of electrodes through lithographic techniques [57], [69], [70], [71]. These
techniques allow for neural arrays to be “printed” in a fairly dense way. Not only can a large
number of electrodes be “printed” in a small area, but multiple electrodes can be printed on the
same silicon disk allowing for batch production [57], [72], [73]. Additionally, the electrodes can
vary in size and density on the same device. Lithography makes for an extremely reproducible
fabrication in a clean room. As it is the only device approved for long-term use in humans, the
Utah Array [62], [74] is a silicon ‘bed of nails’ design that records signals. However, the Utah
array is not the only device to utilize the advantages of silicon. Other commercial devices like
Neuropixel [72], NeuroNexus [75], and Cambridge Neurotech [76] use silicon as a substrate for
electrodes.

However, silicon also has its disadvantages as a material for neural arrays. From a
biological standpoint, silicon causes tissue damage despite small array geometries [77], [78],
[79]. Silicon is shown to cause scarring responses for up to 6-8 weeks [78] after insertion which
makes recording or stimulating too unreliable during that time. Continuous inflammation around
the silicon implant sites has been noted to last from less than 2 years to over 7 years [80] and
explanted electrodes have had active macrophages attached to the shanks of the electrode [60]
indicating a large separation between the electrodes and the targeted neurons/axons. Finally, cell
death is prevalent around silicon electrodes. Utah arrays have been documented to have an
average of 63% less cell density than control tissue around implant sites [77] and to be

encapsulated by scar tissue [77], [81]. Silicon at large has been shown to decrease the neural
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density around the target site either through death [80] or pushing neurons and axons away [79].
There have been attempts to reduce the initial scarring through different insertion techniques
such as using pneumatic (fast) insertion [82], slow insertion [83], and the addition of a soft
material or lubrication [84] on the silicon. Pharmaceutical interventions like combination
antibacterial/anti-inflammatory coatings [84], [85], [86] have been employed to deter biofilm,
inflammation, and protect neurons with promising histology results. However, these
interventions have not been enough to mitigate all the damage done by the silicon array.
Mechanical properties of silicon often lead to failures either immediately or slowly over
time [57], [81]. Silicon is known as a “hard” material as its mechanical properties are
mismatched to the tissues in which they are implanted. “Hard” materials are denoted as having a
large Young’s Modulus (a measure of how much pressure is needed to deform a material), with
materials like silicon, bone, and teeth having Young’s moduli over 10'° Pa [57], [84]. Nervous
system tissues on the other hand are “soft” and typically have a Young’s Modulus of 10> — 10*
Pa [57], [84]. This mismatch of ability to deform means that the nervous system tissue will
deform under the silicon leading to death of cells [77] and axons [74], [87]. Silicon also faces
stresses that can cause bed-of-needle and planar shank designs to fail in similar ways. Electrode
tips breaking account for up to 22% of failures on bed-of-needle designs [77] and electrode
cracking on planar shanks [88]. As silicon devices typically have an additional layer of
insulation, this adds another method of failure. Parylene C is a common insulator, however, has
many failure models [89] such as delamination and degradation over time. Additionally, as
silicon devices use metal electrodes, those metals often degrade in vivo and can corrode [57],

[88].
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One way to address the damage of silicon in tissue is to change the silicon out for a softer
material. Softer materials have been investigated to help reduce the damage caused in insertion
and allow for electrodes to move in tissue rather than act as a knife like silicon. There are many
groups [90], [91], [92] that use Parylene C as a substrate and insulator for easy to prototype
electrodes. These electrodes have been inserted into brain with the assistance of a shuttle causing
less damage than seen in silicon counter parts. Additionally, these materials are ideal for cuff
electrodes in nerve [91], [93]. However, because they are cuff electrodes, we cannot have a
highly selective electrode as the cuff electrode sits on the outside of the nerve and thus is not
close enough to axons to isolate a signal. Another soft material that has been investigated in
nerve is polyimide. Polyimide has been used to insert into the nerve [94], [95], [96] however,
while softer than silicon, this is still an invasive procedure and that often slices axons.
Additionally, the soft polymer is much easier for the body to degrade overtime leading to a
shortened chronic lifespan [95], [97]. Another approach uses SU-8 and other photoresists to
create a very thin, more flexible substrate [98], [99]. These arrays are stiffened using PEG and
then inserted into brain using a specialized shuttle. They cause very minimal damage on insertion
and chronically. However, the photoresist, like other polymers, does degrade in the body over
time leading to shorted electrodes, noisy signals, and eventual device failure.

Thus the search for neural electrode materials that are strong enough to penetrate tough
tissue, cause low biological immune responses, have a high selectivity and low invasiveness is

on-going. One material that shows great promise is carbon.

1.4.2 Carbon: Yarns and Fibers

When introducing a material into the body, the immune response to the material is most

likely because that material is not native to the body [100]. One way to help address these issues
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it to introduce a material reflective of the environment the implant will reside [100], [101]. As
carbon fibers are a “soft material”, flexible, and made of carbon (a native material) [102] we
should expect to see less of an immune response from the carbon fiber electrodes. Carbon fiber
materials often show such little immune response in chronic (6 weeks) studies that identifying
were the carbon fiber electrode is in the brain tissue is a challenge [103], [104], [105]. This low
immune response could also be due to carbon fibers having such a small diameter (< 10 um
diameter with insulation [106]) that cells can simply ignore the intrusion, however, even large
carbon yarn electrodes (18 - 28 um diameter with insulation [105]) show minimal immune
response and cell death around the exposed carbon recording after being inserted chronically
[105]. This indicates that the carbon fibers are more bio-compatible than traditional materials and
the body should be less likely to encapsulate the arrays in scar tissue and glial cells as is seen in
silicon probes. This allows carbon fibers to be inserted near the cells of interest with low damage
to the area and a low chance of cell death, thus increasing the chances of recording from the
target area.

Carbon fibers are naturally sub-cellular in size meaning they will pick up less noise and
better isolate the cell of interest. Due to their sub-cellular size and ability to insert into tissue,
this has led to some labs using carbon fibers for intracellular recording [107]. While in the past
carbon fibers have been difficult to insert into tough tissues like nerve, muscle, and retina, our
lab and others have used blowtorching techniques to sharpen the carbon fibers to increase their
ability to insert into brain [108] and insert into nerve at all [109]. Unfortunately, blowtorching is
difficult to reproduce reliably with sharpened tips ranging from 100 pm to 500 um [105], [108],
[109] thereby eliminating the selectivity that is afforded to these electrodes due to their small

size.
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1.5 Summary of Thesis

In this thesis, I examine carbon fiber electrode neural arrays. Specifically, I attempt to
optimize the tip geometry of a carbon fiber for recording in multiple tissue models including
brain, retina, and nerve: meaning that the electrode needs to be sharpened to be able to penetrate
the tougher tissues while remaining small (< 10 um) to increase the selectivity of the electrode.
The SPFe is implemented across multiple animal models (octopus, sea slug, etc) and in multiple
tissue types (brain, retina, etc) to test the modularity of this tip optimization. This tip
optimization may provide better insight into small cells in upper layers of the brain, small retinal
ganglia cells, and unmyelinated axons that have previously been difficult to isolate and study.

In Chapter 2, I discuss optimization of carbon fiber electrode tips to sub-neuronal scale (<
10um in length) and acute recordings of the electrodes in rat motor cortex, octopus axial nerve
cord, and stimulation in aplysia ganglia.

In Chapter 3, three carbon electrodes (SPFe from chapter 2, Welle [109], and Carbon
Yarn [105]) were modeled inside of a simplistic single axon nerve to predict how different the
signal amplitudes would change due to recording site size. The SPFe arrays were tested in vivo to
help gauge the predictions of the model.

As the Neural Engineering Training Program, which has a major goal translational
research education and activities, in part supported my training, I describe in Chapter 4 my
efforts to create open-source carbon fiber neural arrays into other labs with open-source PCB
designs, step-by-step fabrication instructions, and supplemental information for two additional
arrays.

In summary: this thesis will examine potential avenues for integrating carbon fiber

electrodes into common use in both neuroscience research and patient therapeutics.
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Chapter 2
Fabrication and Validation of Sub-Cellular Carbon Fiber Electrodes

Julianna Richie, Joseph G. Letner, Autumn McLane-Svoboda, Yu Huan, Dorsa Haji Ghaffari,
Elena della Valle, Paras R Patel, Hillel J. Chiel,
Galit Pelled, James D. Weiland, Cynthia A. Chestek

A version of this chapter was accepted for publication in IEEE TSNRE.

2.1 Abstract

Multielectrode arrays for interfacing with neurons are of great interest for a wide range of
medical applications. However, current electrodes cause damage over time. Ultra small carbon
fibers help to address issues but controlling the electrode site geometry is difficult. Here we
propose a methodology to create small, pointed fiber electrodes (SPFe). We compare the SPFe to
previously made blowtorched fibers in characterization. The SPFe result in small site sizes
(105.4 = 20.8 um2) with consistently sharp points (20.8 + 7.64°). Additionally, these electrodes
were able to record and/or stimulate neurons multiple animal models including rat cortex, mouse
retina, Aplysia ganglia and octopus axial cord. In rat cortex, these electrodes recorded
significantly higher peak amplitudes than the traditional blowtorched fibers. These SPFe may be
applicable to a wide range of applications requiring a highly specific interface with individual

neurons.
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2.2 Introduction

A wide range of medical and clinical therapies rely on stimulating or recording neural
tissue using implantable electrodes. For example, deep brain stimulation (DBS) has been used in
over 160,000 people to treat Parkinson’s related tremor and gait irregularity [110]. Recording
with implantable electrodes is less common in clinical applications. However, there are emerging
applications, including those that use recorded neural signals as biomarkers to modulate
stimulation. For example, the RNS system (Neuropace, Mountain View, CA) detects pre-ictal
activity to trigger neural stimulation to treat epilepsy [21].

The electrodes used to record and stimulate in those clinical applications interact with
populations of neurons instead of individual neurons due to their large surface area. These
particular therapies can provide benefit to patients despite their lack of neuron specificity.
However, large electrodes cannot be used for therapies where targeting small groups of cells is a
requirement. For example, in retina stimulation to provide vision for the blind, stimulating retinal
ganglion cells (RGC) with a small electrode is required to activate only a small number of cells
for the highest visual acuity [111]. Similarly, as a recording application, brain machine interfaces
involve recording from specific neurons and interpreting their activity to provide commands for
assistive technology [112]. Neuron level resolution enables differentiation between the activity
representing different fingers, intended velocity, and amount of force translated from brain to
arm[15], [39]. To fully isolate a single unit, an electrode needs to be similarly sized (100 pm?)
and close to the neuron [14]. Low impedance is likely required to have sufficiently low noise but
this is challenging to achieve on small electrodes as surface area and impedance are inversely

related.
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Most electrode arrays designed to interface with individual neurons have been designed
with small electrode sites on stiff substrates. Due to its widespread use in electronics, silicon
devices are easiest to manufacture and many electrodes can be densely packed on a single
wafer[62], [74]. Notably, the Utah Electrode Array (UEA) has been used for many years in
humans and nonhuman primates with multi-year recordings[81], [113], [114], [115]. Planar
shank-based designs (e.g., Neuropixel [72], Cambridge [116], NeuroNexus [73]) allow for
simultaneous recording from multiple cortical layers, whereas the UEA places all electrode sites
at one depth. But high-resolution planar shank-based electrode arrays are not routinely used as
chronic electrodes in humans or NHP due to the planar geometry. The most recent silicon
electrodes have substantially increased the number of channels from 100 on to close to 1000
[72]. However, silicon substrate arrays may fundamentally cause tissue damage [78], [80],
continuous inflammation around the device sites, and counterproductively, a decrease in the
neuron density around the recording site [60], [77], [80], [87], [100]. These issues motivate the
investigation of other materials to preserve the tissue while maintaining the ability to record
selectively from neurons.

Ideally, electrodes should cause very little foreign body response (FBR), and several
strategies have been attempted to achieve this. For example using materials with lower Young’s
modulus (softer) may lead to a lower FBR [47], [57], [100], [117]. Reducing electrode substrate
size to cellular sizes also leads to lower FBR, even when using stiffer materials [118], [119].
Additionally, the geometry can reduce the force needed to implant into brain that can cause
initial damage. However, it is difficult to make robust probes from silicon alone at these small
sizes. Therefore, cellular scale probes have been fabricated primarily using other materials. The

Net10/50 probes [98], [120] and amorphous silicon carbide “ultramicroelectrodes™ [121], both
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utilize thin, flexible shanks that cause little insertion damage while still recording high quality
signals. Specifically, the Net10 probes use SU-8 and lithography techniques to create a 10 um x
1.5 um cross-section. However, soft devices often require specialized insertion techniques, such
as an insertion shuttle or a stiffening agent [57], [122], [123]. While many soft probes boast
small cross-sectional areas, in practice wider devices are used more often than the smallest form
factors due to durability.

Another limitation of putting lots of contacts along a shank is their confinement to a
column of neurons. Many applications require recording capabilities across a larger brain area.
For these applications, microwire arrays are a popular design as they are both commercially
available and can also be fabricated by individual labs. These arrays have diameters down to 30-
50 um, and even down to 5 um in research settings [ 124]. However, metal microwires tend to
deform upon insertion [125], which causes unwanted tissue damage. More importantly, the
deformation removes confidence in the placement of the electrodes until after the tissue can be
imaged. As these microwires deform easily at these scales [126], [127], stiffeners [57] can be
used to achieve more reliable placement. For example, the CHIME array [128] utilizes glass
insulation to create a multi-electrode array that can hold its shape. While glass is sufficiently stiff
,it is brittle and breaks easily under stress preventing it from being a reliable chronic implant [5].
Additionally, microwires are known to corrode in vivo causing cracks to form in the insulation

and at the electrode degrading the array’s performance [129].
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Figure 1: Large-blowtorch (A) vs small-blowtorch (B methods). The water bath is set up the same way, but the
small-blowtorch flame is much smaller than the flame in A. The smaller flame allows for a smaller tip to be exposed
(< 100 pm).

Carbon arrays have become a viable option[108], [109], [130], [131], [132], [133] due to
carbon’s inherent strength and conductivity. Carbon arrays have been implemented in a number
of form factors. Carbon yarn [105], [134], [135] has been shown to record in nerve, and can be
assembled in the lab with 10-30 um diameters [105], [134]. To enable deep penetration into
brain 64 fibers (7 um diameter) were combined into a 200 um diameter electrode [108].
However, these approaches do not allow for distributed array recordings across a large area. Our
group has worked towards multi-channel arrays where carbon fibers are distributed over a larger
substrate, where each fiber acts as an independent recording or stimulation channel [106], [136].
In previous work, we have demonstrated a carbon fiber array insertion into brain with
individuated fibers for single unit recordings at up to 80 um pitch. We have also investigated

modifying the fibers for insertion into tougher tissues like nerve and deeper unassisted insertion
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into cortex. These applications require a sharpened fiber [65], [109], but the sharpening process
left the fibers with relatively large recording sites that cannot readily isolate single units.

In this paper, we describe a fabrication process for “small, pointed fiber electrodes”
(SPFe) that provide both small electrode surface area for single unit recording and sharpened tips
for better penetration into tissue. We use chemical etching of carbon fibers to give the SPFe a
repeatable ~100 pm? electrode area without loss of electrode functionality. The approach is
based on that used for fabricating carbon fiber microscopy tips used in imaging [137], [138],
[139]. Here, we evaluate the electrochemical and physical properties of SPFe and deposit
conductive coatings to reduce impedance and enable microstimulation despite this small size.
Finally, we demonstrate SPFe in multiple biological preparations to demonstrate feasibility. We
show here that chemical etching is an appropriate and robust method for optimizing the carbon
fiber electrode tip to sub-cellular size capable of recording and stimulating across multiple tissue

types and animal models.

2.3 Methods

Probe Fabrication

Carbon fiber arrays were fabricated following similar methodologies as previously
reported [106], [136]. Briefly, a printed circuit board with exposed gold traces was coated with
silver conductive epoxy (H20E, Epoxy Technology, Billerica, MA) and carbon fibers were
inserted into the silver epoxy. The epoxy was cured then insulated using a non-conductive epoxy
((NOA61;NorlandProducts,Inc., Cranbury,NJ).Arrays were coated with Parylene C (Parylene C
Deposition System 2035, Specialty Coatings Systems, Indianapolis, IN) to a thickness of ~ 800
nm. The carbon fibers were then blowtorched [109] (Figure 1) to remove Parylene C from the

tips and re-expose a small portion of the carbon fiber. One set of fibers (n = 69) was exposed
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with a larger flame (Figure 1 A) exposing ~140 um of carbon. This group was further processed
using chemical etching (SPFe). Another group (n = 47) used a small blowtorch flame (Figure 1
B) to expose < 100 um of the carbon fiber from Parylene C. For clarity, the groups will be
referred to as large-blowtorch (~140 um exposure, using historical data [109] n = 574), SPFe
(chemical etch), and small-blowtorch (< 100 um exposure). HDCF arrays were prepared for
implant following previous literature [107] for ease of surgeon use. For HDCFs in this study,
every other fiber was SPFe or large-blowtorch for easy comparison of the two electrode
preparations.

To lower impedance of the electrodes a coating of PEDOT:pTS or Platinum Iridium
(PtIr) was applied to the electrode following the methods in previous literature [54], [106], [140].
Simply, recording electrodes were coated with a solution of 0.1M:0.01M PEDOT:pTS by
applying 600 pA current to each electrode for 10 minutes. Ptlr was applied using a solution of
0.2 g/LL Na3IrCI6H20 and 0.186 g/L Na2PtCl16H20 in 0.1 M nitric acid and applying a CV
sweep from -0.1 to 0.1 V at 200 mV/s for 250-300 cycles depending on the size of the exposed
carbon fiber.
Chemical Etching

A solution of 0.5 mM K>Cr20O7|5 M H2SO4 was prepared to etch the tips of the carbon
fibers [138], [139]. Following previous literature [139], the SPFe were lowered into the solution
along with a reference and counter electrode (described in Electrical Characterization) (Figure 2
A). A constant 3.5 Vs was applied in one-second increments for no more than a cumulative 4
seconds. The probes were triple rinsed in DI water and allowed to rest for a minute after each 1
second etch to help disperse the built-up surface charge on the electrode before measuring 1 kHz

impedance in PBS solution. Scanning electron microscopy (SEM) confirmed a small, pointed tip
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was reliably attained once an impedance increase of at least 1 MQ (at 1 kHz) after etching was
measured. This relative impedance increase of 1 M from the un-etched impedance occurred

between 2-4 seconds of etching for all fibers in the study.

Sulfuric Acid|Potassium Dichromate Solution

Figure 2: Schematic showing the etching set up (left) and resulting sharpened tips (right). Set up for etching is
simple with a reference and counter electrode submerged in solution with the exposed tips of the carbon fiber array.
A voltage pulse is applied for several seconds and then the fiber tips are imaged to check geometry. The tips are
sharpened and sub-cellular in size as seen in the far right image.

Physical Characterization

Tip length and sharpness were quantified using scanning electron microscopy (SEM)
imaging (Tescan Rise, Tescan Orsay Holding, Brno—Kohoutovice, Czech Republic). SEM
imaging was performed under low vacuum mode (LVSTD, low vacuum secondary electron
Tescan detector) to preserve electrode functionality. An excitation voltage between 5 and 20 kV
was used. Tip length was defined as the distance between the tip of the exposed carbon to the
lowest edge of the Parylene C transition. Sharpness was measured using the built in angle tool in
the SEM software. The surface area of a cone was calculated using the measured height, h, and r
=3.5 um:

SA=m-r+«vhZ+r?2  Eq. 1l

Insertion Testing
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Insertion tests were performed following previous methodologies [106] in perfused rat
brain. In short, a rodent brain perfused with 1x PBS was exposed and dura and pia were
removed. A set of SFPe (0.5 mm — 5 mm, 0.5 mm increments) were lowered using a stereotaxic
manipulator. Fibers were recorded as successful if they were able to penetrate into the brain and
continue insertion along their full length. Unsuccessful insertion was determined by a continuous
buckling of the fiber that never penetrated. Results were analyzed using a Wilson Binomial
Confidence Interval Test to determine the 95% confidence intervals around each data point. Data
was compared to historical data [106] using a Pearson’s Chi-Squared Test to determine
significance.

Electrical Characterization

All electrodes were subjected to cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) during different stages of the fabrication process. Impedances of the bare
fibers were taken at several points during fabrication to ensure electrical connection and verify
exposed area: after flame exposure, throughout the chemical etch process, and to ensure good
coating of any added conductors. Following previous methods [106], a 1 kHz impedance scan
was conducted in 1x PBS (BP3994, Fisher, Waltham, MA) with an Ag|AgCl reference electrode
(RE-5B, BASi, West Lafayette, MA) and a 2 mm diameter, 3 cm long, hollow stainless-steel rod
as the counter electrode. A PGSTAT12 Autolab potentiostat (EcoChemie, Utrecht, Netherlands)
using NOV A software provided by the vendor was used to run the EIS and CV measurements.
Results were analyzed using custom MATLAB scripts (MathWorks, Natick, MA) and reported
as ‘mean + standard deviation’.

Full-spectrum EIS was performed in a frequency range from 31 kHz to 10 Hz applying a

10 mVms sine wave following previous methods [106]. All EIS were performed in 1x PBS
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solution in the three-electrode configuration following the 1 kHz measurements above.. Cyclic
voltammetry was taken only at the end of the tip preparation and before and after coating. This
was done to monitor and characterize any redox reactions and to ensure a safe water window for
each group of probes for use ex vivo. CV scans were obtained by sweeping three times between
—0.6 and 0.8 V versus Ag|AgCl at a scan rate of 1 V/s. Charge storage capacitance (CSCc, [39])
was estimated from the CV data using the custom Matlab script.
In-Vivo and In-Vitro Validation

All animal procedures were approved by the Institutional Animal Care and Use
Committees at the University of Michigan or Michigan State University. Several animal models
were used to investigate the modularity of the SPFe tips in different tissue types: rat motor cortex
(softer tissue), mice RGCs (small cell), octopus axial nerve cord (ANC) (tough tissue), and
Aplysia ganglia (large cell).

Rat Motor Cortex /n vivo validation of SPFe tip recording capacity in rat cortex closely

followed our previously reported terminal procedures performed to acutely measure
electrophysiology [109], [140], [141]. We implanted high-density carbon fiber (HDCF) electrode
arrays [ 104] with SPFe tips into adult male Long-Evans rats (n=2) weighing 330 & 370 g. Each
rat was implanted with two electrode arrays, where the first was removed prior to implanting the
second. In one rat, the electrode arrays had alternating large-blowtorch [109] and SPFe tips for
direct comparisons of single unit amplitudes in vivo. Rats were briefly anaesthetized with
isoflurane (5% v/v) to facilitate intraperitoneal injection of ketamine/xylazine (90/10 mg/kg) for
anesthesia induction, which was maintained with periodic update injections of ketamine (30
mg/kg). Carprofen (5 mg/kg) was administered subcutaneously as an analgesic. Breath rate and

temperature were monitored throughout the procedure. After an incision along the head’s
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midline, clearing the periosteum, and cleaning the skull, a stainless steel bone screw (cat. #
12Y 93, Grainger, Lake Forest, IL) was screwed through the skull, posterior to lambda, to touch
the brain as an electrical reference. A craniotomy was drilled into the right hemisphere 1-3.5 or
1-2 mm mediolaterally (M/L) and 1-3.5 or 1-3 mm anteroposteriorly (A/P) relative to bregma
targeting motor cortex. The first array was lowered via a stereotaxic arm to the dura surface to
zero the probe coordinates on the dorsoventral axis followed by a durotomy and connecting a
reference wire on the probe to the bone screw. Each probe was inserted to multiple depths
spanning layers I — V of the motor cortex (0-1600 um, [142], [143]) and electrophysiology was
recorded at each depth.for 3 minutes using a ZC16 headstage, RA16PA pre-amplifier, and RX7
Pentusa base station (Tucker-Davis Technologies, Alachua, FL) in a faraday cage with a
sampling frequency of 24414.1 Hz. Rats were euthanized at the end of the procedure.

Mouse Retina Intraretinal stimulation was performed using SPFe in ex vivo retina obtained
from (C57BL/6) mice. The eyes were previously injected with rAAV2-CAG-GCaMP6f-WPRE-
bGH to express calcium indicator GCaMP6f in retinal ganglion cells (RGC) [144], [145]. Three
to four weeks after intraocular injection of the AAV vector, animals were euthanized with
ketamine (100 mg kg™!) and xylazine (10 mg kg™!). Retinas were isolated, mounted on a transparent
chamber, and superfused with bicarbonate-buffered Ame’s Medium to ensure cell health
throughout the experiment. Carbon fiber electrodes were inserted from the photoreceptor side of
the retina and calcium imaging was performed from the RGC side. The electrode tip was positioned
at 20 um distance from the RGC layer vertically using a micromanipulator, using the baseline
fluorescence of the RGCs to locate the RGC layer. Electrical stimulation was delivered by the
PlexStim electrical stimulator (Plexon Inc., Dallas, TX) and the voltage transient across the

electrodes was recorded by an oscilloscope connected to the voltage transient (VT) output of the
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PlexStim. Cathodic-first biphasic pulses with 100 us duration per phase were delivered at 120 Hz
and various current amplitudes (5 — 15 pA).

Aplysia Ganglia. The SPFe was tested in Aplysia neurons for its intracellular recording

ability, following the method in Huan et al., 2021 [107]. Briefly, the buccal ganglia were isolated
from the animal and were pinned to the Sylgard base of a dish. One buccal ganglion was carefully
desheathed to expose individual neurons. To obtain an intracellular action potential, a SPFe fiber
was inserted into a neuron until it penetrated the cell membrane. A glass microelectrode was
inserted into the same neuron after the SPFe insertion to compare the recordings. To provide a
direct comparison, both electrodes were connected to a DC-coupled intracellular amplifier (A-M
Systems Model 1600, Everett, WA) and the signals were recorded in AxoGraph X (AxoGraph
Scientific, Foster City, CA) at a sampling rate of 5000 Hz. The impedance of the glass
microelectrode was 3.4 MQ.

Octopus Axial Nerve Cord (ANC). Adult specimens of Octopus bimaculoides collected

from the California coast were used to validate the insertion and recording capabilities of the
electrodes [146]. The left front arm was amputated from the octopus body and placed in a
dissection tray perfused with filtered saltwater from the housing tank for longevity. Dissection of
the arm to isolate the ANC, a structure similar to that of the spinal cord, ensured that recordings
would be only of neuronal activity. The SPFe was inserted directly into the ANC tissue at the
base of the octopus arm for recording. To elicit activity, mechanical stimulation at the distal
portion of the arm was performed. Recordings were taken through Spike2 (Cambridge Electronic
Design Limited, Cambridge, England) software sampling at 30 kHz.

Motor Cortex Spike Analysis
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The recordings of the SPFe tips in rat cortex were analyzed using our previously described
protocol [103], [140]. Briefly, electrophysiology was first common average referenced [147] in
MATLAB 2022a (MathWorks, Natick, MA). Signals were then loaded into Plexon Offline Sorter
(version 3.3.5) (Plexon Inc., Dallas, TX) and high-pass filtered (250 Hz cutoff, 4" order
Butterworth filter). A trained operator estimated the RMS baseline noise (Vims) for each channel
by manually identifying five segments per channel that were 100 ms in length with low neural
activity and low artifact noise. Thresholds were set at -3.5% Vins. To remove noise waveforms,
cross-channel artifacts were invalidated, prospective clusters were manually selected in principal
component analysis (PCA) space, waveforms assigned with K-Means clustering, and clusters
containing clear noise clusters were invalidated. The remaining waveforms were clustered using
Plexon Offline Sorter’s Standard Expectation-Maximization Scan function [140], after which
oversorting and undersorting were corrected manually, and clusters were cleaned of remaining
noise. Sorted waveforms were exported back to MATLAB for analysis using custom scripts.
Retina Stimulation Data Analysis

Carbon fibers were inserted into the mouse retina as described above. A stimulation pulse
train was delivered for 5 seconds. The recorded images of the calcium transient were then analyzed
in MATLAB. Baseline fluorescence images were subtracted from images recorded during
stimulation to obtain RGC spatial activity. This result was further normalized relative to baseline
to account for the noise in the fluorescence signal.

Aplysia Ganglia Spike Analysis

Recorded intracellular spike trains were loaded into MATLAB. The same action

potentials recorded by the glass electrode and the SPFe were analyzed. To visualize the relative

size of the spikes recorded by the two electrodes, the action potentials were superimposed on one
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other. To compare the sizes, the average amplitude of the spikes was calculated. Because the
insertion of the electrode could disturb the cell membrane and trigger a train of action potentials,
only action potentials after the train were used for the amplitude calculation. Only the last few
action potentials within the train were used to determine the stabilized amplitude after insertion.
Spike amplitudes are shown as ‘mean = standard deviation.’
Octopus ANC Spike Analysis

As Spike2 does not allow for the same spike sorting protocols used in Plexon, potential
units were identified in MATLAB after waveform sorting in Spike2. A bandpass filter (0.1 to 3
kHz, 2" order Butterworth) was run on each channel and spikes were detected using a -4 x Std
threshold. Spikes were automatically sorted into templates based on shape and clustered utilizing
principal component analysis. Identified waveforms were exported to MATLAB. The spikes were
color-coded and plotted to indicate 3 potential units using thresholds arbitrarily set at -40, -20, and

0 uV (Figure 3).
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Figure 3: Spike panels from octopus arm. Arms were stimulated at the proximal and distal locations and the electrode
array recorded at the proximal location. The gray lines represent waveforms with thresholds of < -20 pV, blue -20 to
-40 pV, and red > 40 pV. Red arrow indicates the recording site.

2.4 Results
Physical Characterization

To fabricate electrode tips that are sharp and small, we evaluated a chemical etching
technique used in imaging literature [53], [54]. We compared SPFe to two blowtorch sharpened
carbon fibers (large-blowtorch and small- blowtorch)[45], [65]. Figure 4 shows representative
tips from these groups and characteristics reported as ‘mean + SD.” SPFe tips were generally

sharp and consistent in size. To quantify the surface area exposed, SEM images were obtained
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(Figure 4). SPFe had an average surface area of 105.4 + 20.8 pum2 (n = 35). Compared to the
large-blowtorch (2734.5 £ 402.5 um2, n=32 [56]) and the small-blowtorch (477.1 + 57.4 pm?2,
n=6) the SPFe are much closer to cellular sizes. Additionally, the angle of sharpening was 20.8 +
7.64° (n = 30) for SPFe, 58.2 £ 14.59° (n = 4) for small-blowtorch, and 72.3 &+ 33.5° (n = 32)
[45] for large-blowtorch suggesting that chemical etching generates a sharper point.

To determine if blowtorching alone could achieve the small surface area of SPFe without
chemical etching, a small-flame blowtorch was used to sharpen the carbon fiber tips (Figure 1
B). While the small-blowtorch was able to produce smaller tip geometries than large-blowtorch,
the resulting tips were not sub-cellular in size; the smallest recorded height was 30 pm.
Moreover, the yield was low, often requiring an hour of effort per array. In contrast, chemical
etch provided consistent sharpening after 1-4 seconds.

Electrical Characterization

Given the smaller electrode site sizes, we wanted to determine whether the impedance
remains at a level comparable to other cellular scale neural probes. First, 1 kHz impedance
measurements were taken before both tip treatments to establish a baseline prior to any tip
coatings that may increase the effective surface area. Predictably, large-blowtorched fibers had
the lowest 1 kHz impedance (~300 kQ) followed by small-blowtorch fibers (~1MQ), and SPFe
fibers had the largest (> 4 MQ) (see Figure 4for specific values). We then applied a conductive
coating to all geometries to lower the impedance and improve recording and stimulation

performance.
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Figure 4: Example images from each type of sharpening method (left) with accompanying physical characteristics.
Tables on the right show the 1 kHz impedance characterization across electrode tip geometry (top) as well as

impedance and charge storage capacity across coating type (bottom).

Specifically for recording, we applied PEDOT:pTS, which has a complex topography

that impedance does not necessarily scale directly with area [52]. Applying this to the electrodes

lowered the impedances to similar values in the 10s of kiloOhms despite their differences in

surface area (Figure 4). These values are in an appropriate range for effective single-unit
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recordings.
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Figure 5: Cyclic voltammetry (left) and bode magnitude and phase (right) for a non-coated, PEDOT:pTS coated, and
PtIr coated SPFe . Notice the change in scale along the Y-axis for both sets of plots.

To determine the viability of the SPFe as a stimulation electrode, a different set of
electrodes were coated with Ptlr, which is more stable for stimulation than PEDOT:pTS [107].
Cyclic voltammetry, EIS, and voltage transient of a Ptlr functionalized electrode were analyzed.
SPFe cyclic voltammograms (Figure 5) showed very small deflections in their redox peak. The
calculated cathodic charge-storage capacity (CSCc) for these SPFe when coated in either
PEDOT:pTS or Ptlr are reported in Figure 4. Briefly, CSCc resulted in ~7000 pC/cm? after
PEDOT:pTS coating and ~2000 pC/cm? after Ptlr coating. Impedance for these PtIr

functionalized SPFe at 1 kHz was 1341.4 £ 517.8 kQ (n=21), which does scale appropriately to

32



its associated surface area when compared to large-blowtorch electrodes (344 £ 16.9 kQ, n = 70)
as noted in previous literature [ 148]. While there is a large variability in the capacitance and
impedance for these electrodes before coating, the plating step tends to act as a cleaning step
[149] which helps to lower the variability post-coating in both PEDOT:pTS and Ptlr cases. Also,

the SPFe shape has variablility, which is reflected in the impedance data.

Carbon Fiber Insertion Tests
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Figure 6: Successful insertion of the carbon fiber into rat brain. Sharpened fibers not only penetrate deeper into the
cortex than blunt fibers, but also change the insertion profile of the carbon fiber as a chi square test shows a p <2e-6
significant difference for the confidence intervals at each point in the comparison. For lengths 0.5-5 mm blunt n=
80, for SPFe n = 40, except at lengths 3.5 mm and 0.5 mm, which were n = 35 and n = 80 respectively.

Insertion Trials

To evaluate SPFe insertion capabilities, SPFe fibers were inserted into rodent brain
acutely following techniques from previous literature [50]. We compared the insertion profile of
SPFe to historical data collected from blunt tipped carbon fibers [50]. Blunt carbon fiber
electrodes could insert into brain without aid of a shuttle or surgical intervention with a 100%

success rate at a length of 500 pm. The SPFe tips extend that ‘self-insertion’ length to 1.5 mm (p
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< 2e-6). Overall, the SPFe tips were usually able to insert into the brain at < 2 mm lengths
(Figure 6). A Wilson Binomial Confidence Interval Test was used to compare blunt (n = 70) and
SPFe tips (n at least 35). A Pearson’s Chi-Squared Test was used to determine significant
differences between the groups. A p-value of p < 2e-6 indicated that sharpening the fiber changes
the insertion profile at all lengths. Sharpening the tips therefore allows fibers to insert more
easily to cortical depths deeper than Layer 3 without need of a shuttle.

As the SPFe tips are much thinner than the rest of the fiber (1-2 um at the tip vs 8§ um
along the insulated fiber), inserted electrodes (n = 8) were inspected to ensure that the tips had
been robust enough to survive surgical insertion. The arrays were explanted, cleaned, and imaged
using SEM. Figure 7 shows three representative functionalized fibers explanted from rat cortex.
The tips maintained not only their pointed geometry but the PEDOT:pTS coating as well. This
suggests the SPFe tips can survive implantation and maintain the small, sharpened tip that is

desirable for recording electrodes.

Scale Bar: 10 ym

Figure 7: Example SEM images of explanted SPFe after being inserted to depths of 1.5mm in rat cortex. Note the
geometry of the tip is still present and the PEDOT:pTS can be observed (rough texture on the tips).

In-Vivo Viability
Recordings were obtained from an array with both large-blowtorch and SPFe tips (n =8

each) for direct comparison in performance. The array was inserted into rat motor cortex from
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400 — 1600 um in 200 um steps. Yield for both electrode type is reported with the average
amplitude across the electrodes that were able to record at a given depth. Yield is reported as
electrodes with spikes larger than 50 pV/number of working electrodes. Representative
waveforms from 600 pm and 1.2 mm depths can be seen in Figure 8 as proof-of-concept from 2
arrays. Overall, SPFe tips had higher yield and higher average peak-to-peak waveform values at
both 600 pm (158.13 +38.03 puV, yield = 8/8) and 1.2 mm (249.5 + 123.90 puV, yield = 15/16)
than the large-blowtorch probes at the same depths (99.4 £ 25.24 uV, yield=5/8; 158.13 £ 38.03
uV yield = 2/16). The p-value for a one-tailed T-test at 600 um was p < 0.005, and for 1.2 mm p
< 0.05. This indicates a significant increase in amplitudes recorded from the SPFe compared to
the large-blowtorch fiber, which is expected due to averaging across less of the electric field
from each neuron.

Aplysia neurons are relatively large and easier to access, so they were used for testing the
intracellular recording ability of SPFe. Intracellular action potentials on the SPFe were reliably
recorded from several Aplysia motor neurons and ranged in amplitude from 15— 27 mV. In one
case, the SPFe was also compared to a traditional glass microelectrode to test its intracellular
recording ability. Figure 9 shows a representative spike from a glass electrode and SPFe inside of
the same neuron. The average amplitude recorded by the SPFe was 18.2 + 1.4 mV (n =36). The
average amplitude recorded by the glass microelectrode was 41.4 + 2.7 mV (n = 36). Although
the goal was a direct comparison, multiple penetrations of the cell membrane could damage the
integrity of the cell and decrease the recorded membrane potential. When stimulating as the only
electrode in the neuron, the SPFe action potentials were observed at 25.4 +£ 1.0 mV (n = 15). The
addition of a glass microelectrode into the same neuron reduced the stabilized SPFe amplitude to

18.2 £0.8 mV (n = 15). The same action potentials recorded by the glass microelectrode
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stabilized at 40.2 £ 0.8 mV (n = 15). Overall, the action potential amplitude recorded by SPFe

was smaller than that recorded by a traditional glass microelectrode, but was still sufficient to

clearly discriminate intracellular spikes.
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Figure 8: Rat motor cortex spikes from simultaneously inserted large blowtorch and SPFe tips at 600 um and 1.2
mm. The maximum peak-to-peak voltage for the representative electrode shown is listed in the bottom right corner

of the plots. The SPFe has significantly larger units at both locations.

Peripheral recordings are another difficult recording challenge since the tissue that binds

and protects nerve fibers is tough to penetrate [45], [70]. SPFe arrays coated in PEDOT:pTS
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were implanted into octopus ANC to test SPFe penetration and recording in this model. The
octopus arm was removed from the body and the ANC was exposed before inserting an array of
SPFe. The arm was stimulated physically and the recorded response was analyzed using Spike2
and MATLAB. Spike panels from the analysis (Figure 3REU) show several representative spikes
from each stimulation recording paradigm. The largest recorded spike had a peak-to-peak
amplitude of 111.4 uV. Previous attempts recording from octopus using the large-blowtorch
method resulted in noisy signals and no detectable waveforms. By reducing the size of the
electrode, units could be identified. This indicates that the SPFe can be used in vivo and record

reliably in nerve-like structures.
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Figure 9: Spikes recorded after stimulating an Aplysia neurons. The spike amplitude of the SPFe (blue) was smaller
than but comparable to that of the glass microelectrode (red).

Intraretinal Stimulation
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Retinal stimulation was explored with SPFe. Wild-type mice retina were extracted and
perfused on a transparent chamber. Carbon fibers were inserted such that the tips were 20 um
from the RGC from the photoreceptor side. A train of pulses were applied to the retina and
RGCs, and the resulting fluorescence images were recorded with an EMCCD camera. Figure
10(left panel) shows change in fluorescence evoked by stimulation pulses of 5, 10, and 15 pA
amplitude. Single RGC resolution was achieved with the SPFe, indicating an extremely selective
stimulation electrode. Voltage transients (VT) were recorded (Figure 10, right panel), for Ptlr
coated SPFe, when stimulating the retina at different current levels of 5, 7, 10, and 15 pA. The
shape of the VT is typical for stimulation electrodes [57] and the lack of a distorted waveform is

an indicator that no significant hydrolysis occurred when applying these pulses to the SPFe.
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Figure 10: Resolution of the stimulation from SPFe can be seen (left). The green cross hair denotes the tip of the
carbon fiber. The white indicates RGC activation in response to stimulation. Single cell resolution can be achieved
at low stimulation amplitudes. Recorded voltage transients are shown on the right side when applying a current of 5,
7,10, and 15 pA

The VT traces reported in Figure 10Error! Reference source not found. represent how

increasing the current amplitude increases the voltage across the electrode interface. VTs were
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monitored during the stimulation process to ensure no loss of coating occurred. Finally, EIS

before and after each stimulation confirmed electrode stability (data not shown).

2.5 Discussion

We demonstrate fabrication and validation of the novel SPFe version of the carbon fiber
electrode. Our prior work included carbon fibers with small electrode area but blunt tips and
separately carbon fibers with sharpened tips, but larger electrode area. The former enabled
precise unit recording while the latter improved penetration into neural tissue. SPFe incorporates
those two desirable features into a single device. These SPFe showed the capability to record in
vivo from small structures (Figures 4, 8, 9). This expands the experimental applications of
carbon fibers to smaller neural structures that have been difficult to record from previously. One
such example is insect nervous systems. Honeybee [71], [72]and dragonfly [73] researchers
trying to decode different insect behaviors struggle with finding electrodes small enough to insert
without damaging the fragile insect body. Carbon fibers would be an excellent option for these
systems, and adding the SPFe tips would allow for selective recording in these already very tiny
systems.

While the SPFe opens the door to new non-mammalian models, it can improve upon
existing neural interfaces used in mammalian models as well. Targeting specific cells with retinal
prostheses has been a challenge. Distance between the electrodes and target cells, large electrode
size, and unintended stimulation of axons can lead to off-target RGC activation and a lower
image resolution [62], [74]-[76]. Multiple studies have investigated intraretinal electrodes to
increase stimulation precision with retinal implants. One study placed a glass pipette in the retina
to evoke RGC responses [77]. While this gave information on the magnitude of stimulation

needed for intraretinal electrodes, glass pipettes are impractical for prostheses and placement was
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not well controlled. Another study showed biocompatibility and functional testing of 10um pillar
electrodes with 55 um and 40 pm pitch on a subretinal implant. Migration of retinal tissue into
the space between pillars was noted [78] and stimulus threshold was decreased [79]. Pillar height
of 10um limited the amount of penetration into the retina, but reduced proximity to the target
cells and threshold by 78%. Our prior work using blowtorched carbon fibers also show decreased
threshold [63]. The NR600 is an experimental retinal prosthesis with an array of penetrating
electrodes. This intraretinal prosthesis was implanted in 9 patients [80]. The intraretinal array
includes 25 um diameter fibers spaced at 100 um. The perceptual thresholds averaged 1.3 nC,
which is significantly lower than epiretinal implants. Carbon fibers allow for stimulation [57]
and their strength at small diameter allows penetration into the retina. With respect to the NR600
form factor, using carbon fibers would reduce the cross section of the penetrating electrode
shanks to 13% of the existing size. The SPFe’s small surface area and charge storage capacity
shown in this paper may allow for selective stimulation down to single cell resolution while the
small diameter of the carbon fibers will minimize damage to the retina. The small electrode
surface area creates challenges for electrochemical measurements. Cyclic voltammagrams were
acquired at higher scan rates than is typical, to increase the signal (vs. noise, see Figure 5 for
noise on bare carbon fiber). Voltage transients did not show clear demarcations to allow Emc
measurements [5]. Thus, comparisons of SPF stimulation performance via accepted figures of
merit will require further experimentation. Nevertheless, we demonstrated electrically elicited
retinal responses using SPF coated with Ptlr. This opens the possibility for high-density retinal
implants that are necessary to achieve improved visual acuity. While carbon fiber arrays are
difficult to build, especially in high density configurations, many groups are working on

automated placement [81], [82] to make these arrays more viable as commercial products.
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Similarly, Layers 1-3 of cortex present some of the same challenges as retina. While
much of epilepsy work relies on surface stimulation and recording, having a penetrating
electrode might allow for better resolution in pre-ictal detection and response [83], [84].
However, cortical layers 1-3 contain small neurons from which it is difficult to record. SPFe
could provide the ability to penetrate into brain and record from neurons with small cell bodies.
While the arrays in this paper were linearly placed, alternative backend connectorization for
carbon fibers [40], [85] has been explored previously and combining these approaches would be
straightforward.

More difficulties lie in recording from tougher tissues like nerve that are also usually
embedded in actively moving muscles. Previous work from our lab [45], [51], [86] has shown
that carbon fibers can become more robust when adding a thin layer of silicone rubber to the
base of the carbon fibers as it reduces the shear forces at the interface of the fiber and the board.
Welle et al., show that these fibers are capable of recording from feline DRG [45]. As was seen
in the octopus data, having a smaller surface area probe allowed for units to be recorded. As
octopus axon cords have no myelination [87], recordings from mammalian nerves with
myelination may also be improved due to the small surface area of the SPFe.

While this study has a plethora of preliminary data in a number of animal models, there is
still optimization to be done. The PEDOT:pTS deposition technique follows previous
methodology [56] that was optimized for a larger site electrode. While we did not see significant
geometrical changes of the tip under SEM, this process could be further optimized for smaller
site deposition. While we found PEDOT:pTS to be unstable in stimulation and switched to Ptlr,

other groups have found success with PEDOT:pTS for stimulation [88], [89]. The lack of
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stability for PEDOT:pTS may lie in the deposition method presented here and will be further

examined in future work.
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Chapter 3

Computational Model Predictions for Nerve Recordings Using Carbon Fiber Electrodes

Julianna Richie, Kathleen Kish

3.1 Introduction

Nerve signals are difficult to obtain, however are of interest for numerous applications.
Dorsal root ganglia has been used in conjunction with electrodes to monitor and stimulate
bladder activity [150]. The vagus nerve innervates the stomach, heart, lungs, intestines, liver,
pancreas, and many more systems in the body [64] — thus making it a key target for many studies
of diseases related to those systems. However, these studies are limited due to the types of
electrodes available to them.

Most commonly used nerve electrodes tend to be a “cuff” design [93], [151], [152],
[153]— a flat surface with recording electrodes that wrap around the nerve and are secured in
place with a suture or other mechanism. These electrodes allow for electrical signals in the nerve
to be recorded similar to ECoG arrays in the brain — at a surface level. Because the cuffs do not
insert into the nerve, these electrodes lack the specificity needed to isolate signals within the
nerve fascicles [15], [154].

The Utah Slant Array [155] is able to insert and get into the fascicles and can record
signals. The slant array is a modified version of the Utah array commonly used in brain studies
and was modified to be better suited to nerve recordings. However, the modification of the array

was geometrical only and did not take into account the bio-response previously seen to the Utah
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array in brain. Inserting this slanted silicon electrode into nerve resulted in histology indicating
the axons in the nerve were pushed away from the electrode or killed upon insertion [79].
Additionally, the electrode recording sites are 25 — 50 um in height which while small are still
quite large compared to the axon nodes from which we wish to record [44], [64].

Recently, sharpened carbon fibers were used to penetrate and record units from the vagus
nerve in rats [65] and the DRG in cat [109]. Carbon fiber electrodes offer many benefits to nerve
recording as they are small and can have a low impedance [109], [140]. However, the fibers used
had a large electrode site and were only able to achieve multi-unit activity [ 109]. Nerves carry
signals through axons — small diameter (< 10 um) structures. Axons are made up of sections of
insulation along its length, however, the insulation is not perfect and there are tiny (~ 1 pm),
uninsulated gaps between this insulation where signal escapes and can be recorded. These are
called ‘nodes of Ranvier,” or ‘nodes.” Additionally, axons are densely packed within the nerve.
Taking this into account, large electrodes inserted into the nerve pass through low voltage areas
that average out along the length of the electrode and thus make it very difficult to identify
individual axon signals. However, a small electrode recording site closer in size to the node’s
size would provide a more selective recording as the electrode would enter less node electrical
fields. Figure 11 shows the electrical field of a 5.7 pm diameter axon compared to two carbon
fiber electrodes to demonstrate this point.

In order to investigate the optimal geometry for a peripheral nerve recording electrode,
the small pointed fiber electrode from the previous chapter was used as inspiration to determine
the effects of tip optimization on recording potential. The goal was to improve the recording
potential seen in previous carbon fiber work to be closer to that of an ideal electrode

(infinitesimally small point source electrode). However, no carbon fiber recording or stimulation
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model in the nerve existed at the time of this work, and as such, needed to be constructed. To do
so, several pieces of literature were combined.

Moftitt and Mclntyre produced a model in 2005 [14] to determine the effect of geometric
size on recorded signal amplitude using a planar electrode next to a large neuron. This paper
predicted that a surface area of 100 pum2 was similar to recording from a point source while
larger electrodes recorded smaller amplitudes. However, this model was done entirely in brain
which has many differences to the physiology of nerve. To begin with, in brain, the soma (the
bottom of the neuron cell body) is the point of interest as it has the largest spiking amplitude. In
nerve, the point of interest are nodes of Ranvier which have much smaller action potentials than
what is seen in somas [156]. The amplitude of the signal that is seen at a node of Ranvier
depends on the amount of current provided by the upstream cell body, the distance from that cell
body, and the diameter of the axon [157].

Importantly, this paper introduced the use of “Reciprocity” to predict the recorded signal
amplitude. The ‘theorem of reciprocity’ states that the voltage generated at a given point in a
circuit is equivalent to the voltage that would be detected by a recording electrode in response to
a unit current at that same point [14]. This simple theorem took away a large amount of
simulation work that was previously required. Now, modelers could create a model of the
electrode and tissue. They could assign impedances and conductances of these parts and then
apply a 1A current to the tip of the electrode to generate an electric field. This allowed for an
ohmic transform to be calculated for every point (or a select points determined by the modeler)
within the model. Using a different modeling software that could produce the transmembrane
currents, NEURON, allowed for every current to be calculated throughout the course of an action

potential for a given cell model. Combining the two models the theorem of reciprocity allows for
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modelers to then transform the two data sets and calculate the waveform that would be sensed at
the tip of the electrode.

While a model of the carbon fiber electrode was unavailable, there was an axon model
available for use in calculating the action potentials in this model. McIntryre, Richardson, and
Grill (MRG) axon model [158] to act as a generic, mammalian axon in a nerve model. This
model is extremely useful as it has parameters for calculating the action potentials of multiple
diameters of axons. Primarily, this model creates a transition between the myelinated sections
and the node that are more representative of physiology. This model also was validated in vivo
when it was introduced and has become a staple for modeling nerves [158].

In this aim, we will combine these aforementioned models to create a simplistic nerve
and carbon fiber electrode to predict the effects of size on recording potential. First, several
carbon fiber models will be built with blunt tips to compare the effects of surface area on a 3D
carbon fiber electrode. We will then examine the effects of sharpening, seen previously in SPFe

and Welle methodologies, on the electrode recording potential compared to the blunt tips.
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Voltage Field Surrounding Axon Node

Figure 11: (Left) The voltage field surrounding a 50 pm radius around a 5.7 um axon node. Yellow indicates a high
voltage with darkening colors indicating lowering colors. (Right) Two black bars represent the size of an electrode
as it passes through the axon voltage field. Note that the large (150 um) electrode passes through the voltage field
hotspot as well as the surrounding areas that approach zero amplitude. The small (10 pm) sits more firmly within the
hotspot and does not exist in the zero space to the extent that the large electrode does.

3.2 Methods

A volume conductor model of a simplified nerve with a 3D carbon fiber recording
electrode inserted perpendicularly was built in COMSOL Multiphysics v 5.5 to mimic surgical
use [109]. The nerve model consisted of nested cylinders representing a large saline bath (6 mm
diameter, 50 mm length), epineurium (200 um diameter, 24 mm length), and the nerve fascicle
(150 um diameter, 24 mm length). The carbon fiber electrode was modeled as a carbon fiber
cylinder core (3.4 um radius, 600 pm length) with an insulation layer (3 um thickness)
encapsulating all but the exposed tip in the nerve fascicle. Conductivities for the components
were taken from literature for vagus nerve and manufacturer data sheets [159], [160], [161]. The
model was used to generate data for a large “Welle” electrode (149 um carbon exposed), a small

“SPF” electrode (10 um), and an idealized point source electrode (IS). The Welle was generated
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at 149 um as at 150 pum COMSOL ran into boundary issues where the end of the fiber
intersected with epineurium/nerve interface- the exposed carbon was reduced to allow the fiber
to remain entirely inside the nerve section as opposed to extending the fiber into the epineurium.
A 1 ampere current was applied to the tip of the electrode and a quasi-static solver was used to
calculate the electric potential distribution.

Additionally, two sharpened carbon fiber models were generated — a true SPFe and Welle
with sharpened points at the average tip angles respective to each. Due to the constraints of
COMSOL’s modeling functionality, both tips were modeled in SolidWorks and imported. As the
sizes were very small, the solidworks models approximated the geometries as best as could be
done. The fibers were modeled in three sections: a base, a frustrum of appropriate tip angle, and
a rounded tip represented as a half-sphere. Because carbon electrodes are organic, their
sharpening profile is variable. As such, these dimensions were chosen to allow the software to
create the desired tip angles and overall shape of the electrodes. The final drawings of the
models are shown in Figure 12. The Welle was created with a 145 um cylinder lofted to reduce
its radius from 3.4 um at the base to 1.7 um at the joint with the 4 um tall cylinder was reduced
in radius to gain a semi angle of 72 degrees. A 0.17 um diameter semi-sphere was added to the
tip to give a rounded point to the overall structure. The SPFe was created with an 8 um cylinder
that reduced its radius from 3.4 um to obtain at 20 degree tip angle and was topped with a semi-

sphere to round the tip.
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Figure 12: Computational models produced in SolidWorks to create two sharpened fibers (top: Welle, bottom:
SPFe).

Using Python and NEURON, a multi-compartment cable model of a myelinated axon
was generated using equations from the McIntyre, Richardson, and Grill (MRG) axon model
[158]. The axon diameter was set to 5.7 um, the smallest set of parameters available in the MRG,
to more closely mimic small axons in physiological models [44]. This model was paired with
the COMSOL model to place this axon in space around the blunt electrode tip. The central axon
node was centered under each blunt of electrode and placed 5, 10, 25, 50, and 100 pm from the
tip of the electrode vertically and horizontally. Additionally, the node was shifted so the
electrode was offset over myelination to look at the insulation effects on recording from the node
when not perfectly centered.

Sharpened fibers were compared in amplitudes to their respective counter blunt tipped

electrodes to determine the effect of the sharpening on the recording potential for the carbon
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fiber recording electrodes. COMSOL voltage plots were generated for all carbon fiber models to
illustrate the “hot spots™ for recording between the different geometries. The electrodes were

compared only in the axon shifting upward paradigm.

3.3 Results

Figure 13 shows the predicted amplitudes for the electrodes in arbitrary units next to a
graphic illustrating the movement of the axon in space with respect to the fiber electrode.
Changes in the vertical distance to the probe showed similar recording amplitudes at 100 um
distances for all three electrodes. However, as the distance decreases, the difference between the
small electrodes and the Welle electrode are obvious. At the closest distance, the IS out
performed the SPFe by 53.9% and the Welle by 91.1%. The SPFe outperformed the Welle
electrode by 80.7% at the 5 um distance and 55.7% at 100 um.

For horizontal shifts away from the electrode tip at a fixed distance of 50 um and a
horizontal shift of 5 pm, the IS recorded amplitudes 13% and 68% higher than SPFe and Welle,
respectively. The SPFe recorded 63.1% higher than the Welle at the same point. At the furthest
distances, again we see the IS and SPFe record 48.2% and 46.2% higher amplitudes than the
Welle electrode.

When keeping the axon 50 um away from the electrode tip and shifting the axon so that
the electrode tip is over myelination, we see similar trends with the IS and SPFe performing
similarly with only a 12.9% difference in amplitude when the node was centered. However, the
Welle probe recorded amplitudes 68.1% and 63.3% lower than the IS and SPFe, respectively. At
the furthest distance from the node the Welle still performs 48.8% and 46.8% lower than the IS

and SPFe.
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While the surface area of the probe did change the recorded amplitude as we see in planar
and metal electrodes, the shape of the probe is also altered in SPFe and Welle electrode
fabrication from a blunt tip to a sharpened point. Two tips were modeled in SolidWorks and
imported into COMSOL and compared to their blunt counterpoints for the upward shifted axon.
When comparing the two types of tips, the sharpened points were not predicted to record as high
of amplitudes than their blunt counterparts (Figure 14). The smaller electrodes with heights of 10
um were more similar in their differences than the larger 150 um electrodes.

For sharpened SPFe, the recording potential was 11.4% less than the blunt tip electrode at
when the axon was 5 um away. The two electrodes perform similarly at all other distance points
with differences of less than 8%. The sharpened SPFe performed similarly to the blunt SPFe
electrode when compared to the IS recording amplitudes, though with less recording potential at
each distance point. The same held true for the sharpened Welle electrodes with the sharpened
electrodes recording 21.2% less amplitude than the blunt tips at 5 pm away from the axon.
Predictably, then compared to the IS, the sharpened electrodes followed the same trend as the

blunt tipped electrode, however, with less recorded amplitude (93.0% - 61.5% less than IS).
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Figure 13: Predicted recorded amplitudes of an action potential through the nerve. Plots on the left show the
amplitude changes with distance to the electrode. Images on the right show the movement in space that is occurring.
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Figure 14: Sharpened models were compared in the vertical movement paradigm to their blunt tip counter parts.
They were additionally compared to the insulated point source. The sharpened probes preform worse than their blunt
counterparts.

3.4 Discussion

While this model does not perfectly imitate the geometries of the electrodes used in
sharpened carbon fiber electrode nerve recordings, the surface areas of the model are similar
enough to be used as a guideline for optimizing carbon fiber electrode tips. The smaller an
electrode tip, the higher the expected recording can be. This makes sense physically as the
number of possible signals being recorded at once is much smaller on a small electrode leading
to less averaging across the electrode. Meanwhile, a large electrode can record many more
signals simultaneously leading to more averaging across the electrode, thus reducing the
recorded amplitude. Thus, the model agrees with previously understood biophysics.

However, when we take into account the drop in recorded amplitudes with a sharpened

tip, this notion of ‘agreed biophysics’ appears to falter. The sharpened tips will have a smaller
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surface area and thus should result in higher amplitudes, however what is seen is a lowering in
amplitude. This is because surface area, while a key factor, is not the only factor shaping the
physics at play. We expect points and places of curvature to gather more electrons and thus have
a greater electric field. However, the carbon fiber pointed tips did push the limits of both
modeling softwares used. Both SolidWorks and COMSOL had difficulty generating the models.
SolidWorks struggled to get micron level resolution graphically, and erred out several times
during the iterative process to make the tips as close to what is seen in real carbon fiber
sharpened tips. COMSOL, while it was able to import the SolidWorks model, does notoriously
have issues with generating meshes at such small resolutions. This could have led to some
estimations on the backend of the software running that led to the discrepancies seen here.

This is extremely important for applications that want to record from nerve like octopus
arm recording and human nerve intervention where axon nodes can be extremely small
compared to the biological noise in the nerve. Additionally, the small SPFe electrode behaving
so closely to the IS electrode is indicative fabrication of an even smaller electrode may be able to
mimic an IS electrode which could be extremely beneficial in singling out electrophysiological
signals. There are several limitations in this model that could be addressed in future work.
Modeling multiple axons in the fascicle and adding biological “pink” noise [162] could be useful
to study the selectivity of recording electrodes. Additionally, this model could be used to study
the reverse recruitment of small nerve fibers in stimulation and the effects of electrode surface

area and selectivity on this phenomenon.
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Chapter 4

Open-source Toolkit: Benchtop Carbon Fiber Microelectrode Array for Nerve Recording

Julianna M. Richie, Paras R. Patel, Elissa J. Welle, Tianshu Dong, Lei Chen, Albert J. Shih,
Cynthia A. Chestek

A version of this chapter was accepted for publication in JoVE.

4.1 Abstract

Conventional peripheral nerve probes are primarily fabricated in a cleanroom, requiring
the use of multiple expensive and highly specialized tools. This paper presents a cleanroom
“light” fabrication process of carbon fiber neural electrode arrays that can be learned quickly by
an inexperienced cleanroom user. This carbon fiber electrode array fabrication process requires
just one cleanroom tool, a Parylene C deposition machine, that can be learned quickly or
outsourced to a commercial processing facility at marginal cost. This fabrication process also
includes hand-populating printed circuit boards, insulation, and tip optimization.

The three different tip optimizations explored here (Nd:YAG laser, blowtorch, and UV
laser) result in a range of tip geometries and 1 kHz impedances, with blowtorched fibers
resulting in the lowest impedance. While previous experiments have proven laser and blowtorch
electrode efficacy, this paper also shows that UV laser cut fibers can record neural signals in
vivo. Existing carbon fiber arrays either do not have individuated electrodes in favor of bundles
or require cleanroom fabricated guides for population and insulation. The proposed arrays use

only tools that can be used at a benchtop for fiber population. This carbon fiber electrode array
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fabrication process allows for quick customization of bulk array fabrication at a reduced price

compared to commercially available probes.

4.2 Introduction

Much of neuroscience research relies upon recording neural signals using
electrophysiology (ePhys). These neural signals are crucial to understanding functions of neural
networks and novel medical treatments such as brain machine and peripheral nerve interfaces
[151],[163], [164], [165], [166], [167]. Research surrounding peripheral nerves requires custom-
made or commercially available neural recording electrodes. Neural recording electrodes—
unique tools with micron-scale dimensions and fragile materials—require a specialized set of
skills and equipment to fabricate. A variety of specialized probes have been developed for
specific end uses; however, this implies that experiments must either be designed around
currently available commercial probes, or a laboratory must invest in the development of a
specialized probe, which is a lengthy process. Due to the wide variety of neural research in
peripheral nerve, there is high demand for a versatile ePhys probe [65], [109], [166]. An ideal
ePhys probe would feature a small recording site, low impedance [14], and a financially realistic
price point for implementation in a system [165].

Current commercial electrodes tend to either be extraneural, or cuff, electrodes (Neural
Cuff [168], MicroProbes Nerve Cuff Electrode [169]), which sit outside of the nerve, or
intrafascicular, which penetrate the nerve and sit within the fascicle of interest. However, as cuff
electrodes sit further away from the fibers, they pick up more noise from nearby muscles and
other fascicles that may not be the target. These probes also tend to constrict the nerve, which
can lead to biofouling—a build-up of glial cells and scar tissue—at the electrode interface while

the tissue heals. Intrafascicular electrodes (such as LIFE [170], TIME [94], and Utah Arrays
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[171]) add the benefit of fascicle selectivity and have good signal-to-noise ratios, which is
important in discriminating signals for machine interfacing. However, these probes do have
issues with biocompatibility, with nerves becoming deformed over time [15], [87], [165]. When
bought commercially, both these probes have static designs with no option for experiment-
specific customization and are costly for newer laboratories.

In response to the high cost and biocompatibility issues presented by other probes, carbon
fiber electrodes may offer an avenue for neuroscience laboratories to build their own probes
without the need for specialized equipment. Carbon fibers are an alternative recording material
with a small form factor that allows for low damage insertion. Carbon fibers provide better
biocompatibility and considerably lower scar response than silicon [103], [172], [173] without
the intensive cleanroom processing [94], [151], [171]. Carbon fibers are flexible, durable, easily
integrated with other biomaterials[173], and can penetrate and record from nerve [65], [174].
Despite the many advantages of carbon fibers, many laboratories find manual fabrication of these
arrays to be arduous. Some groups [108] combine carbon fibers into bundles that collectively
result in a larger (~200 um) diameter; however, to our knowledge, these bundles have not been
verified in nerve. Others have fabricated individuated carbon fiber electrode arrays, although
their methods require cleanroom-fabricated carbon fiber guides [104], [175], [176] and
equipment to populate their arrays [103], [175], [176]. To address this, we propose a method of
fabricating a carbon fiber array that can be performed at the laboratory benchtop that allows for
impromptu modifications. The resulting array maintains individuated electrode tips without
specialized fiber populating tools. Additionally, multiple geometries are presented to match the

needs of the research experiment. Building from previous work [103], [104], [109], [140], this
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paper provides detailed methodologies to build and modify several styles of arrays manually

with minimal cleanroom training time needed.

4.3 Protocol

4.3.1 Carbon Fiber Array Assembly

Carbon fiber arrays are composed of three parts: a custom printed circuit board (PCB), a
backend connector, and an inexpensive sample of 6.8 pm carbon fibers (T-650/35 3K, Cytec
Thornel, Woodland Park, NJ). All design files associated with de-signs presented below are
available for download, including three different PCBs: “Flex Array”, “Wide Board”, and “ZIF”
(Figure 15) on the MINT website (https://mint.engin.umich.edu/technology-platforms/carbon-
fiber-electrodes/). The population and functionalization of a 16-channel Flex Array build is
described in detail (build video in supplemental) in this chapter with additional instructions for
the other boards provided in Error! Reference source not found.. Several tip optimization
techniques to improve electrophysiological recording will also be discussed. A complete

materials list including cost is shown in Table 1, with processing steps explained below.
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Materials Part Number Distributor Qty  Unit Cost {USD)
3 prong clams 05-769-6Q Fisher 2 20
3,4-ethylenedioxythiophene (25g) 96618 Sigma-Aldrich 1 102
(PEDOT)
eATel DT Py (ar 353ND-T/807 Epoxy Technology 1 48
(ZIF and Wide Board Only)
Ag/AgCl(3M NaCl) Reference Electrode .
50-854-570 Fisher 1 100
(pack of 3)
Autolab PGSTAT12 Metrohm
Blowtorch 1WG61 Grainger 1 36
Carbon Fibers T-650/353K Cytec Thornel 1 n/a
Carbon tape NC1784521 Fisher 1 27
Cotton Tipped Applicator WwoD1002 MediChoice 1 0.57
Delayed Set Epoxy++ 1FBGS Grainger 1 3
DI Water nfa nfa nfa n/a
Dumont Tweezers #5 50-822-409 Fisher 1 73
Flex Array** n/a MicroConnex 1 68
Flux SMD291ST8CC DigiKey 1 13
Glass Capillaries (pack of 350) 50-821-986 Fisher 1 60
Glass Dish nfa nfa 1 nfa
Hirose Connector L
H3859CT-ND DigiKey 2 2
(ZIF Only)
Light Resistant Glass Bottle n/a Fisher 1 n/a
Micropipette Heating Filiment FB315B Sutter Instrument Co 1 n/a
Micropipette Puller P-97 Sutter Instrument Co 1 nfa
Nitrile Gloves (pack of 200} 19-041-171C Fisher 1 a7
Offline Sorter software n/a Plexon 1 n/a
Omnetics Connector*® .
AT9025-001 Omnetics Inc 1 35
(Flex Array Only)
Omnetics Connector*® .
A79024-001 Omnetics Inc 1 35
(Flex Array Only)
Omnetics to ZIF connector ZCA-OMN16 Tucker-Davis Technologies 1 n/a
Pin Terminal Connector ED11523-ND Digikey 16 10
{(Wide Board Only)
Probe storage box G2085 Melmat 1 2
Razor Blade AA807 Grainger 1 2
SEM post 16327 Inf 1 3
Silver Epoxy (loz)++ H20E/10Z Epoxy Technology 1 125
Silver GND REF wires 50-822-122 Fisher 1 423.2
Sodium p-toulenesulphonate(pT$)- 100g 152526 Sigma-Aldrich 1 59
Solder 24-6337-9703 DigiKey 1 60
Soldering Iron Tip T0054449899N-ND Digikey 1 13
Soldering Station WD1002N-ND Digikey 1 374
SpotCure-B UV LED Cure System n/a FusionNet LLC 1 895
Stainless steel rod nfa nfa 1 n/a
Stir Plate n/a Fisher 1 n/a
Surgical Scissors 08-953-1B Fisher 1 100
TDT Shroud
(ZIF Only) Z3_ZC16SHRD_RSN TDT 1 3.5
Teflon Tweezers 50-380-043 Fisher 1 47
Uv & Visible Light Safety Glassees 92522 Loctite 1 45
s gy e 0G142-87/807 Epoxy Technology 1 83
(Flex Array Only)
UV Laser nfa WER 1 30
Weigh boat .
08-732-112 Fisher 1 58
(pack of 500)
Wide Board+ n/a Advanced Circuits 1 3
ZIF Active Headstage ZC16 Tucker-Davis Technologies 1 925
ZIF Passive Headstage ZC16-P Tucker-Davis Technologies 1 625
ZIF* nfa Coast to Coast Circuits 1 9

Table 1: Estimated prices for one board based on 2020 prices. These prices are based on publicly available price
listing and do not take into account academic pricing. * Assumes an order of 100, **Assumes an order of 50 with
initial $800 NRE charge, +Assumes an order of 200, ++Price is for initial purchase, but can be used for multiple
builds.
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Figure 15: Connectors and associated printed circuit boards. (A) Wide Board with one of sixteen necessary
connectors in inset (inset scale bar = 5 mm). (B) ZIF and one of two connectors and one shroud. (C) Flex Array with
a 36-pin connector;scale bar = 1 cm.

4.3.2 Printed Circuit Boards

Wide Board, a ZIF based PCB (referred to as ‘ZIF’ here onwards), and Flex Array PCBs
were designed in Eagle CAD (Autodesk, San Rafael, CA). Wide Board and ZIF designs were
commercially manufactured (Advanced Circuits, Aurora, CO) and are compatible with Tucker-
Davis Technologies (TDT) headstages (Figure 15 A and B respectively). Flex Arrays were
fabricated at a commercial facility (MicroConnex, Snoqualmie, WA) (Figure 15 C). Soldering
pad and trace sizing vary between each design (Table 3). Wide Boards are the easiest to
fabricate. They have a pitch of 3 mm, ex-posed trace size of 1.5 mm x 4 mm, and are useful for

applications where interelectrode distance doesn’t matter, for example, soak testing or testing
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coating viability. The 16-channel ZIFs have a pitch of 150 um and an exposed trace size of 0.75
mm x 0.07 mm, which is sufficiently small for insertion testing or acute or chronic ePhys
recordings. The smallest of these three designs is the 16-channel Flex Array, with an electrode
pitch of 132 um. Due to the small pitch, two traces are used per fiber to help align the fibers and
create a well for the silver epoxy. One fiber per trace is possible (66 pm pitch, for 32-channels)
with smaller particle epoxy, but requires a skilled hand to place the epoxy and fiber without

shorting the electrodes.

SOLDERING EXPOSED TRACE

PCB NAME CONNECTOR PAD SIZE TRACE PITCH CHANNELS
{(mm) SIZE (mm) {pm)
. Mill-Max
Wide Board 9976-0-00- 15-00-00-03-0 325x1.6 1.5x40 3000 8
Hirose
ZIF DF30FC-20DS-0.4V, 0.23x07 0.75 x0.07 152.4 16
Flex Array Omnetics A79024-001 04x0.8 0.6 x0.033 132 16

Table 2: Each PCB has a different connector and pitch associated with it. Abbreviation: PCB = printed circuit board.

4.3.3 Soldering Omnetics

The first step in building any of these devices is soldering the connector. This requires the
use of a stereoscope (SMZ445, Nikon Instruments Inc, Melville, NY) and a soldering iron with a
fine tip (0.1-0.2mm). For a lab without soldering equipment, this step can be outsourced to any
PCB assembly house. Due to the melting temperature of the polyimide board, a soldering iron
temperature of 3150C (6000F) was used to reduce the chance of pads separating from the board.
Flux was applied to all contacts before a small amount of solder was placed on the back row of
pads. Solder mounds had flat tops so the Omnetics pins were able to sit evenly across them
(Figure 16 A). The two outer-most pins were pushed into the solder with the tip of the iron to

secure the connector in place. The remaining pins were secured by pushing the tip of the iron be-
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tween the front pins and pushing them down (Figure 16 B). The front pins were soldered to their
respective pads. The remaining flux was cleaned off with 100% isopropyl alcohol (IPA) rinses
and a brush (855-5, MG Chemicals, Canada) with bristles cut down to ~5 mm.
To prevent the Omnetics connector from deforming and pulling away from the Flex
Array, the connections were insulated using a two-part epoxy (Sy-SS, Super Glue Corporation,
Ontario, CA). Epoxy was mixed in a dish, pulled into a 1 mL syringe, ex-cess epoxy was wiped
from the tip, and a 23 G needle attached. Epoxy was applied bevel side down against the top of
the pins to encase the pins and minimizing air bubbles (Figure 16 C). A small amount of epoxy
was applied to each side of the Omnetics connector on the board to secure the two during future

handling steps (Figure 16 D). Boards were left to cure overnight at room temperature.

lh ~ Flex_Array v

Flex_Array_va

Figure 16: Soldering and insulation steps for the Flex Array. (A) Laying the solder for the bottom connector pins.
(B) Back pins secured in place with the front pins ready for soldering. (C) Delayed set epoxy insulated Flex Array;
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note that the delayed-set epoxy does not cover the reference and ground vias on either side. (D) Backside of the Flex
Array with a band of delayed set epoxy across the pad vias (not the ground and reference vias) and wrapped around
the side of the board toward the edge of the connector. Scale bar = 0.5 cm (B) and 1 cm (A, C, D).

4.3.4 Fiber Placement and UV epoxy

The prepared PCB was placed onto putty under the stereoscope (in the video, the putty is
placed on a wooden block for ease of movement). Pulled glass capillaries (TW120-3, World
Precision Instruments, Sarasota, FL) were made using a glass puller and filament (P-97 and
FB315B, Sutter Instrument Co., Novato, CA) under the following settings: Heat= 900, Pull= 70,
Velocity= 35, Time= 200, Pressure= 900 (numbers are unitless and specific to this device).
Pulled capillary tips were cut to easily fit between the traces of the board (Figure 17 A). Silver
epoxy (H20E, Epoxy Technology, Billerica, MA) was mixed in a dish according to manufacturer
specifications. The glass capillary tip was dipped into silver epoxy and applied between pairs of
adjacent traces (Figure 17 B) resulting in 8 pairs of connected traces. Traces are shorted together
in this way to ease the manual demand of epoxy and fiber laying, however, one fiber per trace is

possible for a practiced user (supplemental).
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Figure 17: Applying silver epoxy and aligning carbon fibers between the traces of the Flex Array. Capillaries have
been highlighted with a white overlay. (A) The end of the capillary fits between the traces to get (B) clean silver
epoxy (denoted with arrows at the end of the capillary and within the traces) deposition without spillover outside of
the trace pairs. (C) Carbon fibers are placed into the epoxy and then (D) straightened with a clean capillary. Scale
bars = 500 pm.

Fibers were initially cut to 2-4 mm in length with a straight razor and separated into
single fibers. This was accomplished by gently pulling a laminated piece of paper over the top of
the carbon fiber bundle. The laminated paper helps to transfer static into the fibers causing them
to separate on their own. A pair of Teflon coated tweezers (11626-11, Fine Science Tools, Foster
City, CA) was used to pick up a single carbon fiber segment. Fibers were placed in the silver
epoxy mounds (Figure 17 C). A clean capillary was used to adjust the fibers, so they were
perpendicular to the end of the board, parallel to the length of the board, and buried beneath the

epoxy (Figure 17 D). Carbon fibers were kept clean of silver epoxy past the edge of the board.
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Arrays were placed on a wooden block without putty, with the carbon fiber portion stick over the
edge, and then put into an oven for 20 minutes at 140 °C to cure the epoxy. The wooden block
allows for easy transport of the device in and out of the oven, while also holding no static charge
that could deform the carbon fibers’ placement. The technique was repeated on the backside of
the array resulting in a 16-fiber array. After curing, traces were visually inspected to ensure the
connections had no shorts between fibers. Any epoxy shorts or spills were removed with a clean
pulled glass capillary. A practiced user can achieve placement angles that are within 0.35 degrees
for all fibers perpendicular to the edge of the board [104].

Next, the traces were insulated with a small amount of UV epoxy (OG-143, Epoxy
Technology, Billerica, MA) placed on the end of the board using a clean pulled glass capillary
(Figure 18 A). The amount of UV epoxy was enough to cover all traces and encapsulate all silver
epoxy as this epoxy is meant to insulate the traces and fibers both from each other and from fluid
interferences introduced in experiments. The probe was cured under a UV light (SpotCure-B6,
Kinetic Instruments Inc, Bethel, CT) for a minimum of 2 minutes (Figure 18 B). The epoxy was
checked by lightly tapping the sur-face with a clean pulled glass capillary to make sure it was
fully cured (hard) before repeating on the other side; if not fully cured (sticky, soft), it was
placed under the UV light for an additional 2 minutes. Once cured, fibers were cut to 1 mm
lengths using stainless steel microsurgical scissors (15002-08, Fine Science Tools, Foster City,
CA). When properly insulated, the board will have a small hard bubble on either side (Figure 18

B inset).
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UV Light Holder

Figure 18: Insulation with UV Epoxy Application (A) UV epoxy is applied using a clean capillary and two drops of
UV epoxy (marked with white overlays). UV epoxy is applied in droplets of 0.25-0.75 mm diameters until the UV
epoxy forms a smooth bubble over the top of the traces. (B) UV epoxy is cured under UV light. The Flex Array is
placed in putty on a wooden block for ease of movement and alignment underneath the UV light. The UV light is
held with a holder ~1 cm above the end of the Flex Array. Inset (B) shows the side profile of a properly UV epoxy-
insulated Flex Array. The UV epoxy bubble on either side of the board is roughly 50 um in height. Scale bars = 500
pum (A and inset B).

4.3.5 Checking Electrical Connections

A 1 kHz impedance scan was taken to confirm the fibers were electrically connected to
the Omnetics connector and no shorts existed between fibers. Fibers were submerged 1 mm in 1x
PBS (BP3994, Fisher, Waltham, MA) with an Ag|AgCl reference electrode (RE-5B, BASi, West
Lafayette, MA) and a stainless-steel rod as the counter electrode (Figure 19). A PGSTATI12
Autolab (EcoChemie, Utrecht, Netherlands) and NOV A software provided by the vendor were
used to take the measurements. Results were analyzed using custom MATLAB scripts
(MathWorks, Natick, MA). Measurements were taken at multiple steps during the build process
to verify connections. Typical impedance ranges varied depending on the build step (Table 3).
Once there was confidence in each build step, the number of impedance scans were reduced.
Currently, they are performed only prior to Parylene C insulation and then as prescribed by the

tip treatment procedure.
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Ag|AgCl Electrode
(reference)
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Electrode Connection

System
Connection/ ‘
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Flex Array/
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Stainless Steel Rod (c’ount.e\r,)‘

Figure 19: Setup for impedance measurements. All parts are labeled, and system connectors and adapters are
system-dependent. PBS is starred as the solution is swapped for PEDOT:pTS later on in the build; however, the
setup is identical otherwise. Abbreviations: PBS = phosphate-buffered saline; PEDOT:pTS = poly(3,4-
ethylenedioxythiophene):ptoluenesulfonate.

BUILD STEP EXPECTED 1KHZ IMPEDANCE (k&£

Bare Fiber 150-300
Bare Fiber wfflth uv 400-500

Insulation

Parylene C
=b0,000

Insulated Fibers
Nd:YAG Laser Cut <15,000
Blowtorched 300-400
UV Laser Cut* 300-500
PEDOT:pTS Coated <110

Table 3: Typical range of impedances after each build stage (n = 272). *n = 16. PEDOT:pTS-treated probes above
110 kQ may still record signals; however, all treated electrodes typically fall under this value. Abbreviations:
PEDOT:pTS =poly(3,4-ethylenedioxythiophene):p-toluenesulfonate; Neodymium-doped yttrium aluminum garnet.

4.3.6 Parylene C Insulation

The Flex Array’s backend connector was masked using the mating connector (A79025-

001) to prevent the internal pins of the Omnetics connector from being coated during the

67



insulation process. A batch of arrays (8-12) were placed into a box with a raised, adhesive
platform such that the connector end of the probe was resting on the platform and the majority of
the board was overhanging the edge of the raised plat-form (Figure 20). We used inverted Fisher

Tape super glued to a piece of foam as the raised platform.

Figure 20: Flex Array prepared for Parylene C coating. The Flex Array is secured to a raised foam platform with
tape, adhesive side up during the coating process. Scale bar =10 mm.

Arrays were coated with a conformal layer of Parylene C (thickness = 800 nm) using the
Parylene C Deposition System 2035 (Specialty Coatings Systems, Indianapolis, IN) located
within the Lurie Nanofabrication Facility at the University of Michigan, following deposition
rate guidelines of the machine. Many cleanrooms at research universities will have this

deposition capability, which is easy for an individual to learn. A batch of 5 probes were sent to
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Specialty Coating Systems (Indianapolis, IN) to determine the viability of outsourcing this step
to remove the only fabrication step that requires a cleanroom.

After Parylene C insulation, the backend masking was removed and the arrays were
placed into a new box. A new box is required as the tape in the box that went through Parylene C
deposition will be coated as well and unable to hold the arrays in place. The arrays were stored in
a cool, dry, and dark place and considered shelf stable. An inventory of arrays was built up and

used when needed for experiments.

4.3.7 Tip Preparation Methods

One of three methods was used to re-expose carbon at the tip of the fiber: neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser cut, blowtorch, or ultraviolet (UV) laser. The
fibers must be cut by one of these three methods as scissor cutting alone is not sufficient to
reliably re-expose the tip of the carbon fiber [140]. Fibers under 500 um “self-insert” (require no
additional or specialized insertion techniques) into the cortex [104], but for nerve or muscle a

final length of <300 um with sharpened tips was required [65].

4.3.8 Nd:YAG Laser Cut

Fibers were first cut to 550 um with surgical scissors. A 532 nm Nd:YAG pulsed laser
(LCS-1, New Wave Research, Fremont, CA: 5 mJ/pulse, 5ns duration, 900 mW) was used to
further expose the carbon in conjunction with a Karl Suss probe station (LC3, SUSS MicroTec,
Garching, Germany) for fiber alignment as shown previously [140]. The fibers were aligned
inside of a 22 x 50 um cutting window and the tips were cut off with 2-3 pulses resulting in a
final length of 500 um. The Parylene C ablated only slightly back (<10 um) from the tip after

each cut [140].
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4.3.9 Blowtorch

While Nd:YAG laser cut fibers reliably re-expose fiber tips, access to such a laser can be
limiting. It also only provides blunt cylindrical electrode tips that have some difficulty inserting
into muscle and nerve. Thus, a modified approach to previous sharpening methodology [131],
[177] was taken using a butane blowtorch (Microtorch MT-51B, Master Appliance, Racine, WI).
Fibers were cut to 300 um using surgical scissors. Using previously developed methods for nerve
electrodes [174] an array was sub-merged in a dish of deionized water with the connector
secured to the base of the dish with putty. The board was visually leveled and the water level was
adjusted using a pipette and a pen camera (MS100, Teslong, Shenzhen, China) to ensure that the
fibers were touching the surface of the water. A 3-5 mm flame from the blowtorch was run over
the top of the fibers in a back-and-forth motion to sharpen the fibers (supple-mental for video).
The array was removed from the putty and inspected under a stereoscope for pointed tips. The

process was repeated until points were able to be observed under a stereoscope.

4.3.10 UV Laser Cut

A UV laser can also be used to both cut and sharpen carbon fibers similarly to the
blowtorch method. While the UV laser is currently unable to be used with Flex Arrays due to the
board’s small pitch size between fibers and rows of fibers, it does show promise with the larger
pitch of the ZIF and Wide Board designs. This method is being developed to give a pathway to
laser cutting with an easily obtainable UV laser to re-move the access barrier that the Nd:YAG
laser may provide. Thus, carbon fibers (2 mm length) were mounted on a ZIF and Parylene C
insulated. A 1500 mW UV laser head (WER, Shanghai City, China) was affixed to three
orthogonally configured motorized stages and then its focal point was moved across the fiber

plane to cut the fibers to 500 um [178].
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4.3.11 PEDOT:pTS Coating

For all tip cutting methods, an additional conductive layer must be added to the exposed
carbon site to further reduce its impedance. In previous work, poly(3,4-
ethylenedioxythiophene):sodium p-toulenesulfonate (PEDOT:pTS) has been used. A 50 mL
solution of 0.01 M 3,4-ethylenedioxythiophene (483028, Sigma-Aldrich, St. Louis, MO) and 0.1
M sodium p-toluenesulfonate (152536, Sigma-Aldrich, St. Louis, MO) was stirred overnight,
then refrigerated, and replaced every 30 days. This solution was stored in a light resistant
container as it is light sensitive.

Probe impedances were taken in 1x PBS solution with the same parameters used
previously; “broken” (missing fiber) and “bad” (impedances > 1MQ) channels were noted and
not included in the PEDOT:pTS coating. Fibers with a good connection (typically 14-16 of the
fibers) were electroplated with the PEDOT:pTS solution by applying 600 pA per fiber for 600 s
using a PGSTAT12 Autolab. After electroplating, a final impedance measurement was taken and

fibers with an impedance over 110 kQ were designated “bad” in the probe’s documentation.

4.3.12 Finalizing the Probe

The final step for finishing the probe was to solder ground and reference wires (Teflon
Coated Silver Wire #AGT05100, World Precision Instruments, Sarasota, FL) to the probes. As
the ground and reference vias were coated in Parylene C, they were scraped clean with tweezers
on the top and bottom of the board. Two 5 cm silver wires were de-insulated on either end (1 cm
and ~2 mm). The 2 mm exposed portion of the wires were placed into the ground and reference
vias and soldered into place. The excess wire was cut away from the backside solder joint
(Figure 21 A and B). Probes were placed in a storage box with the reference and ground wires

secured away from the electrode tips (Figure 21 C).

71



Figure 21: Ground and reference wires attached to the finalized Flex Array. Solder was applied to each side of the
via on either side of the board (A) to create a secure bond. ePhys vias are labeled on the board as GND and Ref and
paired on opposite sides of the board from one another. There are two additional vias also labeled GND and Ref2.
Both GND vias are shorted together. Ref2 is meant to be used in electrochemical experiments. Excess wire in (A) is
denoted with a red box and is removed (B) from the backside of the probe (red box shows where wire used to be) to
help with noise reduction and handling the probe. (C) Final Flex Array stored for future use. Note that the paired
GND and Ref vias on this board make it designated for ePhys recordings. Scale bars =200 um (A, B).
Abbreviations: ePhys = electrophysiology; GND = ground; Ref = reference.

4.3.13 Surgery Protocol

All animal procedures were approved by the University of Michigan Institutional Animal Care

and Use Committee.
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Surgical procedures for acute recordings followed Patel et al 2015 [104]. To summarize,
an adult male Long Evans rat weighing approximately 300 g was anesthetized using a
combination of ketamine (90 mg/kg) and xylazine (10 mg/kg). A bone screw (19010-00, Fine
Science Tools, Foster City, CA) was used as the common reference and ground at the posterior
edge of the skull. A 2.5 mm by 2.5 mm craniotomy was made over the right hemisphere’s motor
cortex. After dura resection, a ZIF array with 4 UV laser treated fibers was inserted to a depth of
1.2 mm. All ePhys data was collected using a ZC16 headstage, RA16PA pre-amplifier, and RX5
Pentusa base station (Tucker-Davis Technologies, Alachua, FL). The pre-amplifier high-pass
filtered at 2.2 Hz, anti-alias filtered at 7.5 kHz, and sampled at 25 kHz. The recording session

was 10 minutes long.

4.3.14 Spike Sorting

Offline Sorter (OFS, Plexon, Dallas, TX) software was used to spike sort the data
following the methods outlined in [109]. Channels were high-pass filtered (250 Hz corner, 4th
order Butterworth) and waveforms were detected at -3.5*RMS threshold. Cluster centers were
identified in principle component states using a K-means sorting method. Obvious noise clusters
were eliminated from the data set. A Gaussian model was used to cluster the remaining clusters.
Spikes with similar characteristics were combined and averaged over the cluster. Carbon fiber
electrodes with discernible units were deemed viable. A minimum of 10 waveforms were

required for a unit to be included in the data.

4.3.15 SEM Imaging

An FEI Nova 200 Nanolab Focused Ion Beam Workstation and Scanning Electron

Microscope (FEI, Hillsboro, OR) was used for SEM imaging of Nd:Y AG laser and blowtorch
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prepared fibers. Prior to imaging, samples were gold sputter coated with an SPI-Module Sputter
Coater (SPI Supplies, West Chester, PA). Images of UV laser pre-pared fibers were obtained
with the JEOL InTouchScope Scanning Electrode Micro-scope (JSM-IT500HR, JEOL, Tokyo,

Japan).

4.4 Results

4.4.1 Tip validation: SEM images

Previous work [174] showed that scissor cutting resulted in unreliable impedances as
Parylene C folded across the recording site. Scissor cutting is used here only to cut fibers to a
desired length before processing with an additional finish cutting method. SEM images of the
tips were used to determine the exposed carbon length and tip geometry (Figure 22).

Scissor and Nd:YAG laser-cut fibers were previously reviewed [103], [174]. Scissor-cut
fibers (Figure 22 A) have inconsistent tip geometries, with Parylene C folding over the end when
cut [174]. The Nd:YAG laser-cut fibers remain consistent in recording site area, shape, and
impedance (Figure 22 B). Blowtorched fibers [174] lead to the highest electrode size and shape
variability but also resulted in a sharpened tip, allowing for insertion into tough tissue. On an
average, 140 um of carbon was re-exposed, with a smooth transition area between the carbon
and Parylene C insulation (Figure 22 C). UV laser-cut fibers were similar to blowtorched fibers,
showing 120 um of carbon exposed from the tip (Figure 22 D). Impedances indicated that either
the UV laser or blowtorch tip cutting methods are suitable for ePhys and are viable solutions for

laboratories without access to a Nd:YAG laser.
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Figure 22: SEM images of fibers with different tip-cutting techniques. (A) Scissor-cut fiber with very little exposed
carbon. (B) Nd:YAG laser cut. (C) Blowtorched fiber with ~140 mm of carbon exposed from the tip. (D) UV laser-
cut fibers with ~120 mm of carbon exposed from the tip. Red arrows indicate the transition area between Parylene C
and bare carbon fiber. Scale bars =5 um (A), 10 um (B), 50 um (C, D). Abbreviations: SEM = scanning electron
microscopic; Nd:YAG = Neodymiumdoped yttrium aluminum garnet.

4.4.2 Tip validation: electrical recording

Figure 23 shows the resulting impedances from each preparation method using Flex
Arrays. The resultant values are within an appropriate range for ePhys recording. Nd:YAG laser-
cut fibers resulted in the smallest surface area but the highest impedances, even with the
PEDOT:pTS coating (bare carbon: 4138 + 110 kQ; with PEDOT:pTS: 27 + 1.15 kQ; n = 262).

This is followed by the inverse relationship in blowtorched (bare carbon: 308 + 7 kQ; with
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PEDOT:pTS: 16 £0.81 kQ; n=262) and UV laser-cut (bare carbon: 468 + 85.7 kQ; with
PEDOT:pTS: 27 + 2.83 kQ; n = 7) fibers that have a large surface area and low impedances.
However, in all cases, the PEDOT:pTS-coated fibers do fall under the 110 kQ threshold that was
set previously to indicate a good, low impedance electrode.

Acute ePhys recordings were taken from a Long Evans rat acutely implanted with a ZIF
array with UV laser-cut and PEDOT:pTS-treated fibers to demonstrate the viability of this
method. ePhys has previously been tested and proven with scissor-cut [20] and Nd:YAG- [103]
and blowtorch-treated fibers [65], [109] and so was not revalidated in this text. Acute recordings
from four UV laser treatment fibers (2 mm in length) that were simultaneously implanted in rat
motor cortex (n = 1) are presented in Figure 24Figure 23. Three units were found across all
fibers, suggesting that the treatment of the fibers with the inexpensive UV laser is similar to
other cutting methods that enable the carbon fiber to record neural units, as would be expected
by the SEMs and impedances. While carbon fiber arrays are easily built and modified to suit the
user’s needs, it should be noted that additional validation is necessary for some builds (Table 3),

while others are less suitable for certain end tasks.

76



T B Treatment Only
With PEDOT:pTS

Impedance
(kQ)
-o:o

Nd:YAG Blowtorch uv

Figure 23: Impedance differences between only applying the treatment (bare carbon exposed) and with the addition
of PEDOT:pTS. In all cases, the addition of PEDOT:pTS decreases the impedance by an order of magnitude.
Sample size: Nd:YAG = 262, Blowtorch = 262, UV = 7. UV sample size difference is due to the novelty of the
preparation method; however, it shows a similar range to blowtorch, as expected. Impedance data are expressed as
mean * standard error. Abbreviations: PEDOT:pTS = poly(3,4-ethylenedioxythiophene):p-toluenesulfonate;
Neodymium-doped yttrium aluminum garnet.
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Figure 24: Acute electrophysiological spiking data from four UV laser-cut electrodes.

4.4.3 Commercial Parylene C
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Commercially coated arrays were determined to have a Parylene C thickness of 710 nm
by the vendor, well within the target range of insulation. The arrays were prepared for ePhys
recordings using the blowtorch tip preparation. Impedances were taken after preparation of the
tips and compared to existing data. A blowtorched and PEDOT:pTS-coated probe had an average
of 14.5 £ 1.3 kQ impedance across 16 fibers. SEM images were taken of the tip and shank to
compare Parylene C deposition (Figure 25 A,B, respectively). These results show that the use of
a commercial vendor did not change the expected impedance values, suggesting that this will be

an equally viable substitution to deposition in the university cleanroom.

Figure 25: Commercial Parylene C-coated arrays. (A) The sharpened array shows uniform sharpening across all
fibers indicating that there are no drawbacks to commercial coating. (B) After blowtorching, the transition (red box)
between bare carbon fiber and Parylene C shows no discernable difference between arrays coated in a cleanroom
facility. Scale bars = 200 pum (A) and 10 pm (B).

4.4.4 Device cost analysis

Provided all tools and bulk materials (e.g., epoxies, solder) are accessible to the
researcher, a Parylene C user fee of $41, and a batch of 8 probes, the total materials cost is $1168

($146 per probe). Personnel effort (Table 4) is ~25 h for the batch. If using a substituted
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fabrication step, the cost of the probes will vary based on commercial Parylene C coating cost

($500-800 quoted). The time for the build steps (Table 4) is grouped together for all instances of
a repeated tasks for simplicity. Build times for designs with a larger pitch (Wide Board and ZIF)
are dramatically reduced as the manually intensive steps (e.g., carbon fiber placement) are easier

and faster to complete.

ACTIVITY TIME FOR 8 DEVICES (HRS)
All Soldering 5
Insulating Omnetics 1
Populating Carbon Fibers 10
Insulating Traces with UV Epoxy 0.5
Parylene C Deposition 1.5
Nd:YAG Laser Cutting 1
Blowtorching 1
UV LASER CUTTING 1.5
All Impedance Testing 45
PEDOT:pTS Deposition 1.5
Recipe Used Total Hours
Nd:YAG Laser Cut 25
Blowtorch 25
UV Laser Cut 255

Table 4: Time required for each step of a fabrication process. Soldering of the connector and ground and reference
wires have been combined here to simplify the activity list. Abbreviations: PEDOT:pTS = poly(3,4-
ethylenedioxythiophene):ptoluenesulfonate; Neodymium-doped yttrium aluminum garnet.

4.5 Discussion

4.5.1 Material substitutions

While all materials used are summarized in the Table of Materials, very few of the
materials are required to come from specific vendors. The Flex Array board must come from the
listed vendor as they are the only company that can print the flexible board. The Flex Array
connector must also be ordered from the vendor listed as it is a proprietary connector. Parylene C

is highly recommended as the insulation material for the fibers as it provides a conformal coating
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at room temperature in a reliable manner that can then withstand the in vivo environment. The
polyimide board and epoxies on the board cannot tolerate high temperatures required for other
insulation techniques. All other materials can be purchased from other vendors or be swapped
out for alternatives at the users’ discretion. This build is meant to be flexible and customizable to
fit the end user’s experiment. However, it should be noted that any changes from the materials or

vendors listed must be validated by the end user.

4.5.2 Troubleshooting build issues

Silver epoxy deposition tends to fail for several reasons: the width of the capillary is too
wide to fit between traces, the width of the capillary is too thin to pick up and deposit epoxy, or
an excess of epoxy is on the capillary. The first two problems can be solved by cutting a new
capillary of a more appropriate size; the latter by dipping the capillary into the epoxy with a
lighter hand or removing a portion of the epoxy blob by gently dabbing the capillary onto a spare
nitrile glove.

Deciding how to prepare the electrode is often a difficult decision for many users.
However, determining what is needed for the experiment will help illuminate the decision. For
acute surgeries, blunt tips can be used if the site size of the electrode is important; however, they

will only insert into softer tissue (brain) and only at sub-500 pm target depths.

Going into deeper brain structures is possible using a glass cannula [104]; however, this

can cause scarring and associated unreliability in ePhys recordings. Fibers must be less than 300

pm when sharpened to be able to penetrate harder tissues (nerve) as the shorter length provides a
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stiffer backbone for insertion [65], [109]. Sharpened fibers have also recently been observed to
penetrate to 1 mm depths in the brain [109].

While the arrays discussed in this paper are an excellent starting point for many labs,
newer probes using carbon fibers have also been developed to chronically target deeper areas in
brain [104], [108], [130]. In nerve, electrodes of low invasiveness and high selectivity are an
ongoing research topic [109], [151], [160]. Jiman et al. [65] were able to detect multiunit activity
within the nerve with minimal invasiveness and increased selectivity using a carbon fiber

silicone array [109], which mirrors the design of the Flex Array presented here.

4.5.3 Parylene C accessibility

Parylene C is a method of conformal coating at room temperature that has been used as a
biocompatible insulator in many implanted devices. The technique requires a specialized tool in
a cleanroom and takes about an hour to learn. A cursory survey of institutions that have
previously requested carbon fiber arrays from our group was conducted to determine Parylene C
deposition accessibility. We found that out of 17 institutes, 41% had access to Parylene C-
coating systems on their campus. For universities without access to a Parylene C-coating system,
commercial coating services are a viable alternative as demonstrated here. Alternatively,
outsourcing to a nearby university cleanroom may also be of interest to laboratories with no
direct access to a Parylene C deposition system. To reduce the cost per device, we advise sending
out larger batches of arrays as commercial systems are often able to accommodate larger

samples.

4.5.4 Optimizing tip preparations
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Additional tip preparations need to be investigated for these fibers as the current tip
preparations require the end user to choose between penetrating ability and a small recording
site. While the Nd:YAG laser-cut fibers provide a small site size [174], the ability to penetrate
stiffer tissue (muscle, nerve) is almost non-existent, and access to a laser setup capable of this
cutting technique can be difficult and expensive. While blowtorching allows for a quick and
economical way to get sharpened tips that can penetrate many tissues [65], the tip geometry is
large and may be inconsistent from fiber to fiber [174]. UV laser cutting also provides low
impedances and large surface areas but with the added benefit of more consistent exposure. The
UV laser is more accessible than the Nd:YAG laser; however, laboratories would need to
engineer a way to align the laser with fibers and would not be able to use the Flex Array due to
the pitch of the fibers being smaller than the laser’s focal point diameter. Previous work showed
the fabrication of small, sharpened fibers via etching [138], [139]. This approach could result in a
small, reliable electrode geometry and would preserve the sharpened tip necessary for
penetrating nerve and muscle.

Our current tip coating, PEDOT:pTS, may also need to be replaced as it tends to degrade
overtime, which is an undesirable trait for a chronic probe [103], [140], [179]. A lack of
PEDOT:pTS longevity leads to higher impedances and therefore lower signal quality, in part due
to increased background noise. To increase longevity in these fiber tips, investigation into the
feasibility of platinum-iridium coatings is being conducted. Platinum-iridium would allow for a
greater surface area [68], [140] concentrated on the tip of the electrode, keeping a low impedance
[28], [68], [180] and allow for longer, chronic stability [68], [180]. Other coatings, such as
PEDOT/graphene oxide [181] and gold [67], have been utilized to lower carbon fiber electrode

impedances, although these coatings are typically used for chemical-sensing probes rather than
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for ePhys recordings. Due to the inherent properties of carbon fibers [182], the carbon fiber array
presented here can be converted from a probe optimized for ePhys to a chemical-sensing device

with a simple change of tip preparation [104], [183].
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Chapter 5 Emerging Capabilities

5.1 Introduction

While the research presented previously has been a part of larger projects and
publications, other efforts have been made to investigate carbon fiber capabilities further.
Summarized below are several of the efforts I have made toward other research projects that

have not yet been completed.

5.2 Parametric Etching

While the chemical etching presented in this thesis was successful in making a small
electrode tip, the parameters of the etch can be modified to tune the tip geometry to its specific
purpose, such as having a larger surface area for stimulation that can’t be achieved through
current methods. Etching parameters laid out in Chapter 2 were modified in both the voltage
amplitude applied and the length of time the tips were exposed. Arrays were constructed with 8
carbon fibers, Parylene C coated, and etched. SEM images and measurements were taken to
measure the geometry. Preliminary data (Table 5) shows that modifying these parameters does
impact the final geometry of the electrode, however, further analysis is needed. Additionally, the
current protocol allows the acid solution to cool during the etch; keeping the acid heated during
the etch to a consistent temperature may help to reduce variability seen in etching and improve

the tenability of the etch.
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Time (s)

Voltage
1 1.5 3
V)
424 190+26 410+21
3.54 794148 1542195
2 2016277 167.7+9.1

Table 5: Surface areas of exposed carbon on SPFe under different parameters.

5.3 Muscle Recoding

Single-fiber SPFe were prepared by attaching a carbon fiber to the end of an exposed

wire. The fiber was encapsulated in silicone, cut to a desired length, and then the tip was etched

to 10 um height. The fiber was inserted into the leg muscle of rat and the innervating nerve was

electrically stimulated to produce a contraction in the muscle. The SPFe survived insertion, the

contraction of muscle, and recorded compound multi-action potentials. The SPFe survival was

confirmed with a 1 kHz impedance measurement. Figure 26 shows an example set of waveforms

recorded on a single fiber electrode.
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CMAP Recording with SPFe
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Figure 26: Multiple CMAP Recording from SPFe in muscle. Each line represents a trial and its color is associated
with the stimulation amplitude.
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Chapter 6

Discussion

6.1 Conclusion

In this thesis, I have shown small pointed carbon fiber electrodes to be useful in neural
research across multiple animals and multiple modalities. First, I fabricated carbon fiber
electrode recording sites using an acid etch to cellular scale (10 pm in height). I showed that
despite their size, they were able to be inserted and still remain viable as electrodes that can
record ePhys signals or stimulate selectively. Second, I have produced a model of carbon fibers
with varying diameters and exposure mirroring those found in literature and modeled the
recorded response in a simplified nerve to show the predicted benefit of these small pointed fiber
electrodes. Finally, I have created an open-source tool kit for neuroscience labs to make carbon
fiber arrays accessible. Providing this technology in an open-source manner allows researchers to
quickly fabricate and modify carbon fiber arrays at the bench for their particular experimental
design. This work has been an effort to make the carbon fiber electrode more accessible to
neuroscience research with the ultimate goal to expand the scope of science experiments

possible.

6.2 The Usefulness of Carbon Fibers

This thesis has been a love letter to carbon fibers and carbon based electrodes. However,
it has not yet discussed in full the breadth of possible uses for carbon fibers in neural interfacing

and neuroscience research. Here I will discuss possible models for carbon fibers neural arrays. In
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this thesis, the SPFe have shown the ability to penetrate into multiple tissues from nerve to
retina, retaining the ability to record and stimulate. This opens many possibilities for other

animal tissue models that have been notably inaccessible.

6.2.1 Lower-Order Vertebrate Models

One model that has been difficult to access is mouse spinal cord [184]. Mice are a small
animal and their spinal cords are typically only in 2-3 mm diameter [185], [186] with axon
diameters ranging from 0.8 — 1.8 um [186]. Many electrodes are not able to access the spinal
cord selectively or at all due purely to the size mismatch between axons and electrode size —
recall that the smallest are around 100 um? [5], [57] and this does not include the added substrate
material supporting the electrode needed to penetrate the spinal cord. Carbon fibers offer a
possible avenue into both accessing and interfacing with this small model — especially with the
SPFe which can be modified further to have an exposed height of ~1 um (SA = 10 um?) [138],
[139]. SPFe have been shown to penetrate tough nerve tissue [65], [109] and could be a way to
penetrate spinal cord. Additionally, as the carbon fiber would be supporting itself in the
insertion, the total implant footprint would be determined by the size of the carbon fiber and any
insulation.

Another small vertebrate model that carbon fibers could be useful for are birds [187],
[188]. Understanding how birds learn song allow researchers to study how neurons encode and
store these vocal patterns [188]. This offers insights into how humans are able to encode these
types of signals to produce speech music as well [ 187]. This type of research is important for
people that need a computer interface to communicate as the neural networks storing language
information can be decoded into speech directly from the brain [36], [189]. However, songbirds,

like mice, are small and delicate. Currently small electrodes like patch clamp [188] and wire
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electrodes [187] are used to access these small anatomies. A carbon fibers could allow for
improved recording capability as their small diameter could create more densely packed

electrodes while still remaining selective in cell recording.

6.2.2 Small Cell Models

Small cells are challenging to interface with in a meaningful way. Small neurons in the
higher layers of brain are often monitored using ECoG sensors — especially in epilepsy
monitoring [21]. However, ECoG signals give a general sense of brain activity and make
estimates as to when a seizure is impending. Even today, doctors and researchers have a difficult
time with statistical validation of the predictions made through BCI [190], [191]. These ECoG
sensors do not have the spatiotemporal sensitivity needed to track individual neurons in the upper
layers of the brain. However, SPFe may offer an avenue into recording more selectively in
conjunction with an ECoG array to offer better, more sensitive prediction models. A better
prediction model is key for these technologies to be adopted in clinical treatment.

Additionally, retinal implants have suffered immensely from a lack of access to the cell
bodies they need to stimulate as previous implants have relied on indirect stimulation of the
targeted cells [144], [192]. Penetrating, three-dimensional electrodes have been proposed as a
way to directly simulate the targeted cells [193]. Carbon fibers have been shown in this thesis to
stimulate single cells in retina. This level of selectivity and the ability to penetrate the retina
provide a strong avenue for carbon fiber retinal prosthesis that could improve the resolution of

eyesight and thus improve vision restoration attempts.

6.2.3 Higher-Order Vertebrate Models
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Preliminary data from Steve Kemp’s lab (Figure 26) shows potential for muscle
recording using SPFe. Current Regenerative Peripheral Nerve Interfaces (RPNIs) [194] use wire
electrodes to record muscle signal to provide a patient control of a robotic arm. It was found that
these RPNIs helped to restore not only motor control, but also allowed patients to feel the object
(whether it was hard or soft, heavy or light) which provided better feedback to the patient for
handling objects [195], [196]. A carbon fiber electrode could be used in an RPNI to help increase
the ability for a user to feel what the robotic hand sensors feel by implanting them into the
cutaneous cells that are responsible for this touch feedback.

Non-human primate motor control research currently relies heavily on silicon implants
such as the Utah array to record signals in motor cortex that are then decoded into motion.
However, as discussed, silicon is not necessarily the best option for implant as they can be
rejected, lose function, or just have very low recording yield after implant [81], [88]. Carbon
fibers may offer a more selective and less invasive method to record from the motor cortex.
Additionally, with increased selectivity of spiking neurons, this may provide insights to help
improve motor control BCI by isolating individual finger movement [197] which is currently
very difficult to decode.

Provided carbon fibers work in non-human primates, there is a strong case to move these
arrays into human subjects as well. A carbon fiber device in the brain may allow for better
decoding in human and allow for quicker integration between human and robotic arm. Better and
quicker integration allows a user to more quickly adapt to and learn how to use a robotic arm.
Additionally, if the carbon fiber array is able to allow for more selective decoding, this will allow

users to integrate the arm into their identity improving long-term use and care for the prosthetic.

6.2.4 Invertebrate Models

90



In Chapter 2, we briefly discussed the use of octopus and sea slug in neuroscience
research using the SPFe. Due to their successes in these areas, the SPFe could be useful in
recording from other invertebrates as well. Insect models, like damselfly predation studies, could
benefit from SPFe as they are better scaled to their model size [198]. This could open up many
avenues for understanding how bees learn and communicate [199] and form societies [200] —

which can help to understand how humans do the same things.

6.2.5 Neuroscience Labs

SPFes are an excellent addition to a neuroscience lab. Carbon fibers are easy and cheap to
obtain and a lab can build an array using open-source PCBs and commercial Parylene C coating
to create their own specialized arrays for use in research without the need for a MEMS engineer
and pricey prototyping. We have previously discussed the applications of carbon fibers in regard
to ePhys recording, however, another method of investigation, fast-scan cyclic voltammetry
(FSCV) is possible using carbon fibers [135], [181], [183]. To recap the versatility of the open-
source carbon fiber array in chapter 4 for ePhys investigation, carbon fibers arrays allow
researchers to work on multiple investigation levels from cells in a dish to in vivo recording.
Researchers can modify the lengths of the carbon fibers on an array allowing them to track
different signals at different depths in a given tissue. This can be especially helpful in brain
where some parts, like hippocampus, can be easily missed by arrays because they are so thin.
Adding a stepped layout to the fiber lengths can allow for researchers to implant and then
confirm with histology later which fibers were in the correct position for recording.

FSCV is used to track chemicals and neurotransmitters in the brain [135], [181].
Essentially, FSCV is a way to monitor chemicals entering and exiting a part of the brain by

recording and characterizing the redox peaks occurring at the electrode site [201]. For example,
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addition studies might track dopamine levels after giving an animal a dose of an addictive
substance, such as nicotine or alcohol, to find ways to inhibit the addiction behavior [202].
Parkinson’s research may use it to track the progression of the disease to discover the
mechanisms that cause it — and those that can be implemented to stop its progression [203].
Carbon fibers are a good choice for this application because the tip geometry can be modified to
attach to several different transmitters [204] and again, are cheap and easy to come by. While the
SPFe presented in this thesis may not be ideal for this application due to their small surface area,

other etching parameters may allow for a tunable electrode that is more suited to this task.

6.2.6 Carbon Fiber Models

The work done with the carbon fiber model in this paper is useful in its simplicity. The
carbon fiber models are based on parameters given in previous papers and data sheets. These
models were used in ePhys demonstrations, but could be coupled with the indentation data in
chapter 5, and its future paper, to construct insertion models to predict optimal pitches for
insertion into tissues. These models could further be used to look at recording and stimulation
overlap and all that good stuff. Considering the lack of electrical data for small axons [44], these
small carbon fibers could offer insight into the biophysics occurring in these tissues to provide
better quantitative data for mathematical models rather than having to “extrapolate” these
numbers based on trends [44]. Better understanding of these small axons could open doors for
understanding how reverse recruitment occurs in stimulation. The SPFe recording ability in vivo
opens doors for validation and creation of more sensitive and accurate models for small,

currently inaccessible cells and axons.
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6.3 Carbon Fibers of the Future

In ten years, I believe that carbon fibers in humans will be possible in clinical trials. In
brain, with either a diamond or silicon backend, CF arrays would easily be able to be more
densely packed than current commercial penetrating arrays. Eye prosthesis will be advanced with
both implants in visual cortex and in the retinal. I hope that in 10 years we are able to decode
octopus movements and understand how our extremely distant cousins work so well while being
so different. I want to decode the thoughts of an octopus.

Ultimately, I look forward to a world where neural arrays are entirely organic. As |
started my research career in a carbon lab, I am well aware of the many ways it can be
manipulated to act as an insulator, conductor, semi-conductor, capacitor, resistor, and so much
more. One day people will have implants that are less invasive, more effective, and made of the
same stuff that they are They will have a life where metal detectors don’t ring out because of an
implant, MRIs are safe to have, and the device lasts the lifetime of the person using it. I believe
in bioelectronic medicine, and I believe that carbon provides us a way to unlock the potential of

brain machine interfaces.
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Appendix

Supplemental Information for Aim 3
Build Differences

Wide Board

Soldering: Wide Board connectors use a DIP connector which utilizes pins that slot into
vias on the board. A DIP connector was placed on the back side of the board with the pins of the
connector protruding through the vias into the connector, holding them in place for soldering.
Flux was applied to the pins and soldered in place. Flux was cleaned with IPA and cotton
applicators.

Fiber Population and Insulation: PCBs were roughened around the traces at the end of
the board to allow for better adhesion of the insulating epoxy in a later step. Silver epoxy was
applied directly to the traces with the wooden tip of a cotton applicator and a carbon fiber was
placed on each trace. Carbon fibers are typically cut to be much longer (1cm) for these devices as
they are used primarily in soak testing [103], [140]. This additional length allows more flexibility
within the carbon fibers, so additional care is required when handling the fibers. Epoxy was
cured using manufacturer recommended parameters. Traces were insulated with 353ND-T epoxy
and cured following manufacturer recommended settings,

Tip Cutting: Due to the typically longer length of fibers on these boards, implementing an
air dam to reduce currents around the fibers is necessary to keep them still for the Nd:YAG laser.

Blowtorching is not a viable solution as the fibers tend to float around and bend rather than
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extend to the surface of the water. Due to the movement of the motorized stage and difficulty of
including an air dam, the UV laser cutting method was not tested.

ZIF

Soldering: The ZIF PCB utilizes a Hirose connector designed to interface with Tucker-
Davis Technologies ZIF headstages. Flux was applied to the soldering pads on one side of the
PCB and the connector was secured onto the board by first soldering the opposite corners of the
Hirose connector before soldering the rest of the connector’s pins. This was then repeated on the
other side of the board. Flux was cleaned off the board with IPA. A plastic shroud was then
placed around the end of the board and pressed into the board until the ends of the shrouds
‘clicked’ into place around the connector. At this point, a drop of super glue was applied to one
side of the shroud to secure the shroud to the board, being careful not to get any glue on the
soldering pads.

Fiber Population and Insulation: Silver epoxy was applied to each trace with a pulled
capillary to form a small mound along the length of the trace. Carbon fibers were then placed
into the epoxy keeping the fibers straight by aligning with the trace. Epoxy was cured at 140°C
for 20 minutes then deposition was repeated on the opposite side of the board.

Insulating epoxy (353ND-T, Epoxy Technology, Billerica, MA) was prepared according
to vendor specifications and applied to the traces of the boards using a glass capillary. Boards
were cured at 120°C for 20 minutes. This process was repeated on the opposite side of the board.

32 Channel Flex Array

Instead of shorting pairs of traces on the Flex Array together, one carbon fiber can be
attached to one individual trace to provide 32 channels of individual recording data. This method

takes months of practice to build up the dexterity needed for this precise technique. Testing on
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implants and recording with these devices have been limited in our lab due to unforeseen lab
closures.

Fiber Population: Carbon fibers were picked up with tweezers and the tips of the fiber
were dipped into a different silver epoxy (HPS-030LV, NovaCentrix, Austin, TX). The epoxy
was distributed along the trace until enough was deposited for the carbon fiber to be placed on
the trace and buried in the epoxy. This was repeated for the remaining traces. Fibers were aligned
with a clean pulled glass capillary and then cured at 140°C for 20 minutes. Fibers were placed on
the backside of the board similarly and then insulated with UV epoxy following the standard

procedure.
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